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Abstract 

α-helical membrane proteins comprise about a quarter of all proteins in a 
cell and carry out a wide variety of essential cellular functions. This thesis is 
focused on topology analyses of bacterial membrane proteins. The topology 
describes the two-dimensional structural arrangement of a protein relative to 
the membrane.  

By combining large-scale experimental and bioinformatics techniques we 
have produced experimentally constrained topology models for the major 
part of the Escherichia coli membrane proteome. This represents a 
substantial increase in available topology information for bacterial 
membrane proteins.  

Many membrane protein structures show signs of internal duplication and 
approximate two-fold in-plane symmetry. We propose a step-wise pathway 
to explain how proteins with such internal inverted repeats have evolved. 
The pathway is based on the ‘positive-inside’ rule and starts with a protein 
that can adopt two topologies in the membrane, i.e. a “dual” topology 
protein. The gene encoding the dual topology protein is duplicated and 
eventually, through re-distribution of positively charge residues, the two 
resulting homologous proteins become fixed in opposite orientations in the 
membrane. Finally, the two proteins may fuse into one single polypeptide 
with an internal inverted repeat structure.  

Finally, we re-create the proposed step-wise evolutionary pathway in the 
laboratory by showing that only a small number of mutations are required in 
order to transform the homo-dimeric, dual topology protein EmrE into a 
hetero-dimeric complex composed of two oppositely oriented proteins.  
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Introduction 
 

What is life? There is no simple answer to this question. It is however clear that one of the 
keystones that life relies upon, is compartmentalization (reviewed in ref [1]). This means that all 
cells and organelles are surrounded by at least one membrane that effectively separates the 
inside of a cell. Simply put, compartmentalization is required to keep essential ingredients 
(chemicals and proteins) at a reasonable concentration and organization inside the cell, while 
keeping toxic chemicals outside the cell.  

However, for a cell to carry out vital functions it requires contact with its surrounding 
environment without compromising the integrity of the membrane. This dilemma has been 
solved by the existence of a group of “mediating” proteins, embedded within the membrane. 
This class of proteins is generally referred to as integral membrane proteins and comprise about 
a quarter of all the proteins in a cell [2]. They contain both hydrophobic parts (anchoring the 
protein inside the membrane) and hydrophilic parts (in contact with the surrounding aqueous 
environment). Due to their key location, integral membrane proteins are involved in many 
processes that are vital for cell survival, including bioenergetics, signal transduction, ion 
transmission and catalyses. Not surprisingly, they are major targets of today’s medical research.  

Integral membrane proteins are usually divided into two separate classes, depending on how 
they fold in the membrane; the β-barrel and the α-helical membrane proteins (fig 1). The β-
barrel membrane proteins have so far only been found in the outer membrane of gram-negative 
bacteria, chloroplasts and mitochondria. The α-helical membrane proteins (which are the main 
focus of this thesis and from here on simply referred to as MPs) are far more abundant and 
found in a wide range of membranes such as the endoplasmatic reticulum (ER), organelles as 
well as the plasma membranes of eukaryotes and bacteria.  

This thesis is mainly focused on bacterial MPs, in particular Escherichia coli MPs. However, 
over the past 30 years, the available information regarding MPs has been gathered from many 
different organelles and organisms. The sources of information might appear diverse at a first 
glance, but it has become apparent that many general findings, or “rules”, are applicable to the 
entire class of MPs in all organisms/organelles. This is of course not a coincidence, but a 
remnant from their common evolutionary origin, according to the endosymbiotic theory 
(reviewed in ref [3]).  

Figure 1. There are two classes of integral membrane proteins. A) An example of an α-helical membrane 
protein B) An example of a β-barrel membrane protein. 

B) A) 
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The biological membrane 
MPs exist in a hydrophobic medium, i.e. the biological membrane. It is therefore not hard to 
understand that the properties of the membrane influence the properties of MPs. This influence 
is obvious in the integration and topology, as well as in the structure and function of MPs. 

 Different types of lipid molecules constitute the building blocks of biological membranes. 
Commonly the lipid molecules have a hydrophilic phosphate head group and a hydrophobic 
hydrocarbon tail. If a lipid molecule has a head group that is roughly equal to the size of the tail 
it gives it a “cylindrical” shape (fig 2A). As a consequence of this physical property, these lipids 
tend to form a bilayer, i.e. two leaflets of lipid molecules arranged in long sheet-like structures 
(fig 2B). In each leaflet the hydrophobic tails point away from the aqueous surrounding and 
toward the hydrophobic tails of the other leaflet. This tendency to form a bilayer structure is the 
property that life relies upon (i.e. compartmentalization). However, other types of lipids are also 
present in the membrane (Fig 2A). They may impart important properties, such as curvature, 
thickness, and rigidity to the membrane.  

Commonly the lipid bilayer is divided into a hydrophobic core (the hydrocarbon tails) of ∼30 
Å that is largely impermeable to water and solutes, and a membrane-water interfacial region 
(the phospholipid head groups) that occupies 10-15 Å on each side of the membrane (fig 2B). 
However, this is a simplified and slightly misleading picture that does not correctly reflect the 
complexity of the membrane. Rather, if one looks from the middle of the membrane and out 
toward the interface regions on each side, the membrane can be viewed as a medium with a 
“spectrum” of varying hydrophobic and hydrophilic properties. The core of the membrane is 
strictly hydrophobic, but the hydrophobicity is less prominent closer to the hydrophilic head 
groups on each side of the membrane. Similarly, the interface region is less hydrophilic close to 
the hydrocarbon tail region and becomes more and more hydrophilic closer to the surrounding 
aqueous solution.  

Figure 2. The biological membrane.  A) The shape of phospholipids. The left lipid has a “cylindrical” 
shape and tend to form lipid bilayers. The lipid on the right-hand side is “cone” shaped. This non-bilayer 
lipid is also present in biological membranes and is important for several reasons (e.g. induce membrane 
curvature). B) A biological membrane in a three-dimensional (3D) perspective. The hydrophobic 
hydrocarbon tails point toward each other, while the hydrophilic phosphate head groups faces the 
surrounding aqueous environment. 
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Biogenesis of MPs 
The Sec-translocon holds a central position in the life of a MP. It enables proteins to cross, or 
insert into the membrane (reviewed in refs [4,5]). All secreted proteins and MPs carry an N-
terminal hydrophobic signal that targets them to the membrane and initiates the export process 
(fig 3). Secretory proteins carry a cleavable signal sequence that is recognized and targeted to 
the Sec-translocon by the chaperone SecB. The targeting and export process occur in a late co-
translational or post-translational fashion. A few multispanning MPs, in particular those with a 
large extra-cytoplasmic N-terminal domain, also carry a cleavable signal sequence. However, in 
most cases MPs are targeted to the membrane by its first transmembrane segment (TMH), 
which is not cleaved-off but remains as a part of the mature protein. The hydrophobic segment 
is recognized by the signal recognition particle (SRP) that guides the nascent chain/ribosome 
complex to the Sec-translocon. In general, MPs are inserted in a co-translational fashion, where 
the ribosome feeds the emerging nascent chain directly into the Sec-translocon.  

The hetero-trimeric Sec complex is denoted SecY/E/G in eubacteria (e.g. E. coli). It is the 
equivalent of Sec61α/γ/β in mammals, and Sec61p/Sss1p/Sbh1p in yeast. Since the Sec-
translocon is evolutionarily conserved throughout all kingdoms of life, it points toward a 
conserved mechanism of protein translocation and insertion in the bacterial plasma membrane 
and the ER (reviewed in ref [6]).  

The current picture of how the translocon operates is largely based on the crystallographic 
structure of the archaeal Methanococcus jannaschii Sec-complex [7], in combination with a vast 
amount of biochemical studies (fig 4) (reviewed in refs [4,8]). It suggests that even though the 
Sec-complex might form higher oligomers, only one complex at the time is involved in protein 
export. SecY form the actual protein-gateway. Its structural arrangement creates a gated pore 
that allows hydrophilic segments to pass through, and hydrophobic segments to move laterally 
into the lipid bilayer (fig 3).  

Figure 3. Biogenesis of MPs. A) A ribosome is translating the mRNA of a MP. B) SRP is a GTPase that 
recognizes and binds to the first hydrophobic segment that emerges from the exit tunnel of the translocon. 
C) The ribosome/SRP/nascent-chain complex is targeted to the membrane. SRP docks with another 
GTPase, the Signal Receptor (SR). As a result of their GTPase activity, SRP disengages from the SR and 
the ribosome, and the nascent-chain is transferred to the Sec-translocon.  D) Co-translational elongation 
of the polypeptide and membrane insertion of hydrophobic segments. Secreted E. coli proteins (and a few 
MPs) are exported by a slightly different route. Instead of SRP, the SecB chaperone targets the nascent 
chain to the Sec-translocon. The first hydrophobic segment acts as a signal sequence and is cleaved off by 
Signal Peptidase II (cleavage site indicated in brackets). 
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Pore 

A)   

  
  
 
 

 

 

Figure 4. The current view of how the translocon operates is largely based on the X-ray structure of the 
archaeal Methanococcus jannaschii Sec-complex (figure adapted from [4]) [7]. The complex has a 
clamshell appearance when viewed from the cytoplasm. A) SecE (grey) embraces SecY (multi-colored) 
and forms the back of the complex. SecY displays two-fold symmetry in plane of the membrane. The N-
domain is composed of TMH1-5 and the C-domain of TMH6-10 and the domains are inverted repeats of 
one-another. The region between the N- and C-domain forms the front of the complex and can open 
toward the lipid. The plug (green) on the extra-cytoplasmic side has been proposed to block the pore of 
the closed channel. However, the role and importance of the plug is not entirely clear [9]. B) The 
proposed mechanism for TMH insertion: the nascent chain enters through the hydrophilic channel pore at 
the center of SecY. The translocon has been suggested to “breath”, i.e. go through small but rapid 
motions of opening and closing, thereby allowing a hydrophobic TMH to exit between TMH2b (light 
blue) and TMH7 (yellow) and “sense” the lipid environment surrounding the translocon.  Depending on 
the content and position of hydrophobic side-chain within the segment it may, or may not, obtain 
thermodynamic equilibrium in the lipid environment. The Sec-translocon together with the lipids thus 
forms a system that decides whether a polypeptide segment should enter or cross the membrane.   

An overview of the “birth and life” of MPs 
The life of a MP (or any protein for that matter) starts within the ribosome. The nascent 
polypeptide is fed through the ribosome exit-tunnel and into the Sec-translocon (fig 5A). As the 
MP enters the translocon it also, perhaps almost simultaneously, encounters lipids. Through this 
insertion-journey a MP assumes its unique, polypeptide encoded, topology. So, if the translation 
and membrane insertion can be looked upon as the birth of a MP, the topology can be viewed as 
its childhood (fig 5B). The topology provides the foundation, upon which the mature life as a 
fully folded protein relies. Once the final structure is formed, the protein (or protein complex) 
can dedicate the rest of its molecular life to performing its cellular function (fig 5C). The 
“growing up” of a MP, is thus (as in human life) shaped by many different interactions: with the 
translocon and the lipids, the solute, cofactors, and the protein itself. For a stably folded MP, the 
net energetics of all these interactions results in a protein existing at a free energy minimum (by 
us humans it is viewed as the road of the least resistance).  

Figure 5. An overview of the “birth and life” of MPs. A) The “birth” of a MP. The ribosome feeds the 
MP nascent-chain into the Sec-translocon. B) During insertion the protein adopts its topology: the 
hydrophobic parts of the protein exit laterally into the membrane, while the hydrophilic loops and tails 
alternate between a cytoplasmic and extra-cytoplasmic location. C) The “mature” life of a MP. The 
protein folds into its native structure and can now carry out its cellular function. 
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The two-stage model 
Although we have some clues to the important factors that influence MPs, we are still a long 
way away from fully understanding the many different biophysical forces that must act on a 
“newborn” protein to make it fold into a structure that can perform a specialized task in the cell 
(reviewed in refs [10-13]).  

The two-stage model is a useful simplification when discussing MP folding and structure (fig 
6). This model posits that most transmembrane segments insert independently into the 
membrane and are in themselves stable entities (stage one) [14,15]. A stably inserted TMH may 
then interact with other TMHs to form the final structure (stage two). Although the two-stage 
model does not explain how the TMHs associate to form the final structure, it provides an 
important conceptual framework for how to investigate and discuss the different forces that act 
on MPs. 

In this thesis I have, in accordance with this model, chosen to divide the discussion on MP 
structural organization into two separate sections; topology and formation of the final 3D 
structure.  

Figure 6. The two-stage model was proposed by Popot and Engelman in 1990, and is a useful 
simplification for MP folding. Different forces act on each level. A) Stage one depicts that the TMHs are 
in thermodynamic equilibrium with the lipids and aqueous phases before helix packing, i.e. the TMHs are 
independently stable domains. B) The TMHs fold into their native confirmation. 
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Membrane Protein Topology 

As a general rule, MPs follow a predictable topological organization pattern. Anti-parallel 
TMHs are buried within the membrane and hydrophilic loops alternate between a cytoplasmic 
and extra-cytoplasmic location (fig 6A). A topology model for a certain MP is thus a description 
of the number and positions of the TMHs and the overall orientation of the protein relative to 
the membrane.  

The code to the final topology of a MP is concealed within its amino acid sequence and 
deciphered during the insertion of the polypeptide chain into the membrane. There are many 
properties of the nascent polypeptide chain that contribute to establishing the topology 
(reviewed in refs [11,16]).  

Hydrophobicity 
The most prominent topological signals within the MP polypeptides are segments of ∼20 amino 
acids with an overall hydrophobic character. When the polypeptide chain is fed into the 
translocon, these hydrophobic segments form an α–helical structure (TMHs) and partition into 
the membrane laterally, while the hydrophilic parts remain in the cytoplasm or are translocated 
to the extra-cellular space.  

An introduction to the thermodynamic view of insertion and α-helix formation 
At first glance the hydrophobic effect operating on the hydrophobic side-chains (ΔGTMH≈40 kcal 
mol-1) might seem to contribute with more than enough free energy for a typical TMH to insert 
into the membrane (reviewed in refs [17,18]). However, all amino acids are held together by 
peptide bonds that are energetically costly to partition into the membrane. If the peptide bonds 
are involved in backbone hydrogen bonding, this cost is reduced. This is the main driving force 
for α-helix formation, where each individual TMH has a right-handed fold with a basic 3.6- 
amino-acids-per-turn motif [15,19-21]. It however requires the simultaneous dehydration of the 
waters that are bound to the α-helical peptide backbone. This is an energetically costly affair 
(ΔGTMH≈30 kcal mol-1) [20]. The hydrophobic effect (ΔGTMH≈40 kcal mol-1) minus the cost of 
insertion (ΔGTMH≈30 kcal mol-1) leaves enough favorable free energy (ΔGTMH≈10 kcal mol-1) for 
inserting a typical TMH into the membrane. This is of course a simplified and general picture. 
Clearly the available free energy largely relies on the content of hydrophobic side-chains versus 
polar and charged residues, and will fluctuate from one TMH to another. The minimal 
constraint for the independent insertion of a stable TMH into the membrane is however that the 
hydrophobic effect at least counterweighs the cost of insertion. 
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The α-helix formation-site 
As discussed above, α-helix formation is a general constraint for a hydrophobic segment to 
successfully insert into the lipid bilayer. α-helix formation may occur within the translocon 
channel or, at the latest, at the stage when the TMH is about to exit the translocon and meet the 
lipids. It also seems that some secondary structure (such as α-helix formation) can form, at least 
in some cases, in the ∼100 Å long exit-tunnel in the ribosome (reviewed in ref [22]). This of 
course concerns MPs as well as soluble proteins. It appears that there are distinct zones within 
the ribosomal exit-tunnel where secondary structure formation is possible. Helix propensity in 
combination with hydrophobicity and length of the nascent polypeptide decides whether it will 
occur or not [23,24]. 

Length and hydrophobicity of TMHs 
As a general rule a TMH must span the membrane completely, which requires around 20 amino 
acids. In reality this number will vary depending on the participating amino acids, tilt angles, 
surrounding TMHs and the thickness of membrane bilayer. Experimental studies imply that for 
an independent segment to become stably inserted and successfully form a TMH, between 12 
and 40 hydrophobic amino acids are required [25,26]. From statistical studies it is found that on 
average, 26 amino acids participate in α-helix formation [27]. This is much longer than the 
average helices of 12 residues in soluble proteins [27].  

 The length and hydrophobicity of a TMH can in itself influence its orientation in the 
membrane. Long and very hydrophobic segments favor translocation of the N-terminal end 
(Nout-Cin), while short and less hydrophobic segments adopt an Nin-Cout topology [25,28-30].  

Cracking the insertion code 
When a MP is threaded into the translocon, continuous decisions regarding the destination of 
the polypeptide have to be made. The translocon has to “decide” which segments are 
hydrophobic enough to enter the membrane. This might seem to be an easy task. However, if it 
was as easy as just counting the number of hydrophobic amino acids, prediction methods should 
be able to identify TMHs with close to 100% accuracy. This is not the case today. Rather, the 
detailed insertion code has proven a hard nut to crack.  

A first step toward deciphering the insertion code involves obtaining a measure of the 
hydrophobicity for each of the 20 amino acids. Different approaches have been employed in 
order to obtain the “one true” hydrophobicity scale. 

Biophysical and statistical hydrophobicity scales 
Solved MP structures have been analyzed to obtain statistical data from real proteins [31,32]. 
Much effort has also been put into biophysical experiments, where a set-up with one aqueous 
phase and one nonpolar phase is used, in which the 20 different amino acids basically has to 
“pick sides” [17].  

Today, as a result of these efforts, we have a number of useful hydrophobicity scales that, for 
example, have contributed greatly to the capability of computer based topology prediction 
methods. Although extremely useful, it is of course desirable to verify these findings in an 
environment more similar to the cell, where the possible influence of the translocon on TMH 
insertion is taken into account. 
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A biological hydrophobicity scale 
Through the work of Hessa et al. we have now moved one step closer to understanding the 
details of the insertion code [33]. By measuring the membrane insertion efficiency for all the 
individual amino acids in an eukaryotic ER-based in vitro system, a “biological” hydrophobicity 
scale was created (fig 7). A value of the contribution to the free energy (ΔGaa

app) of membrane 
insertion was calculated for each of the 20 amino acids. Isoleucine, Leucine, Phenylalanine and 
Valine promote membrane insertion (ΔGaa

app < 0), while Cysteine, Methionine and Alanine have 
ΔGaa

app ≈ 0. All polar and charged amino acids have ΔGaa
app  > 0, and thus oppose membrane 

insertion.  

Figure 7. A biological hydrophobicity scale (figure adapted from [33]). The scale provides a value of the 
contribution to the free energy (ΔG aa

app) of membrane insertion for each of the 20 amino acids (indicated 
with the one letter code) when placed in the middle position of a 19 Leucine/Alanine segment.  

A TMH within the translocon is in close contact with lipids 
The output from this biological system can be directly compared with the biophysical and 
statistical measurements. Except for a few outliers, the scales are surprisingly similar. This is a 
very important observation since it implies that the environment of the peptide in biophysical 
experiments (a non-polar phase) is very similar to the biological surroundings of a MP (lipids).  

The conclusions from the work of Hessa et al [33], and from other studies [34,35], thus 
support the notion that a TMH within the translocon is in direct contact with the surrounding 
lipids and that this TMH-lipid interaction is crucial in the recognition of TMHs by the 
translocon in the ER.  

Positional dependence within a TMH 
The positional dependency of the different amino acids for TMH insertion was also investigated 
by Hessa et al, by systematically moving a pair of residues from the center of the segment 
toward its N- and C-termini [33]. In summary, it was found that charged residues placed 
centrally had a great effect on the insertion capability of the segment, but gradually became less 
unfavorable when moved apart. Not surprisingly hydrophobic residues showed no strong 
positional dependence. The aromatic residues Tyrosine and Tryptophan oppose membrane 
insertion when placed centrally, but become more favorable as they are moved apart (see also 
section on the aromatic belt). 

An algorithm based on the biological hydrophobicity scale 
The results of Hessa et al. [33,36], together with solved structures of MPs (for example the 
voltage-gated paddle of the potassium channel [37,38]) have revealed that both the type of 
amino acid as well as its position within a TMH have to be considered when calculating the 
ΔGaa

app. A detailed understanding of the available free energy and the positional effect for each 
of the amino acids will certainly boost the reliability of prediction methods. The task of 
converting the findings from the study by Hessa et al, to an algorithm that can be used to 
calculate the membrane insertion probability of naturally occurring TMHs, is in progress (von 
Heijne, personal communication).  
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The membrane-water interface region 
The lipid bilayer is not a uniformly hydrophobic entity. Different environments exist along the 
membrane normal, due to the properties of the lipids that make up the lipid bilayer. The 
hydrophobic fatty-acid chains create the hydrophobic core of the membrane. This water 
impermeable seal of approximately 30 Å is the preferred environment of the hydrophobic 
TMHs of MPs (fig 2). However, it is also important to keep in mind that the hydrophilic head 
groups give rise to a distinct membrane-water interface region, at the border between the 
membrane core and the aqueous solvent, that encompasses about 15 Å on each side of the 
membrane (reviewed in refs [39,40]). The membrane–water interfacial regions, of altogether 
∼30 Å, thus comprise about half of the total bilayer thickness. This is where the short loops and 
tails of MPs commonly reside. Outside of the interfacial regions the environment is completely 
aqueous, and here MPs with large extra-membranous parts are subject to the same structural 
forces as are globular soluble proteins.   

Loops and tails 
All MPs have polar parts as well as hydrophobic parts. The N- and C-tail, as well as the loops 
that connect TMHs, are all more or less hydrophilic and commonly alternate between a 
cytoplasmic and an extra-cytoplasmic location.  

Folding of the N-tail can influence topology 
It has been shown that the folding state of the N-terminus can influence the insertion process. If 
the N-terminus folds in the cytoplasm, it cannot be translocated [41,42]. Positively charged 
residues present in N-tails also prevent translocation (see below). The tail-size per se does not 
seem to be a limitation for proper translocation [41-45], but the chance of finding positively 
charged residues or tightly folded domains probably increases with an increased length of the 
N-tail. This might be part of the explanation to why most extra-cytoplasmically located N-tails 
are short (commonly < 40 residues), unless they are preceded by a signal sequence [43].  

The loops connecting the TMHs 
In general, the loops connecting TMHs are quite short (between 1-10 residues), but there exist 
longer loops as well as larger soluble domains. Except for a majority of positive residues on the 
cytoplasmic side of the membrane (discussed separately; see section on “the positive-inside 
rule”), the loops show no specific conserved or recognizable traits that would help 
distinguishing between inside and outside loops. Rather they are equally hydrophilic with 
mainly charged and polar residues.  

Secondary structure in the interface region 
Recently, through statistical analyses on solved MP structures, Granseth et al. have shed some 
light on the secondary structures formed by the loops and tails in the rather neglected 
membrane-water interface region [46]. Irregular secondary structures dominate (≈70%) and are 
enriched in Glycine and Proline residues (known helix breakers and turn promoters, see text 
below). The remaining 30% was found to be helices that run more or less parallel to the 
membrane plane. Interestingly, β-sheet structures were almost completely absent in the 
interfacial region.  

The interfacial helices contain a larger portion of polar amino acids than do TMHs. Longer 
loops (>15 amino acids) more often contain helical structure than do short loops. The average 
length of an interfacial helix is ∼9 residues.  
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The positive-inside rule 
More than thirty years ago it was discovered that secreted proteins carry a cleavable signal 
sequence that guides them to the ER membrane and initiates the export process [47,48]. Since 
then, the details of the signal sequence have been largely explored, both by statistical and 
experimental means (reviewed in ref [49]). One crucial discovery that emerged from these 
studies is that positively charged residues (Arginine and Lysine) are statistically overrepresented 
at the N-tail and basically absent from the C-terminal part of the signal sequence [50]. This 
uneven charge distribution is suggested to be a major factor in determining the orientation of 
signal sequences. This occurs by preventing the N-tail from being translocated across the 
membrane and thus forcing the signal sequence into an Nin-Cout orientation (fig 8) [51].  

What determines the orientation of a MP relative to the membrane?  
Through the study of charge-distribution in MPs with known topology, it was later found that 
positively charged residues were also the major topology determinant for MPs [46,52]. This 
uneven amino acid distribution, generally referred to as “the positive-inside rule”, thus controls 
which hydrophilic segments are retained on the cytoplasmic side (high number of Lysines and 
Arginines), and which parts are allowed to pass across to the extra-cytoplasmic side (low 
number of Lysines and Arginines) (fig 8). The rule applies more or less to all MPs [2,53,54] 
although it seems to be a stronger topological determinant for bacterial and archaean MPs, than 
for eukaryotic MPs [54-56]. 

Experimental proof of the positive-inside rule 
Protein engineering experiments have provided conclusive evidence for the importance of the 
positive-inside rule as a topological determinant [57,58]. By repositioning just a few positively 
charged residues in the E. coli MP Leader peptidase, an inverted form of the molecule was 
produced. The wild type protein has two TMHs and an Nout-Cout orientation, where the 
positively charged residues that affect topology mainly are located in the cytoplasmic loop. By 
removing these residues, and instead placing lysine residues in the N-tail, the entire protein 
flipped to an Nin-Cin topology. This has later been repeated and confirmed on a number of 
natural and engineered proteins (Papers III and IV) [28,59,60]. 
   

Figure 8. In order to define the properties of a TMH, they can be divided into three groups; signal 
sequences (Nin-Cout), Nin-Cout TMHs and Nout-Cin TMHs. This nomenclature can be used for the first TMH 
as well as when discussing the orientation of internal TMHs in multispanning MPs.  
Signal sequence (Nin-Cout): Its main function is to guide the protein to the translocon. The membrane-
spanning segment is usually only slightly hydrophobic and can contain as little as 7 hydrophobic amino 
acids. Commonly the N-tail preceding the signal-sequence is quite short and contains one or more 
positively charged residues. The extra-cytoplasmic C-terminal end contains a cleavage site of two 
adjacent small amino acids such as Glycine, which results in the cleavage of the hydrophobic segment by 
signal peptidase II (which is loosely associated with the Sec-translocon). All secreted soluble proteins 
(and a few MPs) carry a signal sequence. Nin-Cout TMH: Similar characteristics as a signal sequence. 
However it is usually longer, more hydrophobic and lacks the cleavage site at the C-terminal end. Nout-Cin 
TMH: A long and hydrophobic TMH favor an Nout-Cin orientation. The N-tail is short and contains no 
positively charged residues. Instead the positively charged residues are located at the C-terminal end of 
the TMH. 
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The characteristics of the positively charged residues 
Histidine is positively charged at low pH and could potentially contribute to the orientation of 
MPs. However, Histidine is not charged at physiological pH, and is generally not considered as 
an important topological determinant [61]. Lysines and Arginines, however, are both strong 
topological determinants [60,61]. The positive charges have an additive effect; i.e. the positive-
inside rule is more dominant as a topological determinant if more positively charged residues 
are present on the cytoplasmic loops and/or tails [58,60,62].  

Topology of multi-spanning MPs 
The first TMH of multi-spanning MPs targets the protein to the membrane. In addition it carries 
topogenic signals that determines its membrane topology. However, as a general rule the first 
TMH do not determine the topology of the entire multispanning MP [52,56,63-65]. Usually the 
following TMHs also carry strong topological signals (see for example [64]). This is apparent 
from reports on topological frustration [52,56,63]. This means that a multi-spanning MP with 
conflicting positively charged residues engineered into the loops, rather leaves one TMH out, 
than follow a sequential insertion pattern where the first TMH dictates the topology of the entire 
[56,63,66]. Although there are reports claiming that the first TMH dictates the orientation of the 
entire multispanning MP, this seems to be limited to a few eukaryotic MPs and artificially 
produced MPs [67].  

The positive-inside rule holds only for short loops  
The positive-inside rule seems to be valid only for loops that are relatively short (less than ~60 
residues) [54,68]. This is due to the different ways by which long and short loops are exported 
across the membrane (at least in E. coli). The translocation of long loops, as well as extra-
cytoplasmic proteins, is dependent on ATPase activity of the cytoplasmic SecA (reviewed in ref 
[5]) [68-70]. N-terminal tails however seem not to be dependent on SecA, regardless of their 
lengths [71]. When translocated by the ATPase dependent mechanism, the positively charged 
residues are not “sensed” and thus cannot act as topological determinants. Indeed, the frequency 
of positively charged residues in loops exceeding 60 residues is similar to that found in secreted 
proteins [52,72]. 

Calculating the over-all charge bias 
In conclusion, the sidedness of a single- or multispanning MP can be determined by the net-
charge difference of the protein (i.e. the (K+R) bias), counting all the positively charged 
residues present within the loops and tails that are shorter than 60 residues. One then simply 
counts all the positively charged residues (Lysines + Arginines) in the uneven loops (the N-tail 
is counted as number one) and subtracts the number of positively charged amino acids in the 
even loops. If this calculation yields a positive number the protein most likely has an Nin 
orientation, while a negative number indicates an Nout orientation. 

Is there a “negative-outside rule”? 
As proof emerged regarding the importance of Lysine and Arginine residues in directing the 
sidedness of MPs, a complementary idea surfaced. It was suggested that the negative amino 
acids Aspartate and Glutamate could also have an influence on the orientation of MPs. It was 
proposed that positively and negatively charged amino acids might work in concert; the 
positively charged amino acids forcing the loop or tail to stay on the inside, while the negatively 
charged residues would be drawn to the outside, in a fashion comparable to electrophoresis. If 
then both positively and negatively charged residues are counted over the most N-terminal 
TMH, they would yield a net charge difference that, at least in eukaryotic MPs, has been 
suggested to correlate with its orientation [55,73]. Although much work has been put into 
proving this “charge difference rule” [74-76], there is no conclusive evidence for such a 
mechanism [58,60,61]. If indeed negatively charged residues had such a strong topological 
effect, one would expect that their distribution would be skewed toward the loops on the extra-
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cytoplasmic side. However, no such “negative-outside” bias has yet been detected [46,54]. It 
therefore seem as negatively charged residues only have a very small, if any, effect on the 
orientation of MPs, at least in Sec-dependent translocation.  

How can we explain the positive-inside rule? 
It is still not completely clear how positively charged residues exert their influence on MP 
topology. At least three separate possibilities have been suggested to be responsible, or to 
contribute to the phenomenon.  

Anionic phospholipids 
One attractive theory suggests that the anionic phospholipids prevent membrane passage of 
positive charges [77]. Anionic phospholipids are present in all membranes and implicated in 
several functions, including the electrostatic binding of positively charged residues in protein 
domains and amphipathic helical peptides (reviewed in ref [78]) [79,80]. The positively charged 
amino acids of MPs has been suggested to, in a similar fashion, be retained in the cytoplasm by 
electrostatic binding to the negatively charged phospholipid head groups at the cytoplasmic 
membrane surface. 

The membrane electrochemical potential 
A second proposition involves the membrane electrochemical potential (ΔµH) [81]. The extra-
cytoplasmic side is positive and acidic, while the cytoplasmic side is negative and basic. 
According to this theory, the positive and acidic extra-cytoplasmic environment is expected to 
oppose the translocation of positively charged residues. This however only applies to 
membranes that possesses a ΔµH+; i.e. the bacterial inner membrane, the mitochondrial inner 
membrane and the thylakoid membrane [53,82,83]. The ER membrane, in contrast, is probably 
devoid of a membrane potential. Hence this hypothesis can provide only a part of the 
explanation, since ER MPs also follow the positive-inside rule. Moreover, if the ΔµH+ was the 
only factor involved, negatively charged residues would be expected to promote translocation, 
but no such role for these residues has been established (see above).  

Charged residues within the Sec-translocon 
The final suggestion is that residues within the Sec-translocon are responsible for the positive-
inside rule by either attracting or repelling positively charged residues during the translocation 
of MPs [84,85]. This is a very appealing theory since the Sec-translocon is one of the most 
conserved protein complexes throughout all three kingdoms of life. To investigate this proposal 
mutagenesis on Sec61p of yeast was carried out, and indeed three charged residues (two 
Arginines and one Glutamate) were found to affect the topology of the tested MPs [84]. 
However, at least two facts speak against these residues as the sole mechanism behind the 
positive-inside rule. First, the important residues are not, contrary to what would be expected, 
conserved in all Sec-translocons. Second, the cell is still viable even though all three charged 
residues are simultaneously mutated [84].  

 
Taken together it seems that all the mechanisms proposed above contribute to some extent to 

the positive-inside rule. There is of course also the possibility that different solutions to the 
mechanism operate in different organisms or that the main driving force is still to be discovered.  

Exceptions to the positive-inside rule 
Not all mitochondrial inner MPs conform to the positive-inside rule [82]. It has been shown that 
some nuclear-encoded MPs do not have a high content of positively charged residues on the 
parts exposed to the matrix, but instead have a skewed distribution of Glutamate residues on the 
loops facing the inter-membrane space. This suggests that some nuclear-encoded MPs utilize a 
different and, as of today, unexplored mode of insertion into the mitochondrial inner-membrane.  
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The ‘snorkel’ effect 
It is tempting to consider all TMHs as hydrophobic entities. But this is not entirely true. Except 
for the obligatory hydrophobic amino acids, a TMH might also contain some polar amino acids, 
or even one or more charged residues. This is possible, at least in part, due to the snorkel effect 
[86-88]. This means that a side chain of a charged residue that is buried within the hydrophobic 
membrane core can adjust its conformation such that it reaches, or snorkels, toward the 
interfacial or aqueous regions. Snorkeling residues thus seem to experience a force that pushes 
them away from the membrane core. In contrast, some amino acids (in particular the 
hydrophobic ones) are subject to an anti-snorkeling effect, where the side-chains instead point 
toward the hydrophobic core. As a consequence, the precise positioning and orientation of a 
TMH in the membrane is influenced by snorkeling residues, which interact with different parts 
of the lipid bilayer. 

Side chain length is important in snorkeling  
The length of the side chain contributes to the efficiency of a particular amino acid to snorkel. 
This could explain why the very long and flexible side chains of Arginine and Lysine have a 
stronger propensity to snorkel compared to Glutamate and Aspartate. In addition, the positive 
charge of the Arginine and Lysine side chains that preferably should interact with the negatively 
charged lipid head-group, might also contribute.  

Preference for a certain end of the helix 
Recently, it has been demonstrated that snorkeling amino acids prefer either the N- or C-
terminus of a helix, due to steric restrictions in their side-chain conformations [86]. Most 
snorkeling amino acids prefer the N-terminus (Arginine, Lysine, Aspartate, Glutamine), since 
the Cα-Cβ bond in helices point more toward this end [86]. Tyrosine on the other hand is 
strongly biased toward the C-terminus [86].  

Snorkeling pattern is reversed in loops 
When Tyrosine and Tryptophan residues are present in loops located to the interfacial region, 
their snorkeling pattern is reversed. Here, the aromatic side-chains instead prefer to point toward 
the hydrophobic core, as do hydrophobic amino acids (anti-snorkeling). Polar residues however, 
seem to prefer to interact with the surrounding aqueous solution and hence point away from the 
membrane core. The positioning of different amino acids in loops most likely plays a critical 
role in securing interfacial helices to the membrane, in a similar way as for amphipathic helical 
peptides that reside in the membrane-water interface region [79,88]. 

The aromatic belt 
It is common to find aromatic residues in the interfacial regions of TMHs. This is an interesting 
example of uneven amino acid distribution in MPs, often referred to as the “aromatic belt” 
[33,46,54]. Only Tryptophan and Tyrosine (not Phenylalanine) exhibit this preference for the 
interfacial region [46,89]. The biological relevance of this belt is not entirely understood, but it 
seems to play an important role in the anchoring and positioning of individual helices, and 
perhaps also entire MPs, in the lipid bilayer [35,90]. Furthermore, it seems that the Tyrosine and 
Tryptophan residues are not just loosely, but actually rather tightly anchored to the interface 
[39]. This can have implications for TMH positioning, tilting and rotamer preferences. 
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Why do Tyrosine and Tryptophan align with the membrane interface? 
More than one explanation has been proposed for the physical and/or chemical basis for the 
strong preference of aromatic residues to reside in the membrane-water interface region. The 
Tyrosine side chain is a six-membered aromatic ring with an –OH group attached. Tryptophan 
has two aromatic rings that are fused into one large hydrophobic ring-structure. Phenylalanine, 
although aromatic, is completely hydrophobic, and is found in the transmembrane part rather 
than the interfacial parts of MPs.  

The classical explanation for the preference of Tyrosine and Tryptophan to reside in the 
interfacial regions is their dipolar character. The side chain must simply seek a compromise. 
This can be achieved by burying the aromatic ring close to, or within, the hydrophobic core, 
while the hydrophilic part can interact with the polar lipid head-groups at the interface. Other 
factors such as the aromaticity, size, rigidity and shape of Tryptophan, rather than its dipolar 
character, has also been suggested as the primary reasons for its interfacial preference [91]. 
Perhaps, as suggested by You et al., it is a balance of all these forces that explains the interfacial 
preference of Tyrosine and Tryptophan [91].  
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Topogenic determinants work in concert 
So far I have described separately the different factors that contribute to the topology of MPs. In 
reality however the topology of a MP is the sum of all the topological determinants present 
within a particular protein.  

What contributes to the orientation of the signal sequence? 
Commonly, the first TMH of MPs acts as a targeting signal so that the ribosome and the nascent 
chain are brought to the Sec-translocon. Recently, Goder and Spiess demonstrated that the first 
TMH of MPs inserts “head-on” (N-terminus first) into the translocon [84]. It was further 
suggested that the hydrophobicity of a TMH has a very strong effect on the time that it spends 
inside the translocon. The more hydrophobic the TMH, the shorter the time it will spend inside 
the translocon before partitioning into the membrane, which leaves no time for N-terminal re-
orientation. Thus a very hydrophobic TMH will simply move laterally into the membrane in an 
Nout-Cin orientation. However, positively charged residues at the N-terminus can override the 
“hydrophobicity signal” and vice versa. A less hydrophobic TMH is indecisive in its character, 
since the thermodynamics for membrane insertion are less clear. This indecision delays the 
membrane insertion and leaves enough time for the N-terminus to re-orient and insert with an 
Nin-Cout orientation. Positively charged residues at the N-terminus make the signal even more 
clear-cut.  

Helical hairpins  
MPs sometimes form tight turns between two closely spaced TMHs. These are commonly 
referred to as helical hairpins. It has become apparent that turn propensities differ somewhat 
between globular proteins and MPs. Therefore a specific turn propensity scale for MPs was 
developed [26,92,93]. In short, hydrophobic residues do not induce a turn, while charged or 
highly polar residues do (to avoid the hydrophobic interior of the membrane). Furthermore, it 
was found that the two classical helical breakers, Proline and Glycine, both induce turns, 
although Proline is more effective as a turn promoter. It was also shown that it takes two or 
more amino acids with turn propensities to make a turn on the cytoplasmic side, compared to 
only one residue on the extra-cytoplasmic side [94].  

Further, we have observed that helical hairpins seem to constitute one of the main building 
blocks in MPs (Paper II). The most common theme is that MPs have an even number of TMHs 
and their N- and C- terminus in the cytoplasm. This observation implies a recurring pattern of 
helical hairpins with extra-cytoplasmic turns.  

Where is a helical hairpin formed?  
MP topology is determined locally and only influenced directly by the part of the nascent chain 
that is present within the ribosome-translocon channel when the segment integrates into the 
lipid bilayer. This means that helical hairpin formation most likely is closely coupled to the co-
translational insertion of MPs into the Sec-translocon, and if viewed from the perspective of the 
Sec-translocon, looked upon as one folding unit [95]. Some marginally hydrophobic or very 
short TMHs might require the aid of a preceding TMH, in order to become integrated into the 
membrane [65,96,97]. In such cases, the loop separating the two TMHs has to be quite short. 
This strengthens the notion that two TMHs can be present within (or closely associated to) the 
translocon, so that the first one can facilitate the integration of the second TMH. It also shows 
that in some cases the topology and the final structure are closely coupled. In addition, recent 
data suggest that a pair of properly placed polar residues (Asparagine/Asparagine or 
Aspartate/Aspartate) within a long hydrophobic segment can, by inter-helix hydrogen bonding 
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(see below), promote helical hairpin formation [98,99]. This observation suggests that 
interhelical hydrogen bonds can form already in the translocon and agrees with the theory that 
the nascent polypeptide chain is in close contact with lipids. This protein-lipid contact is thus 
critical in the decision regarding membrane integration of individual TMHs and/or helical 
hairpins.  

A joint translocon/lipid system deciphers the unique topology of a MP 
As discussed above, the topology of MPs is concealed within the protein sequence (fig 9). 
Hydrophobic stretches fold into α-helices and integrate into the bilayer, either independently or 
as helical hairpins. The membrane integration efficiency is influenced by the type and position 
of amino acids along the TMH axis. Charged and polar residues are better tolerated at the ends 
of a TMH, near the interface region where their side chains can snorkel and interact with the 
phospholipid head groups. Positively charged residues on the hydrophilic loops and tails favor 
the cytoplasmic side of the membrane and thereby exert the main influence on the sidedness of 
the protein.  

The joint task of the translocon and surrounding lipids, is to continuously decipher each part 
of the peptide until the final topology of the entire MP is obtained. Due to the precision by 
which the peptide-encoded topological determinants are interpreted by the lipid/translocon 
system, all proteins of the same type end up with the same topology (except in a few special 
cases, see Papers II, III and IV). Once integrated (and perhaps even during integration), 
aromatic residues are important to anchor and position interfacial- or transmembrane helices 
within the membrane.  Together these residues form a belt on each side of the MP that more or 
less delineates the boundaries of the membrane bilayer.  

Figure 9. The code to the final topology of a MP is concealed within its amino acid sequence and 
deciphered during the insertion of the polypeptide chain into the membrane. There are many properties of 
the nascent polypeptide chain that contribute to establishing the unique topology of a MP. Three 
properties are particularly important; hydrophobic segments, the location and number of positively 
charged residues and aromatic residues.  
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The evolution of membrane proteins  
Sequence analyses has revealed that there are more than 4000 MP families [100]. However, 
there are only a few very large families and many very small families. For example, the mean 
numbers of members in the 20 largest families is 1300, while the next 20 families only have an 
average of 340 members. The 20 largest families include signaling proteins (e.g. GPCRs), 
transporter families (e.g. major facilitator family and ABC-transporters) and proteins involved 
in energy transduction (e.g. cytochrome b). 

An interesting but largely unexplored area of science concerns the structural evolution of 
MPs. Although much work remains before we have a complete understanding of this subject, 
some basic features have been established. For example, it has been found that covalent domain 
recombination, a mechanism often used by evolution in soluble proteins to connect evolutionary 
unrelated domains, is quite rare in MPs [101]. Instead MPs seem to prefer to form oligomeric 
complexes that are attached by non-covalent forces in order to produce evolutionary diversity.  

It seems as the most common way by which MPs evolve in size and complexity is through 
gene duplication events, where either the entire gene, or a part of the gene, becomes duplicated 
[102]. The newly “evolved” MP will thus be made up of partial sequence repeats that 
correspond to the duplication of some, or all, of the TMHs in the original MP. For example, as 
previously noted, a recurrent theme seems to be events where internal duplications of a part of a 
gene results in the addition of two TMHs, i.e. a helical hairpin. A deeper understanding of the 
way that MPs evolve may be of great help in the prediction of the topology, structure and 
function of MPs.  

Internal repeats 
One common evolutionary process occurs when an internal gene duplication event results in 
two halves of the protein having the same topological and structural arrangement (fig 10A). 
Although it is not always possible to detect this on a sequence level, it is usually quite obvious 
when studying the 3D structure. This “internal repeat model” seems to fit the major facilitator 
superfamily of secondary transporters, as nicely illustrated by the recent crystal structure of 
LacY [103]. LacY has 12 TMHs that are arranged in two pseudo-symmetrical 6-helix bundles. 
The proteins AcrB [104], GlpT [105] and EmrD [106] are additional examples of MPs that 
conform to this structural arrangement.  

Internal inverted repeats 
Another common theme noted from protein structures is the occurrence of internal inverted 
repeats, i.e. the protein consists of two halves with opposite topologies that are related by a two-
fold symmetry axis in the plane of the membrane (fig 10B). Internal inverted repeats seem to be 
quite common in channels and transporters. Examples include the Na+/Ca2+ exchanger [107], 
SecY [7], the chloride channel [108] and the glycerol and water conducting aquaporin family of 
channels [109,110]). How did the internal inverted repeats evolve? This question is addressed in 
Papers II, III and IV.  

Figure 10. A) Internal repeats. Due to an internal gene duplication event, this protein consists of two 
halves with the same topological arrangement (TMH 1-6 + TMH 1´-6´). B) Internal inverted repeats. The 
protein consists of two halves (TMH 1-3 and TMH 1´-3´) with opposite topologies that are related by a 
two-fold symmetry axis in the plane of the membrane.  
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Membrane Protein Structure 

A certain MP has a specific topology in the membrane, as concluded in the section above. 
However, in reality the protein is not a flat entity, as commonly displayed in a topology model. 
Rather the topology is organized into each MP´s unique tertiary structure, which is the actual 
functional unit of the protein within the cell. Immediately after (and probably during) insertion 
it begins its search for the stable and native conformation. In addition, some topological 
rearrangements, such as the insertion of re-entrant loops, occur down-steam of the Sec-
translocon mediated insertion.  

Unlike the case of soluble proteins in which the hydrophobic effect dominates the folding, it 
is still not possible to point to a single force that dominates in the pathway to the folded state for 
MPs. Instead at least three types of interactions must be considered in MP folding: interactions 
within the protein itself, protein-lipid interactions, and lipid-lipid interactions. Most likely there 
is a subtle balance between many forces (such as van der Waals interactions, hydrogen bonding, 
and hydrophobic matching) that make, and keep the protein in a folded state. Although we are 
still missing the complete picture of how these forces work in concert, we seem to be gaining a 
better understanding of the contributing factors (reviewed in refs [11-13,17]).  

Intrahelical interactions  

α-Helical distortions 
Many, if not most helices in MPs contain bends and irregularities [10,111]. These distortions 
can cause a helix to bend more than 30° and lead to deviations in side-chain placement [111]. 
So although α-helical distortions are an intrahelical factor, they doubtlessly have an affect on 
interhelical relations.  

Irregular helices broaden the structural diversity and flexibility of MPs, compared to if they 
only contained straight and rigid helices. The importance of helix distortions is manifested by 
the many examples where they have functional and structural implications in MPs. Depending 
on the type of distortion, it is convenient to divide them into four separate categories; Proline 
induced kinks, non-Proline distortions, π-helix turns and 310-helices. Importantly, there are now 
prediction tools available, where these distortions can be identified from the amino acid 
sequence alone [112,113].   

Proline-induced kinks 
The TMHs of MPs contain many Prolines, as compared to α-helices in globular proteins 
[114,115]. The Proline residue has a rigid structure, in which the side chain (a five-membered 
pyrrol ring) loops back to the amide nitrogen. Within an α-helix, the structure of Proline causes 
a steric clash with the preceding residue and the loss of a backbone hydrogen bond [115]. When 
a Proline residue is present in a TMH, its inflexible nature thus pushes the TMH into structural 
adaptations. Either it can introduce a kink in a TMH, or alternatively, if the hydrophobic 
segment is sufficiently long, it can promote the formation of a helical hairpin.  

Although Prolines are difficult to accommodate within a TMH, their unique conformational 
property offers structural diversity [116]. Hence, there are many reports where Proline induced 
kinks are suggested to be critical for the proper structural stability and/or function of MPs 
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(reviewed in ref [117]) [118]. A recent study also suggested Proline to be important in 
preventing off-pathway folding of MPs [119].  

Most non-Proline distortions originate from Prolines 
The majority of TMH distortions (≈60%) occur at Proline residues. This leaves ≈40% of non-
Proline deformations whose origin is less obvious. Recently, Bowie and coworkers proposed 
that a majority of these non-Proline kinks in fact originate from Proline residues [113]. The 
study shows that the presence of a Proline residue leads to many adaptations of the residues that 
surround the kink. During evolution the Proline residue might be lost (at least in some 
homologs), but the kink is conserved within the helix by the aid of surrounding residues. By 
performing sequence comparisons of homologs, Bowie and coworkers showed that almost all 
TMHs that contain a kink originally contained a Proline residue. This finding makes Proline, by 
far, the most common reason for helical distortion and it is suggested that as much as 90% of 
the kinks are in fact derived from Proline-induced kinks. 

π-helix turns 
A normal α-helix has a folding pattern with H-bonds between residues n ↔ n + 4. There are 
however examples of TMHs in MPs that deviate from the ideal α-helicity. One example that 
can be found in several high resolution structures is the π-helix turns (also called π-bulge, 
looping out or α-aneurysm) [120,121]. The π-helix turn is a local deviation produced by a n ↔ 
n + 5 pattern of the main chain hydrogen bonding. These “wide” turns provide, for example, an 
opportunity for polar interactions between TMHs by freeing a C=O group for hydrogen 
bonding. 

310-helix 
The 310-helix is another example of a deviation from the ideal α-helical structure and has a local 
n ↔ n + 3 H-bonding pattern. Examples of MPs that contain such “tight” turns include 
cytochrome c oxidase and bacteriorhodopsin [122]. 

Interhelical interactions 
The most common approach to study MP folding and stability is to divide the structure into 
pairs of interacting helices. These helix pairs, together with the loops and soluble domains, form 
the overall structure. The helix-helix packing, and the native structure, may be influenced by the 
way that they are inserted and handled by the translocon (e.g. helical hairpins) or by a number 
of other factors, of which some will be outlined below. 

Attractive forces that may influence MP structure formation 

Van der Waals interactions 
Van der Waals interactions are the only attractive force for nonpolar molecules (such as the side 
chains of hydrophobic amino acids) and are therefore considered a dominant force in the 
interaction of TMHs in the hydrocarbon core region of the bilayer. In fact, van der Waals 
packing has been suggested to be the dominant force that drives MP folding [17,21]. Indeed 
there are examples of interacting TMHs that are built only of hydrophobic amino acids and thus 
suggested to be stabilized solely by van der Waals interactions [123].  

Hydrogen bonds 
Simply put, a hydrogen bond occurs when two polar residues with side-chains that contain 
electro-negative oxygens/nitrogens share a (electro-positive) hydrogen atom. Polar residues in 
soluble proteins are commonly involved in hydrogen bonding. A hydrogen bond can also be 
very stable in the apolar environment of the membrane. In spite of this, polar residues are only 
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rarely seen (about 1/25 residues) in TMHs, mainly due to the large energetic cost of membrane 
insertion. However, when present, they are often critical for the proper function of the protein, 
or for binding of prosthetic groups.  

The structural contributions of polar residues are less well understood. It has been suggested 
that interhelical hydrogen bonds can promote helix associations, at least in the absence of 
specific packing interactions [99,124-126]. Apart from its potential contribution to MP folding 
and stability, the ability of polar residues to form strong interhelical associations is a potential 
danger to a MP. Unspecific interactions may hinder the protein in forming its native structure. 
Indeed, mutations involving polar residues (in particular Arginine) are often associated with 
genetic diseases due to protein malfunction [127].  

Weak hydrogen bonds 
In the last few years the “non-conventional” CαH…O hydrogen bond has gained an increasing 
amount of attention, since it has been implicated to contribute to protein interactions [128,129]. 
These non-conventional hydrogen bonds are quite weak (less than half the strength of a 
conventional hydrogen bond) but are suggested to be important in MP stability and specificity, 
especially when several CαH…O interactions are coordinated at a single interface. For 
example, the close packing that is promoted between TMHs by the GxxxG motif (see below), 
has been implied to promote backbone CαH…O hydrogen bonding between helix pairs [130]. 
Its contribution to structural stability is however still controversial [131].  

Salt bridges 
A salt bridge is an interaction between the side chains of two amino acids with opposite 
charges. How common are these interactions in MPs? Charged residues are rare (but not absent) 
in TMHs within the apolar core of the membrane, due to the large energetic cost of membrane 
insertion. Charged residues are better tolerated in the interfacial region where they tend to 
snorkel and interact with the lipid head groups and water rather then each other. Nevertheless, 
salt bridges have been reported (see for example refs [132-134]), and can be critical for the 
function of the protein.  

Disulfide bridges 
Two Cysteines can, in an oxidative environment, form a disulfide bond by the removal of two 
hydrogens. In vivo this reaction is catalyzed by enzymes and occurs only in an environment that 
can provide suitable redox conditions, such as the ER of eukaryotes and the periplasm of gram-
negative bacteria (reviewed in refs [135,136]). Many soluble proteins that reside in these 
locations and some extra-cytoplasmic loops of MPs contain disulfide bridges. However, 
disulfide bridge formation rarely occurs inside the apolar core of the membrane. 
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Topological constraints 
Since a MP has already assumed a certain topology in the membrane it is, even before folding, 
more structurally constrained than an unfolded soluble protein. Apart from the fact that the 
proteins are fixed in a certain orientation, to what extent does the topology contribute to the 
final structural arrangement of MPs? 

The role of interhelical loops in the folding and stability of MPs 
One could envision a critical role for the soluble loops in governing the correct helix-helix 
associations. However, experiments on bacteriorhodopsin [137], and a number of other MPs 
[138-140], show that many TMHs can be expressed individually and still assemble and form a 
functional protein. This indicates that the loops in many cases can be dispensable for the proper 
assembly of TMHs. On the other hand, loops are certainly vital for the formation of certain 
helix-helix associations, such as helical hairpins and when cooperation of TMHs is required for 
proper membrane integration. However, loops do not seem to have a general and predictable 
type of structural influence. 

The role of the helical backbone dipolar moment in packing of MPs 
TMHs have a backbone dipole moment (the N-terminal being positively charged while the C-
terminal end is negatively charged) that could potentially contribute to a preference for anti-
parallel helix-helix packing in multi-spanning MPs.  

An early study by Bowie on helix-helix packing preferences, indeed revealed a pattern for 
TMHs to always pack in an anti-parallel fashion against sequence-neighboring TMHs [141]. 
However, since neighboring TMHs always are anti-parallel, it raised the question whether this 
preference was due to a preference for anti-parallel packing or if it simply was a consequence of 
the topology of MPs. A theoretical study by Ben-Tal and Honig suggested that these dipole-
dipole interactions are quite weak due to the interactions with the surrounding solvent and 
counter ions, and thus would not contribute greatly to the packing of MPs [142]. Statistical 
analysis of solved MP structures seems to support these results, since they indicate that anti-
parallel helix-helix interactions are only common within MP subunits and not between subunits 
[143]. However, the nature and importance of the dipole moment is still disputed. Recently, 
Killian and coworkers utilized a biophysical approach, in combination with computer modeling 
[144]. Their results suggest that the helix dipole moment might be a weak force, but it is strong 
enough to promote anti-parallel association, at least in the absence of stronger helix association 
forces.  
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Re-entrant loops 
Over the last few years it has become clear that so called re-entrant loops are present in many of 
the solved MP structures (>20%). A re-entrant loop is a fragment of irregular- and/or α–helical 
structure that penetrates the membrane, but then turns around half way through the membrane 
and exits on the same side of the membrane as it entered (fig 11).  

Recently, Viklund et al. have performed a structural classification of the re-entrant loops in 
order to predict these regions from sequence alone [145]. They found that the composition of 
amino acids in the re-entrant loops could be described as intermediate between the hydrophilic  
loops of the interface regions and the hydrophobic TMHs, but with a notable abundance of 
small residues (in particular Glycine and Alanine). Moreover, re-entrant loops seem to be most 
common in channel- and transporter proteins. It seems as if the re-entrant loop often has a 
functionally important role. Hence, it is often strongly conserved among homologs. KcsA, 
NHE1, SecY, the ClC chloride channel and aquaporins are a few examples of MPs that contain 
this interesting structural feature [7,108,146,147]. It has been predicted that the fraction of MPs 
with re-entrant loops in a typical genome is 10%, and probably higher [145].  

Figure 11. Two separate modes of insertion have been suggested for the membrane integration of re-
entrant loops (figure adapted from [148]). A) The re-entrant loop is translocated through, but kept in the 
membrane. This insertion mechanism originates from a study on Na+/H+ exchanger isoform 1 [149].  
B) Membrane integration of re-entrant loop can occur in a “post-insertional” fashion. First, the TMHs 
insert by the aid of the Sec-translocon. During this stage the re-entrant loop is exposed to the extra-
cytoplasmic side. As a next step the MP assumes its final topology and structure, where the re-entrant 
loop is inserted. This insertion mode is based on a study of K+ channels [148]. 
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Helix packing models  
Each individual TMH is always right-handed with a basic 3.6 amino-acids-per-turn pitch. Helix-
helix pairs can form both right- or left-handed helix-helix interactions [150]. A left-handed 
TMH pair can form a coiled coil structure that allows contact between the helices every 3.5 
amino acids with a crossing angle of ∼20 °. This results in a repeat every 7 amino acids called 
the heptad repeat. A right-handed crossing on the other hand commonly has an angle of ∼40° 
and promotes contacts every ∼4.0 amino acids [151].  

Left- and right- handed crossings lead to different types of ways for the helices to approach 
and pack against one another, as discussed above. This is commonly explained by certain 
packing motifs/models. Two of the most common ones will be briefly outlined below.  

Knobs-into-holes (left handed crossing angles) 
Many helix-helix pairs in MPs exhibit an anti-parallel left-handed crossing angle (in accordance 
with the heptad repeat). This crossing pattern is explained as a “knobs-into-holes” type of side-
chain packing. Small residues (such as Glycine, Alanine and Serine) are commonly located at 
the helix-helix interface [150,151]. This type of packing allows close contact between the two 
helices and is stabilized by van der Waals forces. In a recent study by Walters and DeGrado the 
knobs-into-holes model is suggested to apply to a majority (∼30%) of helix pairs, and thus 
represents the most common packing motif in MPs [143].  

The GxxxG motif (right handed crossing angles) 
Extensive work on the homo-dimerization of the single-spanning MP glycophorin A, has 
revealed the GxxxG motif as a fundamental mediator of helix-helix association (reviewed in ref 
[152]). When a GxxxG motif is present in a TMH, the two small Glycine residues are separated 
by only one turn and thus end up on the same side of the helix. This creates a groove on the 
helix surface, which can function as a contact surface for another helix with the same motif. The 
motif thus allows two anti-parallel TMHs to approach each other very closely with a right-
handed crossing angle of approximately 40° that is stabilized by van der Waals interactions.  

There seem to be many variations to this fundamentally important motif. For example, an 
extension of the motif, the so-called Glycine zipper (GxxxGxxxG), and the GG7 motif 
(GxxxxxxG) are both statistically overrepresented in TMHs [153,154]. Moreover, it appears 
equally common that the GxxxG motif occurs in only one of two associated helices [143]. In 
support of its propensity to promote helix interaction, the GxxxG motif occurs more frequently 
in TMHs than the random expectation, especially in transporters, symporters and channels 
[155]. In fact, Walters and DeGrado have suggested that this parallel packing motif, or 
derivations thereof, are involved in as much as 13% of helix pairing in MPs [143]. In addition, 
an antiparallel version of the motif has been suggested to be even more common (16%) in MP 
helix packing [143]. 
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Protein-Lipid interactions  
Above, different types of intra-and inter-TMH forces have been outlined that may contribute to 
folding, stability and function of MPs. It is however vital to keep in mind the possible influence 
of the medium that surrounds MPs in shaping MP structure (reviewed in refs [156-158]).  

Curvature stress 
A lipid needs to have a cylindrical shape (the head group size that is roughly equal to the tail 
size) in order to form a lipid bilayer (fig 2). However, membranes are not just composed of 
cylindrically shaped lipids. Cone-shaped lipids have, as the name implies, larger tails than head 
groups and are present in all membranes in large amounts (fig 2). These non-bilayer lipids can 
only be organized into a bilayer if mixed with bilayer-forming lipids. However, this mixing 
leads to over-packing in the tail region and under-packing in the head region, creating a driving 
force within the individual bilayer leaflets to curve away from one another. This so-called 
curvature stress results in a higher lateral pressure in the middle of the membrane than in the 
interface region. A MP can relieve some of the stress by adopting an hourglass shape. 
Consequently, the curvature stress may affect MP structure. Indeed, analysis of a large number 
of MPs with solved structures, indicated a “waist” near the center of the membrane [46].  

Hydrophobic mismatch 
Hydrophobic matching occurs when the hydrophobic core of a TMH perfectly fits the thickness 
of the hydrophobic core of the lipid bilayer. A thermodynamically troublesome situation occurs 
if the hydrophobic part of a TMH is too long or too short to be comfortably accommodated 
within the lipid bilayer. This situation is commonly referred to as hydrophobic mismatch, and 
can be further separated into a positive mismatch (when the TMH is longer than the 
hydrophobic core of the lipid bilayer) or a negative mismatch (when the TMH is shorter than 
the hydrophobic core of lipid bilayer). If mismatch does occur, the TMH and/or the 
hydrophobic core of the lipid bilayer must respond by making one or more adjustments, in order 
to minimize the energy of the system. The TMH can handle a positive mismatch by increasing 
the helix tilt angle, inducing a helix bend (or a combination of the two) or by promoting helix-
helix interactions, thus reducing the hydrophobic area exposed outside the membrane 
[40,144,159]. A TMH may respond to negative mismatch by adopting a surface orientation 
rather than a membrane-inserted state [160], or by promoting helix-helix interactions [144,161].  

The hydrophobic core of the lipid bilayer is suggested to be able to respond to mismatch by 
becoming thicker or thinner [162,163]. This response may be accomplished either by acyl chain 
ordering (in positive mismatch), or acyl chain disordering (in negative mismatch). However, 
there are also studies that suggest that thickness adaptation of the lipid bilayer is not likely to 
occur in living cells [164]. All in all, the total contribution of hydrophobic mismatch in shaping 
MP structure is not entirely clear [163].  
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Specific protein-lipid interactions 
High-resolution structures, as well as biochemical studies have revealed that specific protein-
lipid interactions are critical for the proper function of several proteins. These lipids are 
sometimes referred to as co-factors (or non-annular lipids) and often bind so tightly that they 
co-purify with the protein. Examples of MPs with associated lipids include the KscA-channel 
[165] and cytochrome c oxidase [166]. 

Lipid-dependent topogenesis of multi-spanning MPs 
Dowhan and co-workers have published a number of papers regarding the influence of the lipid 
composition of membranes on MP topology [167-170]. The major finding is that the 
zwitterionic phospholipid phosphatidylethanolamine (PE) is required for the proper topological 
organization of LacY, PheP and GabP. Based on these observations PE is suggested to be an 
important topological determinant. PE is one of the most abundant (75%) lipids in E. coli. It is a 
non-bilayer prone lipid with a cone shape appearance that induces curvature stress. In short, the 
studies show that in the absence of PE, the first part of the protein adopts a non-native 
topological conformation. However, even after topology formation, these proteins seem to be 
able to re-adjust their topology in response to the addition of PE. It thus seems as if the proteins 
can sense and adjust to alterations in the membrane lipid composition. This suggests that 
topological adaptation is a more dynamic process than previously thought. The reason for the 
requirement of PE for proper topological assembly is not well understood. 
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Escherichia coli as a Model Organism 

Cell architecture 
E. coli is a rod-shaped bacterium with the length of approximately 3 µm and a diameter of 1 µm 
(fig 12). All gram-negative bacteria are, including E. coli, enclosed by two distinct membranes: 
the outer membrane and the inner membrane. The α-helical class of membrane proteins are 
found in the inner membrane and are commonly referred to as inner membrane proteins, while 
the β–barrel class of membrane proteins are only found in the outer membrane and are called 
outer membrane proteins. The two membranes are separated by the periplasmic space, a gel-like 
and oxidative environment, in which soluble proteins and the peptidoglycan layer reside. The 
circular chromosome (and plasmids) is located in the cytoplasm. 

 
 

Figure 12.  Cross-section of an E. coli cell. The α-helical class of membrane proteins are found in the 
inner membrane, while the β–barrel class of membrane proteins are only found in the outer membrane. 

The K-12 genome 
Most studies involving E. coli are performed using the K-12 strain. This strain was discovered 
early in “biotech” history (1922), which perhaps is one reason for its spread to different 
laboratories around the world. As is commonly known, some E. coli strains are pathogenic and 
can cause grave problems in the intestinal tract [171]. In addition there also exist pathogenic 
extra-intestinal strains. The commercially available K-12 strain is however non-pathogenic 
since it has been cured from the DNA that encodes the virulence factors.  

K-12 strain MG1655 was one of the first organisms to be fully sequenced and has become 
the principal laboratory E. coli strain. It contains ∼4300 predicted genes that code for proteins. 
Bioinformatic analysis of the MG1655 proteome suggests that about 1000 of the predicted 
genes encode inner membrane proteins with at least one TMH [172]. Approximately 770 
proteins are predicted to contain two or more TMHs. So far, only about 60 genes have been 
found to encode outer membrane proteins.  
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Experimental Approaches to Reveal MP Structure 

3D structural models 

There are a few choices regarding techniques that one can utilize in order to obtain high-
resolution structural information of MPs. The most common ones are X-ray crystallography and 
electron cryo-microscopy. Structural information in combination with classical protein 
biochemistry can bring the understanding of a protein to an atomic level. Unfortunately, it has 
proven to be an extremely difficult task to obtain detailed 3D structural information of MPs. 
Today, there are only a little more than 100 unique structures of MPs available (fig 13) [173]. 
This should be compared to more than 35,000 structures of soluble proteins. Encouragingly 
however, there has been a steady flow of MP structures published over the last few years, which 
brings hope for more stream-lined and/or “large scale” approaches to be developed in the future.  

Why is it so hard to obtain high-resolution structural information for MPs? The mixed 
hydrophobic and hydrophilic nature of MPs is perhaps the major reason for the general 
problems associated with MP structural determination. It causes many bottlenecks that need to 
be solved on an individual basis, in the over-expression, solubilization and finally in the 
crystallization trials.  

Figure 13. A very rapid increase in the number of solved MPs is not to be expected according  
to a recent analysis (figure adapted from [174]). If current trends continue, only about 2,200 structures are 
estimated to be available in 2025. 

Topology mapping 

Topology mapping is an experimental approach that aims at defining the TMHs and their in/out 
orientation relative to the membrane (i.e. a topology model). The major advantage of this 
approach is that it is applicable to almost any MP. Consequently it has become a widely used 
starting point for further biochemical investigations and a number of different techniques are 
currently available. Among the most important techniques are reporter fusions [175], Cysteine-
labelling [176], epitope mapping [177], glycosylation mapping [178] and limited proteolysis 
[179].  



 32 

The C-tail and the internal loops: main sites for experimental topology mapping 
As of today, experimental topology mapping is restricted to techniques that deduce the location 
of internal loops and the C-terminal end of MPs. For E. coli, there is no technique that can 
report on a membrane integrated part or a N-terminal location. The latter is largely due to the 
pivotal role of the N-terminal part in targeting and translocation. Any changes in the N-terminal 
region (e.g. adding a tag or reporter protein) may have an impact on the ability of the protein to 
insert and adopt its native topology.  

Reporter fusions 
The reporter fusion technique is the most common approach to topology mapping in E. coli and 
utilizes the fact that some proteins are active in one compartment only (the cytoplasm or the 
periplasm). By fusing the reporter protein to different truncated versions of the MP of interest 
(for example after every predicted TMH) one can achieve a quite detailed topology model.  

Many different reporters have been introduced through the years. Alkaline phosphatase 
(PhoA) [175,180] and β-lactamase [181] are examples of two commonly used periplasmic 
reporter proteins. For reporting a cytoplasmic location, one can utilize for example β-
galactosidase [175] or Green fluorescent protein (GFP) [182]. Below follows a more detailed 
description of two reporter proteins, GFP and PhoA, which have been used in the studies 
reported in the thesis. 

PhoA 
PhoA is a periplasmic zinc-containing enzyme that consists of two identical subunits encoded 
by the phoA gene. Each subunit requires two disulphide bridges, which can only be formed in 
the periplasmic space (with the aid of DsbA).  

PhoA was the first topology reporter protein described in the literature [180]. PhoA (without 
its signal sequence) was fused to the C-terminus of an E. coli MP and shown to reliably report 
parts of the protein located to the periplasm [180]. A simple colorimetric assay revealed that 
fusions to positions in or near the periplasm lead to high enzymatic activity, whereas those to 
positions in the cytoplasmic domain gave low activity. 

 

GFP 
The use of GFP has exploded within the last decade and GFP is today one of the most widely 
exploited proteins in biochemistry, cell biology and microbiology. The most valuable feature of 
GFP is its ability to emit highly visible green light following excitation (with long-wave UV 
light) of an internal fluorophore. Thus no substrate is needed to monitor activity. From crystal 
structures it is known that GFP adopts a relatively uncomplicated “β-can” structure [183,184]. 
The internal fluorophore is composed of a Serine-Tyrosine-Glycine sequence positioned near 
the N-terminus. 

GFP is a valuable reporter protein in E. coli for a number of reasons: (i) its ability to fold and 
fluoresce, also when fused to another protein, (ii) it folds only in the cytoplasm of E. coli (the 
reason for this is not known) [182], (iii) it folds and fluoresces only when the fusion partner is 
fully folded [185], (iv) it is a quantitative technique since one fluorescent GFP molecule equals 
one folded fusion protein. These features apply to both soluble proteins as well as MPs. As a 
consequence, when GFP is C-terminally fused to a MP, it can be used as a reporter for portions 
of the protein located to the cytoplasm [182]. Furthermore it provides a rough quantitative 
measurement of functional expression levels (correctly targeted and membrane inserted) of the 
fused MP [186,187]. 
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Bioinformatics - a Theoretical Approach to Study MPs 

Today, genome sequencing projects provide the scientific community with an ever-increasing 
number of predicted protein sequences. The majority of these sequences are experimentally 
uncharacterized. This, however, does not mean that we do not know anything about them. 
Numerous types of computer-based methods exist, that can provide whole proteomes with an 
initial characterization regarding the fraction of MPs, their function and predicted topologies. 
This initial characterization step often provides the basis for further experimental analysis.  

Sequence comparisons of proteins 
In many instances it is possible to obtain a great deal of information about a protein regarding 
its topology, which protein family it belongs to and possible function, even in the complete 
absence of experimental information. This is due to the fact that proteins with similar functions 
often exhibit some degree of sequence similarity due to common evolutionary origin. This 
knowledge is utilized in different types of sequence comparisons, where the sequence of the 
protein of interest (query sequence) is compared with other protein sequences in order to obtain 
information regarding homology (fig 14). 

BLAST 
BLAST (Basic Local Alignment Search Tool) is a set of widely used similarity search programs 
that are specialized in performing rapid, but sensitive, large-scale sequence comparisons [188]. 
The basic BLAST algorithm runs a pairwise comparison between the query sequence and a 
large number of target sequences and then identifies those alignments (hits) that display a 
statistically significant local similarity to the query (fig 14).  

 
Figure 14. An illustration of a BLAST run. The BLAST algorithm is specialized in sequence 
comparisons and utilizes a certain procedure (algorithm) to process the data. The algorithm involves an 
alignment (two or more sequences that are lined up for comparison) of a query sequence to a database of 
other sequences. The purpose is to assess the degree of similarity and the possibility of homology 
between the compared sequences. It is then possible to single out the sequences in the database that 
display maximum levels of identity (the same amino acids) and conservation (amino acid changes with 
preserved properties) to the query sequence. These sequences are referred to as “hits”. The cut-off is 
chosen depending on the purpose of the BLAST run. 
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e-value 
To assess whether a given alignment constitutes evidence for homology, one needs to know 
how frequently this degree of sequence similarity can be expected by chance alone when the 
database is searched. For this reason, each hit is given a score (S) that allows it to be compared 
with other hits. This score is then put through a statistical analysis that tries to estimate how 
often alignments with a score ≥ S occur in the database search by chance. This analysis yields a 
so-called e-value (expectation value) (fig 14). The e-value is the number of hits with scores ≥ S 
expected to occur by chance in the current database. For a hit to be considered significant, the e-
value should be  << 1. For BLAST, the e-value is specific for a particular query sequence and a 
particular database. 

Pfam 
Pfam is a manually curated database that contains a broad collection of protein domain families 
[189]. Today the database contains almost 8000 protein domain families and is streamlined for 
annotation of gene function and sequence classification [190]. Simply put, a homology search is 
carried out by running a query sequence against the Pfam database. The query sequence can 
then be annotated with the same function as the hit proteins. 

Prediction methods 
Experimental characterization in combination with rapid development of computer capability, 
have led to the development of different types of computer-based prediction methods. For MPs, 
prediction methods allow us to predict (i) if a protein belongs to the class of α-helical MPs, (ii) 
topology models, (iii) re-entrant loops, (iv) presence of a signal sequence and (v) organelle 
localization [191]. Many prediction methods are general and classify any polypeptide chain 
according to the two, or sometimes three or four, first points. Other methods are more 
specialized, and search for signal sequences or classify which organelle a protein is targeted to. 

At this point it should be noted that to date, there is no reliable ab initio 3D prediction 
method that is publicly available [192,193]. This is largely due to the limited knowledge of the 
general rules that MPs follow in order to form their final structure. It is therefore currently 
impossible to construct a general algorithm that works from protein sequence information only.  

Topology prediction methods 
There are a number of different topology prediction methods available today. The foundation 
for all of these methods is the topological uniformity of MPs (i.e. anti-parallel TMHs buried 
within the membrane and hydrophilic loops that alternate between a cytoplasmic and extra-
cytoplasmic location). All methods rely on hydrophobicity analyses to predict the number of 
TMHs and most methods use the positive-inside rule to deduce the orientation of the protein 
relative to the membrane. The aromatic residues Tryptophan and Tyrosine are often 
incorporated into the algorithm in order to better define the boundaries of the TMHs. The 
topology prediction methods then generate a topology model that includes: (i) how many TMHs 
the protein has, (ii) on which side of the membrane the loops and tails are located, (iii) the 
boundaries of the membrane and non-membrane domains (reviewed in ref [194]).  

Comparative evaluation of topology prediction methods  
Much effort has been put into measuring the level of performance of each individual method, as 
well as to estimate the difference in performance between methods. This information is 
important in order to guide the bioinformatician to construct better MP prediction methods, but 
also so that the user knows to what extent a prediction can be trusted. The estimated success-
rate will fluctuate, since it is largely dependent on prediction method used, how the protein test 
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set is selected, the set of MPs that has been used to train the prediction method and which 
organism that is investigated.  

General performance of predictors 
In studies aimed at comparing different topology predictors, it has become clear that most 
advanced prediction methods correctly distinguish between MPs and soluble proteins (success-
rate 90-98%) while the older or more simple methods often falsely annotate hydrophobic 
regions within soluble proteins as TMHs, and thus wrongly identify them as MPs [195,196]. 
One drawback with current prediction methods is their tendency to interpret the hydrophobic 
parts of a signal sequence as a TMH, and thus incorrectly identify secreted proteins as single-
spanning MPs. In addition, there are some proteins for which prediction methods have great 
difficulties in assigning the correct topology. This can be due to very short hydrophobic 
stretches, re-entrant lops or a weak over-all charge bias in the protein. Taken together, these 
problems influence the over-all prediction performance and result in an estimated success-rate 
which commonly ranges from 50% and up to 75% [172,195,197,198]. However, if the 
prediction accuracy of entire proteomes is considered, the prediction accuracy is more likely to 
be in the lower regions (50-60%) [199]. Although a success-rate of 100% might seem far away, 
current prediction methods provide a very good starting point for further structural 
characterization. 

The consensus approach 
Recently, our lab presented a “consensus approach” to topology prediction [200]. This approach 
explores the possibility that consensus predictions of MP topology might provide a means to 
estimate the reliability of a predicted topology model without the need for an experimental 
input. Instead the reliability of a given topology prediction can be estimated by comparing the 
predictions from several prediction methods using a simple majority-vote procedure.  

The approach was tested on a set of 60 E. coli MPs with experimentally determined 
topologies. Each of the 60 proteins was subjected to five different topology prediction methods 
(TOPPRED, TMHMM, HMMTOP, MEMSAT and PHD). In line with the hypotheses, it was 
found that prediction performance varies strongly with the number of methods that agree: i.e. 
the fraction of correct predictions drops with increasing levels of disagreement between the 
different methods. When all methods agree, the topology is virtually certain to be correct. When 
four out of five methods agree, the majority prediction was correct in 10 out of 12 cases 
(∼80%). Importantly however, the correct topology was always one of the two predicted 
topologies. This approach can thus be used to pin down the “easy-to-predict” proteins (when at 
least four out of five methods agree on the prediction) in a proteome and, for these proteins, 
produce highly reliable topology models without any experimental input.  

In most organisms the consensus approach is applicable to roughly 10% of the membrane-
proteome. Thus, one obvious drawback to the approach is that it does not include all MP in a 
typical membrane proteome, i.e., it has a rather low coverage. 

Consensus predictions in combination with experimental analyses 
As a next step we combined the consensus approach with limited experimental analyses, in 
order to produce experimentally based topology models for previously uncharacterized E. coli 
MPs [201]. 

The selection of proteins was based on the following criteria: (i) the five prediction methods 
(listed above) must all agree on the periplasmic or cytoplasmic location of the N-terminus, (ii) 
one or two of the methods are allowed to disagree with the majority for one TMH, on the over-
all number of TMHs. These criteria applied to about 80 MPs. Twelve of these MPs (ranging in 
size and number of TMHs) were picked for this pilot study.  

Assuming that the correct topology is one of the two predicted topologies (this is always the 
case when the analysis was applied to the 60 E. coli inner-membrane proteins in the consensus 
approach, see above [200]), the correct topology prediction can be pin-pointed once the location 
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of the C-terminus of the protein is known. The C-terminal location for each of the proteins was 
experimentally deduced using two C-terminal reporter protein fusions; one to PhoA (active in 
the periplasm) and one to GFP (active in the cytoplasm).  

TMHMM 
TMHMM has been ranked as one of the top-performing topology predictors in several 
evaluations, with a success rate of 55-75% [172,195,197-199]. In the case of classifying 
proteins to be soluble proteins or α–helical MPs, TMHMM is also among the top candidates, 
with a reliability close to 97% [195,196]. 

The TMHMM architecture 
This topology predictor is based on a statistical method called a hidden Markov model [172]. 
The model contains a number of states: helix core, helix cap, loop and globular domain (fig 
15A). The TMHMM method predicts the most probable topology for a protein in accordance 
with these different states. The output of the prediction is given as a probability measure. Each 
residue within a protein sequence is given a probability score for its likelihood to be present in 
three different locations: within a TMH (h), on the inside (i) or on the outside (o). This gives 
rise to three parallel probability measurements for each residue within the protein sequence (fig 
15B). The final topology prediction is the path through the predicted probabilities that yields the 
highest over-all probability score; p(best topology). In addition a sum of p(all possible 
topologies) can also be calculated [199].  

 
Figure 15. A) TMHMM architecture (figure adapted from [172]). TMHMM is constructed in such a way 
that the predictions must obey the common topological uniformity of MPs. The model contains a number 
of states: helix core, helix cap cytoplasmic, cytoplasmic loop, helix cap extra-cytoplasmic, extra-
cytoplasmic loop and globular domain. The TMHMM method predicts the most probable topology for a 
protein in accordance with these different states. B) TMHMM prediction output. To the left: a plot where 
the entire sequence is labeled according to one of the three classes (h, i or o). To the right: the full 
prediction where all the probabilities for the different states are shown in numbers. The final topology 
prediction (underscored) is the path through the predicted probabilities that yields the highest over-all 
probability score; p(best topology). 

A)  

B)  
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Reliability score 
One general drawback to the current topology prediction methods is that the user does not know 
the degree of reliability of a certain topology prediction. This particular problem has been 
addressed by a modified version of TMHMM 2.0 [199]. It has been designed such that it 
provides a reliability score (the S3 score), which indicates how “certain” TMHMM is of the 
suggested topology. The S3 score is the quotient between p(best topology)/p(all p ossible 
topologies). A quotient close to 1.00 shows that p(best topology) is nearly as high as p(all 
possible topologies) and thus indicate that only one topology is likely for this particular protein 
and hence that the prediction is probably correct. However, if several different topologies are 
equally likely for a particular protein, the p(best topology) will be quite low, while p(all 
possible topologies) will be fairly high. In other words, the S3 score is a number describing how 
straightforward and easy it is to produce the topology model. For example, a MP with four very 
hydrophobic stretches of approximately 20 residues and a high number of positively charged 
residues on the N-tail and second loop will yield a prediction of Nin-(4 TMHs)-Cin that is 
accompanied by a high reliability score. On the other hand, a MP with four strong hydrophobic 
stretches of approximately 20 residues but with positively charged residues that are evenly 
scattered between all the loops and tails, represent a protein for which the membrane orientation 
is not clear-cut. So even though it may be predicted as Nin-(4 TMHs)-Cin, it will not be provided 
with a high reliability score.  

The reliability score may thus help in discriminating a correct topology prediction from an 
incorrect one. As shown by Melén et al. the reliability score is indeed closely related to the 
actual accuracy of the predicted topology [199]. If a prediction has a score close to 1.00, it 
means that the prediction is almost certain to be correct. A value around 0.50 on the other hand, 
means that only 50% of the predictions with this reliability score will be correct. By providing 
each prediction with a reliability score, TMHMM immediately provides the user with a hint of 
the correctness of the topology prediction. In addition it can provide a means to measure the 
reliability of the topology predictions for entire proteomes. 

Experimentally constrained predictions 
As a further improvement, the modified version of TMHMM 2.0 also allows the user to 
constrain the prediction by experimentally determined reference points. TMHMM will then give 
a new S3 score for the “fixed” prediction. For a test set of MPs with known topologies it was 
shown that fixing either the proteins´ N or C terminus will raise the general prediction accuracy 
with approximately 10%, from an average prediction accuracy of 70% to 80%, while fixing 
both N- and the C-terminus raises the average prediction accuracy to 90% [199]. Thus by 
providing TMHMM with a very limited amount of experimental information the prediction 
performance increases with at least 10%. This is an approach that is highly suitable for a 
proteomic-scaled topology investigation. Indeed, experimentally based topology models have 
been obtained for a large number of bacterial and yeast MPs (Papers I and II) [202-204]. 
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Summary of Papers I and II 

Large-scale topology analysis  
In order to get a complete, experimentally proven topology model for any given protein, the 
number of fusions that need to be made and analyzed has to be equal to, or larger than the 
number of TMHs in the protein. Consequently, it is a very time consuming exercise to obtain a 
detailed topology model and most MPs remain to undergo this characterization step. The 
topology prediction methods can of course provide a reasonable guide to minimize the number 
of fusion proteins that have to be made, but each protein still requires a significant and time-
consuming experimental effort. 

We have addressed this dilemma by developing several new approaches to topology 
modelling. Commonly they all involve bioinformatics prediction methods. The goal is to 
improve the topology models so that their accuracy becomes comparable to experimentally 
obtained topology models, but with considerably less experimental effort and with a minimal 
disruption of the MPs native topology (i.e. no internal fusions). As a consequence of the 
minimized experimental effort, a significant increase in the efficiency (i.e. number of 
characterized proteins) can be accomplished. These approaches are thus suitable for large-scale 
topology investigations and applicable to entire membrane proteomes.  

As it is extremely difficult to obtain high-resolution information of MPs, the large-scale 
topology analyses presented in Papers I and II contribute significantly to the structural 
information that is available today. In fact, a topology model is a common starting-point for 
further structural and functional characterization of a MP. Proteome-wide studies are also 
important for other reasons. We can obtain a rough idea of the distribution of MPs families in a 
certain proteome based on typical topological characteristics (e.g. number of TMHs). Moreover, 
in the context of a proteomic investigation we can compare common topological themes, as well 
as detect topological anomalies. We can also spot “white-patches”, i.e. certain groups of MPs 
for which no experimental information is available.  

Experimentally based topology models for E. coli inner MPs (Paper I) 
This study deals with three issues that are central in large-scale topology analyses: (i) choosing 
the optimal fusion-point for a reporter protein, (ii) the scaling-up of experimental tools and 
prediction analyses to suit proteome-wide topology studies, (iii) the production of 
experimentally based topology models based on a combination of experimental information and 
topology prediction.  

We concluded that the C-terminus is the optimal placement for a reporter protein. Further, 
we fused the reporter protein GFP (only active in the cytoplasm) and PhoA (only active in the 
periplasm) to the C-terminus of 34 E. coli MPs. Based on the activity profiles of the reporter 
proteins we assigned a C-terminal location for 31 of the proteins. As a final step we constrained 
the experimentally deduced C-terminal locations within the framework of TMHMM. Our 
approach yielded 31 experimentally produced topology models of E. coli MPs. 

 



 40 

Global topology analyses of the E. coli membrane proteome (Paper II) 
In this study we applied the same basic approach (C-terminal fusions to GFP and PhoA in 
combination with TMHMM) as in Paper I, to the major part of the E. coli membrane proteome. 
We obtain experimentally based topology models for 601 MPs (fig 16). We find that a majority 
(∼80%) of the proteins have a Cin topology. Interestingly, ∼60% of the proteins are predicted to 
have both their N- and C-terminus located to the cytoplasm, which indicates that ‘helical 
hairpins’ are commonly used as building blocks in MP evolution. Moreover, by tabulating the 
GFP fluorescence intensity, we provide an estimate of the overexpression potential for all the 
active GFP fusions. Finally we report on a number of evolutionary interesting MPs. This will be 
further dealt with in the next section. 

Figure 16. Experimentally based topology models for 601 E. coli MPs (figure adapted from Paper II). A 
majority of the proteins have their C-termini located to the cytoplasm, an even number of TMHs and less 
than 7 TMHs.  

  



 41 

Summary of Papers II, III and IV 

How did proteins with internal inverted repeats evolve?  
The evolutionary model, whereby an internal gene duplication event leads to the formation of a 
protein composed of two halves with similar topological and structural arrangements, is quite 
straightforward. For example, a gene encoding a protein with 6 TMHs may undergo an internal 
gene duplication event that leads to a protein with 12 TMHs and two structurally related halves 
(fig 10A). However, the manner in which internal inverted repeats have evolved is less obvious. 

Based on the work in Papers II, III and IV, we have put forward a scenario for the evolution 
of proteins with internal inverted repeats and also present alternative structural solutions to how 
MPs may “solve” the requirement for oppositely oriented domains. Our proposed evolutionary 
scenario is summarized in the next chapter, while the findings of each of the papers are 
summarized thereafter. 

A step-wise evolutionary path for internal inverted repeats 
Our proposed evolutionary scenario involves three distinct steps (fig 17). It begins with a MP 
without a strong charge (K+R) bias, which can adopt dual topologies in the membrane. One 
dual topology protein may associate with an identical protein molecule that has adopted the 
opposite topological arrangement. These two proteins may then form an anti-parallel homo-
dimer that constitutes the functional unit in the cell. In the next step on the evolutionary path, 
the gene that codes for the dual topology protein undergoes gene duplication. This results in two 
homologous genes (i.e. two separately expressed proteins) that are closely spaced on the 
chromosome. Eventually, through re-distribution of the positively charged residues, the two 
proteins become fixed in opposite orientations in the membrane. Together, the two homologous 
proteins form the functional anti-parallel hetero-dimer. In a final step, two genes encoding 
homologues with opposite orientations in the membrane may fuse into one long polypeptide 
with an internal inverted repeat structure.  

Figure 17. A step-wise evolutionary path for proteins with internal inverted repeats (figure adapted from 
[205]). 
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Global topology analysis of the E. coli inner membrane proteome (Paper II) 

The large-scale topology study of the E. coli membrane proteome enabled us to scan for 
interesting topological events on a proteomic scale. The following three criteria were applied in 
the search for dual topology candidates: (i) above-background activities with both the GFP and 
PhoA reporters, (ii) low content of positively charged residues, (iii) a weak (K+R) bias. The 
topological characteristics of all five candidates (EmrE, SugE, CrcB, YnfA and YdgC) that 
emerged from this selection are very similar: they are all quite small (around 100 residues), 
contain four strongly predicted TMHs and short intervening loops. In addition we were able to 
detect two instances of homologous proteins that adopt opposite orientations in the membrane: 
YdgQ/YdgL and YdgE /YdgF. These pairs contain the same number of predicted TMHs but, 
based on the GFP and PhoA activities, have oppositely assigned C-terminal locations. 

Identification and evolution of dual-topology proteins (Paper III) 
By experimental alterations of the positively charge residues, we showed that the dual topology 
candidates identified in Paper II are very sensitive to changes in charge distribution, compared 
to topologically “stable” proteins with pronounced (K+R) biases. This provides strong support 
for the dual topology model. Further, we searched all sequenced bacterial genomes for 
homologues to the E. coli dual topology candidates. We found an interesting pattern where dual 
topology homologues are commonly encoded by only one gene in the bacterial chromosome, 
while pairs of homologues with opposite topologies are encoded by two closely spaced genes. 
This pattern strengthens the notion of a step-wise evolutionary path that begins with a dual 
topology protein, which undergoes a gene duplication to form two separately expressed 
proteins. Finally, we identified a family (DUF606) that contains dual topology candidates, 
homologues with opposite topology as well as proteins with internal inverted repeats (fig 18). In 
accordance with the step-wise evolutionary model described above, this family seems to have 
members that represent all three different ways by which the requirement for an anti-parallel 
dimer can be fulfilled.  

Figure 18. Identification of a protein family, DUF606, which contains dual topology candidates 
(singletons with a charge distribution around zero), homologues with opposite topology (pairs with 
opposite charge biases) and proteins with internal inverted repeats (example shown in insert picture) 
(figure adapted from Paper III). This family thus seems to have members that represent all three different 
ways by which the requirement for an anti-parallel dimer can be fulfilled.  
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Emulating membrane protein evolution by rational design (Paper IV) 
In this paper we re-created our proposed step-wise evolutionary scenario in the laboratory. 
Using the dual topology candidate EmrE as our model protein, we performed a small number of 
mutations that altered its (K+R) bias. In this way we were able to construct two homologous 
proteins that adopt opposite topologies in the membrane.  

Background 
Several of the interesting proteins identified in Paper II belong to the same protein family. 
EmrE, as well as SugE, and the YdgE/YdgF pair, all belong to the small multidrug resistance 
(SMR) family of transporters. This family of proteins catalyses efflux of substances that is toxic 
to the cell. Commonly the substrates are small cationic hydrophobic drugs that can be taken up 
by the protein either laterally from the membrane or from the cytoplasm. In exchange for two 
protons the drug is expelled to the extra-cellular side of the membrane. EmrE has been 
thoroughly examined and serves as the paradigm SMR protein (reviewed in ref [206]). It seems 
as if EmrE can adopt dual topologies, due to its low content and even distribution of positively 
charged residues (fig 20). One Nin-Cin molecule can associate with a Nout-Cout molecule and 
thereby form a functional anti-parallel homodimer. Three separate 3D structures are available 
for EmrE [207-209]. However the structures are mutually inconsistent and the authenticity of 
the two X-ray structures is debated [210,211]. 

Results 
We performed step-wise alterations of the positively charged residues of EmrE in order to 
construct one EmrE(Nin-Cin) and one EmrE(Nout-Cout) molecule (fig 20). As a next step we re-
cloned these “topologically fixed” EmrE versions into a vector, which allowed us to express 
them alone or in pairs. By utilizing an in vivo assay, where cells are grown in the presence of 
ethidium bromide, we were able to show that expression of either EmrE(Nin-Cin) or EmrE(Nout-
Cout) did not render cells resistant to ethidium bromide. However, when co-expressed, cell 
growth was restored to wild type levels. In addition, by “separating” the EmrE homo-dimer into 
an EmrE(Nin-Cin) and an EmrE(Nout-Cout) molecule, we were able to search for residues that are 
necessary in one but not both of the EmrE monomers in the dimer. We focused on Glutamate 
14, a residue that has been suggested to be part of a binding domain shared by both substrates 
and protons, and thus essential for proper EmrE function (reviewed in ref [212]). We show that, 
when co-expressed, EmrE is still functional when one Glutamate is replaced by Aspartate in 
either EmrE(Nin-Cin)- or EmrE(Nout-Cout), but not when both Glutamates are mutated to 
Aspartate.  

Figure 20. Two EmrE versions with fixed topologies were constructed by altering the number and 
placements of a small number of positively charged residues (figure adapted from Paper IV). The 
positively charged residues present in wild type EmrE are indicated in black, while the altered residues 
are shown as open circles. EmrE(Nin-Cin) has a (K+R) bias of +1, and EmrE(Nout-Cout) has a (K+R) bias 
of -5. The (K+R) bias of wild type EmrE is -2, which puts it right in between the (K+R) biases of the two 
‘topologically fixed’ EmrE versions. 
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Discussion 
Our results indicate that instances of homologous proteins with opposite orientations as well as 
dual topology proteins are quite rare. However, proteins with internal inverted repeats are fairly 
common. The reason for this may be that protein folding and assembly is more efficient when 
the two oppositely oriented halves are part of a single polypeptide chain than when they are 
expressed separately. The instances of dual topology proteins and homologues with opposite 
orientations that we do find today might thus represent proteins for which the fusion into a 
single long polypeptide-chain presents a problem. Hence, it might not be a coincidence that we 
find a high number of oppositely oriented proteins with an even number of TMHs, since these 
require the de novo creation of an intervening TMH in order to produce a single long 
polypeptide with internal inverted repeats. 

Another interesting question is how dual topologies are produced. At present, there are no 
studies that directly investigate the mechanism by which proteins adopt dual topologies in the 
membrane. One can, however picture at least two different scenarios. The first one relates to the 
importance of the positive-inside rule on the orientation of MPs. Since the dual topology 
proteins have no strong charge-bias, EmrE may follow a random insertion pattern, where a 
fraction of the EmrE polypeptides insert in one orientation (Nin-Cin) and the remaining fraction 
in the opposite orientation (Nout-Cout). In the light of our findings, this scenario seems very 
likely. However, a second scenario that involves some kind of topology flipping mechanism 
cannot be ruled out at this stage. One could imagine that, initially, all EmrE molecules insert in 
one orientation and then a fraction of the molecules (perhaps aided by specific chaperones) flip 
over to the other side.  
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