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Abstract 
Proteins are responsible for carrying out most of the tasks in a living cell; 

transcription, translation, replication, movement, catalysis and communication to 

mention a few. A subset of proteins is the integral membrane proteins, IMPs, which 

play an important role in governing communication across membranes, whether it 

is the plasma membrane or an organelle membrane. As IMPs are often responsible 

for uptake of substances such as hormones and pharmaceuticals they are also very 

often prime targets in medical research. In order for an IMP to function correctly it 

must fold and insert into the membrane properly as well as display the correct 

motifs to its surroundings, on either side of the membrane. IMPs cannot 

spontaneously insert into the membrane, the insertion is assisted by the Sec-

translocon machinery. The Sec-translocon creates a pore in the membrane 

enabling nascent polypeptides to translocate across the membrane. This thesis will 

cover both the insertion of IMP segments as well as an evaluation of different 

approaches on how to investigate the topology of integral membrane proteins. 

The first question to be addressed is whether there are any specific sequence 

motifs within the sequence context that can improve the co-translational insertion 

of a marginally hydrophobic transmembrane helix, mTMH, into the membrane. A 

mTMH is a protein segment that would not insert by itself into the membrane. It 

has however been shown that these mTMHs can insert effectively into the 

membrane using their neighboring helices and loops, referred to as its sequence 

context, to compensate for the unfavorable insertion of only the mTMH. We show 

for a number of mTMHs that disrupting the sequence context motifs, usually 

lowering the ΔG-values for insertion by introducing more hydrophobic residues 

through substitutions in the sequence context, does not by itself improve the 

insertion of a given mTMH. It can however be concluded that the positive inside 

rule is of great importance to improve recognition and co-translational insertion of 

these mTMHs as it provides an oriental preference of the subsequent helix. This 

oriental preference will enable the mTMH to insert. This means that the positive 

inside rule it stronger when followed by a transmembrane helix, at least for the 

insertion of mTMHs. 

The second question addressed is that of how to design a method to analyze the 

topology of membrane proteins in a high-throughput proteomic fashion. In order 

to extract information on membrane protein topology a protease can be used to 

degrade the exposed parts of the integral membrane protein, known as shaving. 

These peptides can then subsequently be degraded and analyzed using MS and 

bioinformatics. To compare different proteases, we first apply our shaving 

experiment on two over-expressed proteins and analyze the detected peptides 

using MS. Secondly; we run the same experiment on non-over-expressed 

Escherichia coli membrane proteins with known structure. Finally, the results from 

the above experiments were used to test the accuracy of a number of topology 

predictors. We can conclude that the use of the protease Thermolysin does show 

promising results when compared to for instance trypsin. Even though the two 
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proteases show somewhat similar output on the proteins used in this study, 

Thermolysin does produce fewer peptides originating from the transmembrane 

region. This is most likely due to the milder, more native like reaction conditions 

combined with the shorter incubation time used for Thermolysin as compared to 

trypsin. These properties are believed to greatly improve the output and accuracy 

when applied on large scale global analysis. 
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1. Introduction 
In a living cell all components are important and contribute to the everyday 

function of the cell. When explaining life one often mentions the term ‘central 

dogma’ referring to when information in DNA is translated into protein via RNA. 

The cell is the functional basic unit of life, implying that each cell harbors all 

essential components in order to function on its own. To separate one cell from the 

other, and to keep all necessary components confined to one cell, all cells have a 

plasma membrane defining its borders. The plasma membrane itself is made up of 

phospholipids and it is the ambiguity of these molecules that enables the plasma 

membrane to perform its task. A phospholipid always consists of a hydrophilic 

(water-loving) head and a hydrophobic (fat-loving) tail. Aligning the hydrophobic 

tails, shielding them from the surrounding water will create a bilayer of 

phospholipids with a hydrophobic core and exposed hydrophilic heads to the 

aqueous interior and exterior of the cell. This bilayer creates an effective barrier 

across which molecules cannot freely exit or enter the cell. All organelles within the 

cell are also compartmentalized using the same type of bilayer structure. As all 

membranes sit on the outskirts of the cell or organelle it is in direct contact to its 

surroundings, meaning all cell-to-cell or cell-to-organelle communication must be 

governed through a membrane. This is where membrane proteins play an 

important role. 

A membrane protein is defined as being inserted, partly inserted or in some way 

associated with a membrane. One type of membrane proteins are the integral 

membrane proteins, which are defined as membrane proteins that can only be 

dissociated from the membrane using detergents or other denaturing agents. An 

integral membrane protein can be either monotopic, where the protein only 

interacts with one side of the membrane, or polytopic, where the protein spans the 

entirety of the membrane cross section connecting the two sides of the membrane. 

Integral polytopic membrane proteins can have one or several segments spanning 

the membrane enabling them to form complex structures such as pores and 

bundles within the membrane. Most known membrane proteins are of alpha-

helical nature but there are examples of beta-sheet membrane proteins even 

though these are only found in prokaryotes, mitochondria and chloroplasts. This 

thesis will focus on the nature of alpha-helical integral polytopic membrane 

proteins, from here on referred to as IMPs. 

Due to the ambiguity in chemical nature of the membrane, being both hydrophobic 

and hydrophilic, IMPs cannot spontaneously enter the membrane and fold. This 

ambiguity also means that any protein in a membrane will need to have both 

hydrophobic and hydrophilic residues exposed on its surface. This is very different 

when compared to a globular protein and the classical two-step folding mechanism 

where a hydrophobic collapse of the interior of the protein and the exclusion of 

water will promote the folding of the entire protein. In order to gain access to the 

hydrophobic core of the membrane, and promote membrane protein insertion and 
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folding, living cells have evolved protein complexes assisting this process. In the 

eukaryotic cell this complex is known as the Sec61-translocon. This complex forms 

a pore in the ER membrane enabling the nascent polypeptide access to the interior 

of the membrane and co-translationally insert. 

In order for an IMP to function properly it does not only need to insert into 

membrane correctly. It also needs to uphold and display the correct topology to 

enable interactions with its target molecule or molecules, whether it is a nutrient, 

ions, drugs or a hormone. Insertion and topology of an IMP are closely linked as 

they both are important in order to produce a fully functional protein. 

This thesis will start off by addressing the general concept of membranes and what 

role they play in the cell. I will also discuss how proteins fold in general and IMPs in 

particular. Also, a more thorough explanation will be given on how IMPs fold, insert 

into the membrane, obtain their topology and how this process can be 

experimentally observed and analyzed. 
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2. Membranes 

2.1. Biological membranes 
Membranes play an important role in cellular life. Without the defined borders of a 

cell or an organelle the cellular- or organelle compartmentalization would not be 

possible. The cellular compartmentalization is somewhat different in different 

branches of the tree of life. Archea and Prokaryotes are usually unicellular, with 

less intra-cellular compartmentalization as compared to Eukaryotes. Eukaryotes are 

usually multi-cellular and heavily compartmentalized with a number of different 

organelles all defined by a membrane. In the eukaryotic cell organelle 

compartmentalization enables the cell to perform a number of specialized tasks 

within the organelle itself. Some examples are: the Nucleus where the DNA is 

focused and replication/transcription are taking place, the endoplasmatic reticulum 

harboring protein translation and Golgi responsible for protein modifications. The 

typical cell has one cellular membrane, although some prokaryotes have two 

plasma membranes and are referred to as gram-negative bacteria, originating from 

an old staining method. Most organelles have a single membrane, although both 

Mitochondria and Chloroplasts have double membranes, contributing to the theory 

of these organelles originating from whole gram-negative bacteria being engulfed 

by the eukaryotic cell. Whether the membrane engulfs an organelle or the entity of 

the cell the basic principle of aligned hydrophobic tails and exposed hydrophilic 

head-groups of the phospholipids are still the same.1 

 
Figure 1 Picture of a typical eukryotic cell with some major hallmarks highlighted. Adapted from 
http://www.williamsclass .com/SeventhScienceWork/CellTheoryParts.htm, on January, 2014. 
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2.2. Entropy and the hydrophobic effect 
The alignment of the hydrophobic tails of the phospholipids is no forced action, but 

a spontaneous reaction utilizing the same principle as when water is mixed with oil. 

The reluctance of oil mixing with water is due to the hydrophobic effect, meaning 

the fatty (hydrophobic) oil will avoid mixing with water by interacting with itself. 

When a hydrophobic molecule is exposed to an aqueous solution the water 

molecules will create a surrounding shell around it. By doing so, they will interact 

among themselves and stabilize the hydrophobic molecule in solution. Given the 

surface to area ratio on small molecules, packing many small hydrophobic 

molecules into large spherical clusters will decrease the total surface area. This will 

subsequently decrease the number of water molecules needed to be coordinated, 

as compared to the case with many small hydrophobic molecules. The lower net 

sum of coordinated water molecules needed to coordinate the hydrophobic 

molecule means the entropy of the system will increase and also making the 

procedure spontaneous according to the law of Gibb’s free energy. This means it is 

the net gain in entropy of the water molecules that is the driving force of the 

hydrophobic collapse. This is the basic principle of which the membrane is formed 

within the cell. 

2.3. More than heads and tails within the membrane 
Even though a biological membrane mainly is made up of phospholipids, if counting 

molecules, there are also a number of different proteins, partially- or fully inserted 

into the membrane, competing for space in the cellular or organelle envelope. 

Apart from this, aligned phospholipids are far from rigid. In order for the 

membrane to sustain some static pressure most biological membrane includes 

cholesterol. The more cholesterol included in the membrane the more rigid it 

becomes.  

 
Figure 2 Cross-section of a typical plasma membrane highlighting the different kinds of membrane 
proteins as well as the major building blocks of the membrane, phospholipids and cholesterol. 
Adapted from http://classroom.sdmesa.edu/esch mid/Chapter3-Zoo145.htm, on January, 2014. 

  



- 12 - 
 

3. Proteins 

3.1. Proteins in general 
Proteins are the translated entities of our genes, composed of amino acids that are 

linked together through peptide bonds. In a living cell the coding DNA is transcribed 

into RNA which is then subsequently translated into an amino acid sequence. The 

process of transforming DNA into protein via RNA is often referred to as the Central 

Dogma and the major hallmark of all living cells. Within the cell there are 20 

naturally occurring amino acids. Although all amino acids are structurally different 

some share chemical properties. There are hydrophobic (Ala, Val, Phe, Pro, Met, Ile 

and Leu), charged (Asp, Glu, Lys and Arg) and polar (Ser, Thr, Tyr, His, Cys, Asn, Gln 

and Trp) amino acids. Their diversity greatly impacts the structure and properties of 

the protein they form. Excluded from the three groups is Glycine (Gly) which can, 

due to its small size and chemical structure, be included in any of the above 

mentioned groups. Amino acids are linked by peptide bonds and when fully 

synthesized referred to as a polypeptide. The sequential order of the amino acids is 

known as the primary sequence, or primary structure of the protein. 

To obtain a functional state the nascent polypeptide will first collapse, adjusting the 

angle of the peptide bond, forming a number of local hydrogen bonds, folding into 

a number of distinct structure motifs known as the secondary structure of the 

protein. The most common secondary structure motifs are; α-helix, ß-sheet and 

turns, although turns are not a true secondary structure as they do not fix the 

peptide bond angels like a true α-helix or ß-sheet does. Turns act more like linkers 

between helices and sheets. There are also some alternate versions of secondary 

structure such as 310-helices and π-helices although these are rarely observed in 

native proteins2,3. There is also a combination of the α-helix and ß-sheet known as 

ß-helix, although this low energetic state helix is only present in the misfolded and 

toxic amyloid fibrils4. 

 
Figure 3 A schematic view on the collapse of the primary structure of a protein into its secondary 
structure. Adapted from http://www.mhhe.com/biosci/ap/ap_prep/chemH5.html, on January, 2014. 
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There is also a higher order of protein structure known as the tertiary sequence of 

the protein. This is formed from the collapse of the secondary structure elements, 

which in a globular protein usually includes a hydrophobic collapse meaning an 

exclusion of water molecules from the interior of the protein. In a membrane 

protein this is however somewhat different and will be discussed in detail in 

chapter 5. 

3.2. Thermodynamics in protein folding 
Considering all the interactions in both the secondary- and tertiary structure of a 

protein it might at first glance be thought of as a highly stable structure. This is 

however not the case due to the thermodynamics of the folding reaction. As 

folding is a spontaneous occurrence it follows Gibbs function of spontaneity, given 

by:  

 

          

 

In the classical view of protein folding the loss of entropy must be compensated by 

the decrease in enthalpy from interactions formed do gain a negative ΔG-value and 

promote spontaneous folding. Meaning enthalpy is the driving force for protein 

folding. This is however only true if the protein is looked upon as a system only 

interacting with itself. When considering the aqueous surrounding of the protein 

this statement is somewhat misleading. Water molecules will bind to one another 

and form so called ice-bergs around hydrophobic parts of the unfolded protein, 

giving both a low entropy and enthalpy. When a protein folds it will need to break 

the bonds between the water molecules within the ice-bergs and replace them 

with interactions of its own. Even though the protein may form many interactions 

when folding it can never compensate to the increase of enthalpy when these ice-

bergs “melts”, meaning enthalpy cannot be the driving force of protein folding. It is 

instead the net increase in entropy when water molecules of the ice-bergs are 

released that promotes folding. 

 

Since the gain in entropy is compensated by the increase in enthalpy upon folding 

the three dimensional structure of a protein is not very stable and has typical 

values of ΔG in the range of 5-25 kcal/mol5. Apart from the thermodynamics of 

protein folding, kinetics is also an important feature. In protein folding the kinetics, 

or rate of reaction, is defined by the energy barrier the protein must pass to reach 

the thermodynamically favored native state. This barrier is passed by many 

proteins but some need help to overcome the transition. To assist these proteins 

the cell have proteins itself, chaperones which are capable of binding to the 

proteins, assisting them in clearing the transition state and fold properly. 

 

Even though the peptide bond has a partial double bond character, limiting the 

possible conformations as compared to a true single bond, it still has several 

possible bond angles per peptide bond. When adding all the peptide bonds in a 

protein and all their conformation possibilities the number of different 
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conformation for a given protein increases exponentially. In the classic work of C.B. 

Anfinsen it was stated that the folding information of any given polypeptide chain 

is included in its primary sequence6. However, if the protein would “test” all the 

possible conformations on all peptide bonds it would take an enormous time to 

reach the native state. In the cell however, this folding is on the micro- to 

millisecond timescale. This is known as Levinthal’s paradox. To solve this paradox 

the nascent polypeptide chain will initially form structure elements which will 

subsequently limit the number of possible conformations on the following peptide 

bonds. To visualize this process the protein is thought to travel down a folding 

funnel in an energy landscape. When lowering the energy of the protein the 

number of conformational possibilities of the following peptide bonds also 

decreases.7 Do however note that the native structure is not necessarily the lowest 

possible energy for any given protein. A functional protein is often highly flexible 

and somewhat unstable in order to function correctly, which also helps when the 

cell needs to degrade a dysfunctional protein. If the protein folds into a highly 

stable conformation it can form such a stable conformation out of reach for the 

cellular control mechanisms. This partly what happens in the case of misfolding 

diseases such as Alzheimer’s disease. 

 
 
Figure 4 The energy landscape of which a protein encounters when folding to its native (N) state. In 

order to surpass some of the peaks the protein rely on chaperones or other cellular mechanisms. 
Adapted from Dill et al. 1997

7
. 

 

3.3. Protein-protein interactions and protein complexes 
In some proteins an even higher order of protein structure can be found, known as 

the quartenary structure. This level of structure refers to interactions between 

multiple polypeptide chains or subunits and how interactions within one subunit 

affect the properties of the neighboring subunits. 

When speaking of protein-protein interactions one cannot simply overlook the 

machinery responsible for protein translation. The ribosome, which is responsible 

for synthesizing all proteins in a living cell, consists of several protein chains in 

complex with a number of RNA chains. 
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A more relevant example for this thesis is the Sec translocon protein complex. This 

complex is responsible for translocating and/or inserting substrates in the 

membrane. This complex will be discussed in further detail in chapter 5.1. 
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4. Membrane proteins 
A membrane protein is defined as a protein that in some way associates with the 

membrane being either peripheral or integral. Peripheral membrane proteins are 

only loosely associated with the membrane via hydrogen bonds, electrostatic- or 

van der Waals interactions. As the peripheral membrane protein usually sits and 

functions in the aqueous surroundings of the membrane, interacting only with the 

hydrophilic parts of the membrane, these proteins can be considered to be folded 

just like a normal globular protein. 

IMPs (polytopic integral membrane proteins) on the other hand are proteins that 

are fully integrated into the membrane, spanning the membrane phase and 

connecting the two aqueous membrane interfaces. This means that an IMP does 

not only have to adapt and fold to match polar environment of the cytosol, 

periplasmic space/extracellular environment and the membrane interfaces but also 

fold and interact with the apolar core of the membrane. As any other spontaneous 

folding event IMPs fold into the lowest possible energy level while keeping its 

native form active. This means that a polar residue buried within the hydrophobic 

core of the membrane needs to be paired with another polar residue or molecule 

in order to be stabilized. 

IMPs are somewhat different compared to globular proteins. Where globular 

proteins usually have a hydrophobic core of ß-sheet structure surrounded of polar 

α-helices IMPs are more strict in their secondary structure motifs and usually made 

up of either α-helices or ß-strands. The ß-strand proteins form a so called ß-barrel 

where the amphiphatic ß-strands are aligned to form a rather large and rigid pore 

in the membrane. As the ß-barrel lacks some of the flexibility of its α-helical 

counterpart it uses long and flexible loops for its selectivity, functioning as a lid on a 

jar. The α-helical membrane proteins on the other hand have a more condensed 

and flexible structure and usually have shorter loops connecting the secondary 

structure elements. ß-barrel proteins are less frequent than their α-helical 

counterparts. They are only found in the outer layer of some bacteria and in the 

eukaryotic organelles of bacterial origin, i.e. the mitochondria and chloroplast8. 

Only two to three percent of the genes in gram-positive bacteria have been 

estimated to encode ß-barrel proteins whereas about 25% of the genes in most 

fully sequenced genomes have been estimated to encode α-helical membrane 

proteins9,10. 
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Figure 5 Two examples on the two major secondary structure motifs found in integral membrane 
proteins; On the right, the bacterial α-helical protein, GlpT (pdb-id: 1PW4) and on the left the bacterial 
ß-barrel protein outer membrane protein, OmpA (pdb-id 1G90). 

4.1. The transmembrane helix 
The basic unit of an integral α-helical membrane protein is of course, the 

transmembrane helix, TMH. As TMH needs to adapt and interact with both the 

hydrophobic interior and the hydrophilic interface and outside of the membrane it 

displays some distinct trends in amino acid distribution along the helix. In the 

center of the helix hydrophobic residues are more likely to be situated, such as Leu, 

Ile, Val and Ala. In the interface part of the membrane polar and bulky residues 

such Trp and Tyr are more common, whereas in the exo- and cytoplasm polar 

residues are most common. 

Even though the charged side chains of Arg and Lys are energetic favorable to be 

situated at the helix termini they are sometimes found in the hydrophobic 

membrane part of the TMH. This is due to the so called snorkel effect11,12. As these 

side chains are rather long they have the possibility to extend far away from the 

back bone and reach out to the interface region of the membrane12. Also, polar 

residues situated in the hydrophobic stretch of the TMH are often involved in the 

functional aspects of the protein, such as transport and/or binding of substrates. 

As mentioned before Trp and Tyr are commonly found at the membrane interface 

of the TMH13–16. This is due to the amphiphilic nature of the side chains of these 

amino acids where the aromatic ring with its π-electrons is excluded from both the 

hydrocarbon core of the membrane and the polar exo-/cytoplasm15. This does 

however not apply to Phe as it is rarely found in the interface region. It is due to 

the polar elements found in Trp and Tyr, combined with the π-stacking of the 

aromatic ring that contributes to the likelihood of finding Trp and Tyr at the 

interface region15. This phenomenon can also be seen in Paper 1, on GlpT 

transmembrane helix 9, TMH9, where both a Tyr and a Trp are found at the C-

termini of the helix, greatly improving the insertion of the entire helical complex. 

Any alterations in these two sites indicates that the two residues each contribute to 

the anchoring in the membrane as substitutions in one of the two sites does not 

decrease the insertion on its own whereas the substitution of both of the amino 

acids to a Ala or Leu has a clear negative effect on insertion. 
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Figure 6 Distribution of amino acids as a function of distance from the center of the membrane (0 Å) 
towards the exo-/cytoplasm. Hydrophobic residues are Val, Ala, Phe, Ile, Leu and Met. Polar residues 
are Cys, Gly, Pro, His, Asn, Gln, Ser and Thr. Aromatic residues are Trp and Tyr. Basic residues are Lys 
and Arg. Acidic residues are Asp and Glu. Notice the increase in the aromatic fraction at about 15 Å 
from the core of the hydrophobic stretch. This would correspond to the ends of the transmembrane 
helix. Figure adapted from Granseth et al. 2005
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4.2. Forces during membrane protein folding 
Proteins in general must be stabilized by a number of intramolecular interactions to 

gain its native fold. Membrane proteins are no different. Just like any other protein 

they rely on Van der Waals interactions18–20, hydrogen bonds21,22 and ion bonds23. 

Van der Waals interactions and hydrogen bonds are distance dependant, meaning 

the closer the distance the stronger the bond gets. In membrane proteins it is not 

entirely clear how the TMHs are packed in the membrane but true transmembrane 

regions are seen as more buried within the membrane than a buried residue in a 

globular protein. 

As most interactions in a membrane protein are distance dependant a close 

packing of the TMHs is important in order to stabilize the native fold. In order for 

the TMHs to form strong and short interactions/bonds they often consist of small 

residues in their interface regions. One specific motif that has been identified to 

promote TMH dimerization is the Glycine zipper, GxxxG 24. This pattern follows the 

knob-into-holes packing where a small residue in a i+4 fashion enables neighboring 

TMHs to insert a larger residue into the void. It has been shown that hydrogen-

bonding residues within a TMH region are more conserved than other buried 

residues, showing the importance of these residues for proper TMH dimerization 

and co-translational stabilization21,25,26. 

During folding and dimerization the TMHs not only interact with other TMH 

segments, but also the membrane. In a perfect world all TMH segments would all 

have the same length, matching the thickness of the membrane stretch. This is 

however rarely the case. In most cases the total stretch of the TMH do not match 

membrane thickness, forcing the TMH to either tilt or distort in order to fit within 

the membrane27,28 
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5. Membrane protein folding 
Earlier in this thesis I have discussed protein folding in general terms. Although the 

same principles are valid for membrane proteins they rely on a very specific 

machinery to do so. 

If one wants to be blunt one can say that a globular protein is fairly uncomplicated 

as it simply starts to fold as it emerges from the translational tunnel. Even if 

globular proteins also have different, more or less complicated pathways by which 

they can travel in order to reach their final fold, I will simplify things by saying that 

membrane proteins are somewhat more complicated. 

Historically membrane protein folding has been considered to be a fairly 

uncomplicated two-step model where TMHs are first inserted into the membrane 

independently after which interactions between TMHs eventually result in the 

native topology of the protein29. However, this model has been proven to be far to 

simplified30,31. 

A membrane protein can use either a co-translational or a post-translational 

pathway in order to translocate or insert into a membrane. The most commonly 

used is the SRP-dependant Sec pathway, which has been extensively studied during 

the last decades and is present in all organisms studied so far32. The pathway relies 

on the signal recognition particle (SRP) to bind to a hydrophobic stretch on the 

nascent polypeptide. By doing so it arrests the translation long enough to enable 

the ribosome complex to travel to the ER membrane. Here SRP binds to the signal 

receptor (SR), which directs and promotes the ribosome complex to the Sec 

translocon33,34. When the ribosome complex reaches the translocon it aligns itself 

with the translocon pore and either inserts or translocates35. If the nascent peptide 

is reoriented, keeping its N-terminus at the cytosolic side it gives the TMH a Nin-

orientation, whereas if the N-terminus is fully translocated into the ER lumen it 

gives the TMH a Nout-orientation. This then continues for the following residues of 

the translated protein. Once a stretch of hydrophobic residues is translated the 

same insertion or translocation process will occur until the protein is fully 

synthesized36. Here, not only the hydrophobic stretch will determine in what way a 

given TMH will be oriented. This will be discussed in further detail in chapter 6. 

 

5.1. The Sec translocon 
The Sec translocon is present in all organisms studied and known as Sec61αβγ in 

eukaryotes, SecYEG in eubacteria and SecYEβ in archea32. The active translocon has 

been observed as a multimer of Sec hetrotrimers and other proteins but the 

number of subunits and how these are arranged have not been fully elucidated37. 

In 2004 the group of Rapoport presented a 3D-structure of a closed SecYEβ 

translocon channel greatly increasing the knowledge of how the translocon channel 

operates38. When operating the translocon forms a lateral gate towards the lipid 

interface which can be opened like a clamshell, exposing the nascent polypeptide 
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to the lipid interface39,40. To avoid leakage from the two sides of the membrane the 

translocon pore forms a plug on the lumen side and a waist, created by a ring of 

hydrophobic residues, giving it an hourglass figure. These hydrophobic residues 

prevent unspecific interactions between the translocon channel and the 

translocating segment41–43. The size of the pore is believed to adapt to the size of 

the hydrophobic segment being translated and through a specific interaction in the 

interface between the translocon and the translated segment, the plug on the 

lumen side is displaced and the gate is laterally opened after which the 

hydrophobic segment can be inserted44–46. 

 
 
Figure 7 A general schematic on how the Sec translocon (the eukaryotic Sec61/SecY complex in this 
case) operates. Figure adapted from Rapoport 2007

47
 

  



- 21 - 
 

6. Topology determining factors 
As mentioned earlier a membrane protein does not only need to insert into the 

membrane in order to function correctly, it also needs to get the correct topology. 

To assist in this process there are some key factors that play important roles. 

In the early days of membrane protein research membrane protein folding was 

often described in a simplified two-stage model where the orientation, or topology, 

is first achieved after which the TMHs are inserted into the membrane 

individually29,48. This model also assumes all TMHs are hydrophobic enough to be 

inserted in the membrane by themselves. This simplified model might hold true for 

some membrane proteins but it is by far the case for all membrane proteins. 

In recent years our group, and others, have been starting to study TMHs that are 

not per say TMHs. When analyzing their hydrophobicity they show a surprisingly 

low value and would not be considered to be a transmembrane region at all. 

However, structural data supports that these segments do reside in the membrane. 

Due to the nature of these transmembrane segments they are usually referred to 

as marginally hydrophobic transmembrane helices or mTMHs49–51. A theory on how 

these helices are inserted into the membrane is that a mTMH can reside in the 

translocon channel until a subsequent helix of lower hydrophobicity or a strong 

oriental preference emerges from the ribosome channel and stabilizes the mTMH 

after which insertion via the lateral gate is possible52–54. One major contributor to 

stalling of putative transmembrane segments in the translocon channel is the 

positive inside rule. 

 

6.1. The positive inside rule 
One of the most prominent topologenic signals for membrane protein folding is the 

positive inside rule. It states that positively charged residues, such as Arg and Lys, 

are more common on the cytosolic side of the ER membrane upon translation, 

giving the translated segment a Nin-orientation. This general rule is so prominent 

that it can be used to determine the topology of an unknown protein just by 

studying its primary sequence, by finding its most hydrophobic segments and 

looking for positively charged residues it its vicinity. The side with the most positive 

charges will most likely be on the cytosolic side of the membrane55. This 

phenomena has been reported in most organisms55–57. On the other hand, 

negatively charged residues in the same positions do not have a similar effect on 

Sec dependant translocation58, although their contribution as a topologenic signal 

seems more prominent in Sec independent translocation59. 

In practice the positive inside rule stabilizes the hydrophobic stretch by roughly 0.5 

kcal/mol and residue60. This means the effect is additive. In order to determine the 

strength of the effect experiments have been performed in in vitro systems 

showing that when adding stretch of six lysines it can affect insertion as much as 25 
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residues away for a single spanning membrane protein, and roughly 12 residues 

away for a multi spanning membrane protein60. 

Why this effect is so strong is not fully understood, and it may differ between 

Archea, Bacteria and Eukaryotes. It has for example been shown that the effect is 

more prominent in Escherichia coli as than in eukaryotic ER membrane61. One 

explanation to this effect is the higher electrostatic potential across the bacterial 

inner membrane compared to that of ER membrane. Specific interaction between 

the translated segment and the translocon62, or general electrostatic interactions 

between the lipid head groups and the charged residues can also contribute to the 

cytosolic retainment of the translated semgent63,64. 

6.2. Hydrophobicity as a topology determinant 
In the past the hydrophobicity of an amino acid was determined by its distribution 

between aqueous or organic solvents65. However, in recent years a more detailed 

approximation of the hydrophobicity of each respective amino acid has been made. 

Here, amino acids are not looked upon a isolated building blocks but as part of a 

continuous polypeptide chain where the protein backbone contribution also is 

considered66,67. Also, an even more adapted scale for biological systems has been 

made available, known as the Hessa scale68. The Hessa scale does not show how 

the amino acids interact with the aqueous or hydrophobic surroundings like other 

scales. It does instead show how each amino acid affects the recognition of a TMH 

by the translocon, when placed in the center of a putative 19 amino acid poly-

Leu/Ala TMH. 

 
 
Figure 8 The Hessa scale. It displays the ΔG-values for all amino acids when placed in the center of a 
putative TMH. Figure adapted from Hessa et al. 2005

68
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7. Structure analysis 
In order to determine the function, or dysfunction in the case of a disease, it is of 

great interest to know the 3D-structure of a given protein. As mentioned before, in 

the past all TMHs were thought to be perfect helices of the same length. When 

viewing a 3D-image of a membrane protein one can easily draw the conclusion that 

this is not the case. Many helices are tilted, disrupted or even not considered to be 

a TMH by prediction, as in the case of mTMHs. It should however be noted that a 

3D-structure of a protein is merely a frozen picture of the protein in given moment 

and does not fully cover the dynamic aspect of the native protein. However, it does 

give us insights into the topology of the fully folded and active protein. 

In addition to solving the 3D-structure in order to determine the topology of a 

given protein there are also other techniques at hand, such as biochemical 

laboratory techniques as well as in silico topology predictors. 

7.1. 3D-structures 
When solving 3D-structures of proteins the two most commonly used techniques 

are X-ray crystallography69 and nuclear magnetic resonance, NMR70,71. However, 

solving membrane proteins structures using these techniques is far from straight-

forward, as both X-ray and NMR rely on the protein of choice to reside in an 

aqueous environment during preparation and sometimes also for data collection. 

This is one of the major challenges structural biologists face when trying to solve 

structures of membrane proteins. It has however in the past been several solutions 

to this issue where new techniques for purification and preparation of the 

membrane proteins have been adapted, which culminated in the first high-

resolution structure being solved of a membrane protein in 198672. But even if the 

techniques are improving at a rapid pace there are still a lot less solved structures 

of membrane protein, when compared to their globular counterpart. In dec 2013 

there were total of 69,086 structures of protein in the protein data bank, PDB73. 

Out of these, less than 5% were transmembrane. In another database, The 

orientation of membrane proteins (OPM) database74, which includes all unique 

transmembrane, peripheral and membrane active proteins found in PDB, the 

number of hits are 2,305, as of dec 2013. 

7.2. Topology predictors 
In early protein topology prediction methods the predictors were based on non-

biological hydrophobicity plots75 and performed rather poorly. When trying to 

evolve these predictors statistics of experimental datasets were used in order to 

train the predictors76,77. At presence there are several useful predictors available 

that can be used to predict protein topology with a rather high level of accuracy78–

84. 

A highly used predictor is the so called ΔG predictor, which is based on the Hessa 

scale where the insertion propensity was determined for every amino acid in a 

putative TMH. The ΔG predictor is since then available at the Center for 
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Biomembrane research (CBR) and can be used to predict putative TMH for further 

analysis and topology determination. 

7.3. Analyzing topology experimentally 
There are of course several different experimental techniques that can be used in 

order to elucidate membrane protein topology such as; fluorescence (FRET)85, 

glycosylation86,87 and proteolytic membrane shaving88. I will however only focus of 

the two techniques I have included in this thesis, namely N-linked glycosylation and 

membrane shaving. 

7.3.1. N-linked glycosylation 

Using N-linked glycosylation as a topology marker is based on the attachment of 

sugars, or oligosaccharides to asparagine residues (Asn or N) on a given protein. 

This is performed by the enzyme Oligosaccharyl Transferas (OST), which is found on 

the lumen side of the ER membrane89. The attachment of this oligosaccharide will 

render a mass increase of about 2 kDa90 per attachment and henceforth be easily 

be separated from unglycosylated protein species on a SDS-PAGE. The sequence 

that the OST recognizes is that of X1NX2(S/T)X3, where X1-3 cannot be proline91,92,93. 

The OST enzyme is not only situated in the ER lumen but also attached to the 

membrane, meaning the active site of the enzyme is at a more or less fixed 

distance from the membrane. This means that a residue situated closer to the 

membrane than this fixed distance cannot be sufficiently glycosylated by OST. The 

distance from the active site and the membrane interface has been determined by 

using half-maximal glycosylation on a TMH segment. It was shown that OST could 

reach half-maximum glycosylation if the glycosylation site was placed 14 residues 

away from the membrane interface N-terminally on a TMH, and 10 residues away if 

placed C-terminally. This distance is commonly known as the minimal glycosylation 

distance or MGD86,94. 

N-linked glycosylation is a co-translational reaction. This implies that if a TMH is 

shown to be glycosylated during the experiment, it only means that the 

glycosylation site has been exposed to the active site of OST during folding and 

insertion. It does not always give correct information about the final topology of 

the entire protein. As with all alterations to a polypeptide chain, the 

oligosaccharide alone can contribute to promoting Nin- or Nout-orientation to the 

TMH; altering the topology of the following TMHs and the protein itself. It is also 

important to notice that when designing constructs to be used with the N-linked 

glycosylation technique additional, engineered, glycosylation sites are added to the 

construct, as well as removal native glycosylation sites when needed. 

In this thesis I have used small parts of known membrane proteins and studied how 

these TMHs insert into the membrane. In order to analyze the insertion propensity 

of different TMHs I needed to use a model system that allows me to direct a newly 

synthesized polypeptide to the translocon machinery. In my case I have used two 

model proteins, Lep I and Lep II. LepI and LepII are both modified versions of the 

E. coli protein Leader peptidase B1. When expressed in an rabbit reticulate in vitro 
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system both its short N-terminus and the large C-terminal domain face the ER 

lumen61,86,95. In the native LepB there are two N-terminal TMHs. Whether Nin- or 

Nout-orientation is to be evaluated one can fuse the protein of interest to either 

LepI or LepII, where LepI has both N-terminal TMHs in place whereas LepII only has 

one. As the N-terminal of Lep always faces the ER lumen the removal of one of its 

helices enables the experimentalist to flip the protein or a construct to be analyzed. 

In order to evaluate the insertion of a given segment in the analyzed construct 

multiple glycosylation sites can be engineered and the pattern can then be 

analyzed using SDS-PAGE. 

In this thesis an expression system including radioactively labeled methionines has 

been used in order to visualize the different glycosylation patterns. Up to four 

different glycosylation sites has been introduced at appropriate positions in the 

loops flanking the THMs. As a membrane model this in vitro expression system has 

been supplemented with rough microsomes, small vesicular fragments of rough ER 

from dog pancreas. 

7.3.2. Membrane shaving 

The second technique used in this thesis is the so called membrane shaving 

technique. When using the N-linked glycosylation method it has one major 

drawback. It can only analyze one protein or construct at a time. This means any 

large-scale analysis on membrane protein topology is very time consuming. To do a 

large scale analysis on membrane protein topology is far from easy but it has been 

shown to be possible, if providing sufficient resources96,97. 

Instead of the addition of oligosaccharides on connecting and exposed loops the 

shaving technique uses proteolytic degradation of exposed protein segments. 

These segments can then be analyzed using MS. 

Traditionally proteolytic degradation as a topology detector has been used to 

analyze single proteins58, but the introduction of MS as a tool has made it possible 

to detect several protein segments at once98,99. 

There are a number of known proteases that can be used in order to cleave a 

polypeptide. Relevant for this thesis are however only, Thermolysin, Trypsin, 

Proteinase K and Pepsin. These proteases have all been used in protein degradation 

and MS experiments98,100–105 

I my work I have studied how these different proteases compare when it comes to 

their ability of obtaining reliable topological information on transmembrane 

regions in E. coli and how this information can be used to train known topology 

predictors. The technique requires the acquisition of purified inner membranes, 

which then can be proteolytically cleaved using the different proteases. The 

resulting peptides can then be analyzed using MS. In order to detect non-tryptic 

peptides they need to be labelled, as described before106. 
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This technique is under development and the current protocol uses ruptured and 

purified inner membranes of E. coli, meaning that the proteolytic shaving pattern 

arises from both sides of the membrane. If a protocol was developed that could 

keep the inner membrane intact while removing the outer membrane and the 

peptidoglycan layer, creating so called spheroplasts107, one could use this technique 

to determine Nin-/Nout-orientation of a membrane protein. This could then also be 

adapted on outer membrane proteins in whole cells. This is where our current 

protocol using thermolysin could come in handy, due to its milder reaction 

conditions and shorter incubation times88. 

 
 
Figure 9 General schematic picture on shaving protocol used for the proteolytic shaving of 
membranes Figure adapted from Bendz et al. 2013

88
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8. Research summary and concluding remarks 
Below follows a brief summary of my research performed during my time here at 

DBB. 

8.1. mTMH-project 

8.1.1. Background 

We sat out in this project to understand the mechanisms involved in insertion of 

marginally hydrophobic transmembrane helices, and why these rather hydrophilic 

helices were recognized by the translocon as transmembrane segments and 

inserted. In an earlier study performed at our lab we studied individual TMHs in 

known 3D-structures49. A number of TMHs were found to be fairly hydrophilic but 

still defined as TMHs by prediction. Further experiments were performed and in 

the end, three mTMHs were found to not insert into the membrane by themselves 

but their insertion efficiency was greatly increased when adding neighboring 

helix/helices. These were, EmrD TMH2 (adding subsequent loop and helix increased 

insertion of the mTMH from 1% to 43%), GlpT TMH8 (adding subsequent loop and 

helix, 13% => 55%) and AcrB TMH10 (adding preceding and subsequent loops and 

helices, 10% => 78%). These results were the starting point of this project. In the 

earlier study, no linear correlation could be found in the hydrophobicity of the 

neighboring helices aiding the mTMHs in their insertion, meaning something other 

than pure hydrophobicity is the major driving force in the insertion of these 

mTMHs. This got us to ask the question; are there any specific interactions 

between the mTMH and the neighboring helices and/or the translocon that 

governs translocon recognition and membrane insertion of these mTMHs? 

 

To study this further we did a specific interaction study on the neighboring helices 

and the selected mTMH. This was performed using single point substitutions along 

the neighboring helices, while keeping the native primary sequence of the mTMHs. 

Ala was chosen as the best substitution candidate as it is rather small and also does 

not affect hydrophobicity of the TMH. However, in some cases the introduction of 

Ala in the chosen constructs highly increased the signal peptide prediction of the 

construct, targeting it for secretion. As a result of this Ile was instead used to 

ensure non-secreted protein constructs. In the end we used Ala substitutions for 

GlpT TMH9 whereas EmrD TMH3, AcrB TMH9 and TMH11 were all substituted to 

Ile. 

8.1.2. Results 

In the publication from this project we could state that there are no clear 

indications that there are any specific interactions between the mTMH and the 

subsequent helices that govern membrane insertion of the mTMHs. We could 

however detect the importance of positively charged residues on the inside of the 

membrane, emphasizing the importance of the positive inside rule leading to an 

oriental preference of the subsequent helix. Furthermore, we studied the 

importance of positive charges in known membrane protein structures and found 

that the positive inside rule already starts within the TMH. 
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In addition to the published data, where we only looked at the subsequent helix 

and its possible interactions possibilities with the mTMH, we also scanned the 

preceding helix in the case of AcrB. In the original article the inclusion of the 

preceding helix had the highest effect on the insertion efficiency, 10% => 78%49. 

Only including the subsequent helix barley had any effect at all, giving a minor 

increase in insertion by 4% to 14% for the whole complex. Just like in the case of 

the subsequent helix we could not detect any general pattern in amino acid type 

that could explain the increase in insertion efficiency. As can be seen in fig. 10 the 

biggest influence is found in Arg919, which is oddly enough situated on the lumen 

side of the helix, violating the positive inside rule. However, AcrB TMH10 seems to 

be a special case as the removal of the three positive charges on the cytosolic side 

of TMH11 did not influence the insertion at all. Generally, the influence of 

substitutions in TMH9 seems to be greater than substitutions in TMH11 indicating 

the importance of TMH9 for insertion of the mTMH (TMH10). 

 
Figure 10 Ile-scan of TMH9 and the influence of proper insertion of the protein complex. P906I, G908I 
and A916I have the greatest effect on insertion. 

 

Other positions that influence the insertion of the mTMH are Pro906, Gly908 and 

Ala916. In the case of Gly908 and Ala916 the insertion could be rescued up to 

native levels by introduction of Ala and Gly respectively. This would indicate the 

importance of the knob-into-hole tight-packing of the helix complex for proper 

insertion. For Pro906 it is however more complex as no alteration in this position 

can rescue the insertion to native levels, indicating the importance of Pro at this 

position. This could be verified by a conservation plot on homologs to AcrB where 

Pro at this very position was the most conserved residue of all (fig. 11). It is 

however not clear whether this position is conserved in order to aid proper co-

translational insertion or if it is important for the protein on a later stage. In the 3D-

structures of the protein no evidence can be found for this position to be important 

for the active transport or function of the protein as this position and helix are 

facing away from the functional site, as well as the trimer interface. 



- 29 - 
 

 
Figure 11 Conservation plot of AcrB TMH9. Pro906 is the most conserved residue of all in the helix, 
indicating its importance for insertion and/or later on for the function of the fully synthesized protein. 

 

8.1.3. Future prospects 

One way to fully investigate any possible interaction possibilities between the 

mTMH and its neighboring helices is of course to make the same Ile/Ala-

substitutions on the mTMHs and combining this with the substitutions already 

made on the neighboring helices. None of the protein complexes used in this study 

seems to show any correlation between insertion efficiency and hydrophobicity. 

Henceforth, any alterations on the mTMH would, even if it alters the 

hydrophobicity of the mTHM and the protein complex as a whole, not have a direct 

influence on the insertion efficiency. 
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8.2. Proteolytic membrane shaving-project 

8.2.1. Background 

Topology predictors play an important role in membrane protein research. 

Predictors can nowadays be rather accurate in their prediction output (fig. 12) but 

they do however suffer from one major drawback. They are often trained on solved 

3D-structures, and since the amount of solved 3D-structures of membrane proteins 

still is rather limited, the training of these predictors is at times somewhat limited. 
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Figure 12 A few topology predictors and 
their accuracy in determining TMHs of 
Ferrous iron efflux protein F (FieF). Results 
are projected on topology given from its 
OPM/PDB-structure. Predicted TMHs are 
shown in red 
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In order to produce large datasets for these predictors to train on we sat out to try 

and develop a technique that would produce an accurate and large topology 

dataset using proteolytic membrane shaving, combined with MS analysis. The lab 

of Yates did in 2003 develop a technique called the hppk method104, where 

membrane leaflets were shaved using proteinase K and then combined with MS 

analysis giving information about the topology of the protein of interest. This 

technique did however have one major shortcoming. It produced a lot of TMHs 

fragments in the soluble and proteolytically cleaved fraction. Our aim was to limit 

the TMH fragments found in the soluble fraction while keeping the accuracy in the 

topology output from our experiment. Here, we used a number of different 

proteases; trypsin, pepsin, proteinase K and thermolysin in order to evaluate which 

protease would give the least amount of soluble TMH fragments, while still 

providing us with accurate topology information. 

At the starting point of this study we used purified inner membrane from E. coli 

overexpressing either the ferrous-iron efflux pump (FieF or YiiP) or signal 

peptidase I (LepB), two proteins of known structure. Here we could evaluate the 

different proteases and how they perform on these two proteins. This resulted in 

two proteases, trypsin and thermolysin being used for a secondary approach, to 

shave non-overexpressed cells. The proteases were then evaluated based on 

number of unique hits, number of TMH residues found in the soluble fraction and 

how close to the membrane each protease could shave. 

Also, experiments using naked cells, so called spheroplasts and purified outer 

membranes were performed to test the potential of the different proteases in 

giving an accurate topology determination. 

8.2.2. Results 

In the publication from this project we show how the proteases differ in their 

shaving pattern when applied on our model proteins, YiiP (FieF) or LepB, and non-

overexpressed cells. 

The first experiment identified very few peptides with significant scores for both 

pepsin and proteinase K. Therefore, only trypsin and thermolysin were used for 

further analysis. In general, the results from trypsin and thermolysin shaving 

generated similar patterns when applied on cells overexpressing YiiP (FieF) or LepB, 

with both proteases mainly detecting peptides from the large C-terminals of the 

model proteins. Also for the case of non-overexpressed cells the two proteases 

generate similar amount of protein and peptide scores. The biggest difference 

between trypsin and thermolysin was in the incubation time. Where trypsin 

digestion is usually performed between 16 and 18 hours thermolysin digestion can 

be completed within one hour. This shortage in incubation time greatly decreases 

the time consumption per sample when scanning global targets using this 

technique. The use of thermolysin has one drawback however. It does not produce 

charged peptides, as trypsin does, and hence it is often needed to label the N-

terminal of the cleaved peptides to simplify the MS/MS data analysis. The labeling 
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incubation is however done in roughly an hour, so the total gain in incubation time 

for thermolysin compared to trypsin is still more than 14 hours per sample 

incubated. 

In this study we also used the experimental data to evaluate known topology 

predictors. Even if the experimental data set is somewhat small to improve the 

current topology predictors it does enable us to differentiate between the qualities 

of the topology predictors. This indicates that it is possible to increase the amount 

of reference points when training topology predictors in the future. 

In addition to the publication a few experiments were performed on spheroplastic 

cells in order to evaluate whether the milder incubation conditions of thermolysin 

actually did have an effect on the proteolytic cleavage pattern. It was however 

difficult to produce reliable data on shperoplastic cells using the current protocol. 

This is most likely due to stability issues which could be seen visually as samples 

turned yellow during the incubation time as cells ruptured. However, samples 

incubated with thermolysin did show less of this effect, although reliable MS data 

has yet to be attained. It is however obvious that the milder reaction conditions 

really have a potential to shine here if the protocol were to be optimized. 

Thermolysin, proteinase K and trypsin were also tested on purified outer 

membrane from native E. coli cells to evaluate their proteolytical potential. Some 

preliminary results on the outer membrane protein A, OmpA, shows the difficulties 

to overcome when applying the proteolytic shaving technique on outer membrane 

proteins (fig. 13). Since most outer membrane proteins are ß-barrels, inner loops of 

these proteins are usually extremely short. Also, their outer loops are sometimes 

difficult to target as the extracellular border of the outer membrane is often very 

fluctuating. The problem with short inner loops can sometimes be overcome as 

many outer membrane proteins carry an N-terminal or C-terminal domain. 

However, N-terminals of outer membrane proteins are often part of the signaling 

for targeting outer membrane proteins to the outer membrane and are therefore 

often cleaved off after insertion. This means these domains cannot be used for 

proteolytic degradation and topology determination. 

  



- 33 - 
 

 

 

 

Figure 13 Proteolytic shaving patterns from OmpA in purified outer membrane using trypsin (top, 
green), thermolysin (middle, orange) and proteinase K (bottom, cyan). Notice the short inner loops of 
OmpA and how only the C-terminal was detected in all cases. Topology is given from OPM/PDB-
structure of OmpA (1qjp). 
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8.2.3. Future prospects 

The results in our publication did show promising results in how this technique can 

be used to improve the training of future topology predictors. However, to greatly 

improve the training of future topology predictors one needs to find a protease or 

protocol that can shave closer to the membrane compared to trypsin and 

thermolysin used in this study. For the global analysis experiment one major 

obstacle needs to be solved; How to distinguish between the inside and outside of 

the membrane. One of the future prospects of this project is then to develop a 

protocol where the Nin- or Nout-orientation could be determined, while using the 

best suited protease. In order for this to work the protocol will need to prevent 

spheroplastic rupture during the protease incubation. 
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