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Abstract 
The major aim of the studies that this thesis is based on has been to better define the 
topological determinants of the formation of so-called helical hairpins during 
membrane protein assembly in the ER membrane. 
 
The helical hairpin is a basic folding unit in membrane proteins. It is composed of 
two closely spaced transmembrane helices with a short connecting loop and it is 
believed to be inserted into the membrane as one compact unit. It is becoming 
increasingly clear that the helical hairpin is a very common structural element in 
membrane proteins and a detailed understanding of its properties is of central 
importance.  
 
We demonstrate that the efficiency of formation of helical hairpins depends both on 
the overall length of the hydrophobic segment, on the amino acids flanking the 
transmembrane segment, and on the identity of the central, potentially turn-forming 
residues. We also show that interhelical hydrogen bonds between pairs of Asn or 
Asp residues can induce helical hairpin formation. 
 
A detailed topology mapping is also reported for the Escherichia coli inner membrane 
chloride channel YadQ, a protein for which the X-ray structure is known. Our results 
provide a critical test of the reporter fusion approach and offer new insights into the 
YadQ folding pathway. 
 
In summary, the results present in this thesis have increased our understanding of 
the determinants of membrane protein topology and structure. Furthermore, the 
information obtained can be used to improve current models for predictions of 
membrane protein topology. 
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Introduction 
 
Biological membranes 
 
All living cells are enclosed by a membrane (the plasma membrane) which 
separates the cell from the surrounding environment. Biological membranes also 
form boundaries within the eukaryotic cell where they divide the internal space 
in the cell into distinct compartments, so-called organelles. Each organelle, such 
as endoplasmic reticulum (ER), golgi network, lysosomes, peroxisomes, nucleus, 
mitochondria, chloroplasts, etc. contains a specific complement of proteins and 
other molecules and has a unique role in the cell. Besides acting as selectively 
permeable barriers, membranes are involved in thousands of essential and 
diverse functions in the cell, such as transport of nutrients, adenosine 
triphosphate (ATP) synthesis, ion conduction, signal transduction, cell-cell 
interactions, respiration, development, vision, hearing, fertilization and many 
more.  
 
Cellular membranes are highly organized structures, built from two basic 
components, lipids and membrane proteins. The fluid mosaic model describes the 
organisation and features common to all membranes and predicts free rotational 
and lateral diffusion of proteins and lipids within the plane of the membrane, 
resulting in their random distribution (Singer and Nicolson, 1972). However, to 
account for lateral heterogeneities in membranes, which is a result of protein-
protein, protein–lipid and lipid-lipid interactions, this model has recently been 
refined (Vereb et al., 2003).  
 
Membrane lipids are divided into three classes: glycerophospholipids, 
sphingolipids and cholesterol, where glycerophospholipids are the main lipid 
constituent of most biomembranes. Lipids are amphiphilic molecules, i.e. they 
contain both hydrophobic and hydrophilic regions. In glycerophospholipids and 
sphingolipids, the hydrophobic part is composed of the fatty acid (FA) 
hydrocarbon chains, which usually are unbranched and have an even number of 
carbon atoms, usually 16 or 18. The FA chains are either saturated with hydrogen 
atoms or have one or more unsaturated double bonds. The polar headgroups of 
the lipids have different charges and are hydrophilic. In cholesterol the whole 
molecule except the hydroxyl group on carbon-3 is hydrophobic.  
 
Membrane lipids interact noncovalently with each other and are packed side by 
side forming the “lipid bilayer”, in which the hydrophobic FA chains are oriented 
towards the interior of the membrane, forming a 30Å wide hydrophobic 
hydrocarbon core (HC). The hydrophilic lipid headgroups are on the surfaces of 
the membrane core, forming two polar interfacial regions that are 10-15Å wide. 
The two layers of lipids in the bilayer are termed the inner and outer leaflet. 
Embedded in the lipid bilayer are membrane proteins of various shapes and 
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traits. These proteins are either integrated into the membrane - integral 
membrane proteins - or peripherally associated with the membrane - peripheral 
membrane proteins. Many membrane proteins and lipids contain covalently 
attached oligosaccharides. The weak noncovalent interactions between 
neighbouring molecules give rise to the membrane fluidity, i.e. the lipids can 
move easily within the plane of the membrane. The fluidity of the membrane is 
affected by the length of the FA chains and degree of unsaturation in the FA 
chains. Maintenance of the bilayer fluidity appears to be essential for normal cell 
function.   
 
The membrane surrounding each type of organelle has organelle-specific lipid 
and protein composition, which contributes to their unique properties. For 
example, the ER membrane is composed mainly of the glycerophospholipid 
phosphatidylcholin and to a lesser extent of phosphatidylethanolamine, 
phophatidylserin and phosphatidylinositol, while levels of cholesterol and 
sphingolipids are low (van Meer, 1989). 
 
The relative proportions of membrane proteins and lipids vary with the type of 
membrane. Lipids and membrane proteins are asymmetrically distributed 
between the inner and outer leaflet and can also be non-randomly distributed 
within a single leaflet, which is seen in membrane microdomains termed lipid 
rafts. (Simons and Ikonen, 1997; Simons and Ikonen, 2000). Lipid rafts appear to 
be enriched in sphingolipids and cholesterol that form a highly ordered structure 
distinct from the surrounding sea of lipids. In addition, specific types of 
membrane proteins implicated in signal transduction, membrane trafficking 
within cells and membrane protein sorting, have been shown to be localized to 
lipid rafts (Laude and Prior, 2004).  
 
Membrane proteins 
 
Peripheral membrane proteins 
Membrane proteins are classified according to how tightly they are associated to 
the membrane. Peripheral membrane proteins are loosely associated to the 
membrane by hydrogen bonding and electrostatic interactions and do not interact 
strongly with the hydrophobic interior of the bilayer. Instead they interact with 
hydrophilic domains of integral membrane proteins in the membrane and with 
the polar headgroups of membrane lipids. Some peripheral membrane proteins 
serve as regulators of membrane spanning enzymes, while others interact with 
the cytoskeleton and maintain or alter the cellular shape.  Structurally, peripheral 
membrane proteins are similar to globular proteins. 
 
Lipid-linked membrane proteins  
Another class of membrane proteins is the lipid-linked membrane proteins. These 
proteins have one or more covalently attached lipid that anchors the protein to 
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the lipid bilayer. The anchoring lipids may be of several types: long-chain fatty 
acids, isoprenoids or sterols. Lipid-protein assemblies containing these three 
types of lipids are found in the inner leaflet of the plasma membrane, while lipid-
protein assemblies containing glycosylated derivatives of phosphatidylinositol 
are found only in the outer leaflet of the plasma membrane. 
 
Facultative membrane proteins 
In some microorganisms intricate mechanisms have evolved where secreted 
proteins or insertion peptides, that are soluble in the aqueous phase (so called 
pore-forming toxins) partition spontaneously into the host cell membrane where 
they fold and/or assemble and form integral membrane protein pores that 
promote translocation of toxins into the cytoplasm of the host cell (Krantz et al., 
2005). The membrane spanning part of these pores can either have α-helix 
conformation or form β-barrels (Gouaux, 1997; Song et al., 1996; Stroud, 1995). 
 
Integral membrane proteins 
Approximately 20-30% of all genes in the fully sequenced genome are predicted 
to code for integral membrane proteins (von Heijne, 1996). They are found in all 
cellular membranes and carry out a wide range of central functions in the cell. 
Some act as signal receptors that transduce signals across the membrane, while 
others catalyze specific transport of nutrients, metabolites and ions across the 
membrane barriers. In addition, some integral membrane proteins couple the 
flow of electrons to the synthesis of ATP and specific transmembrane (TM) 
proteins in the plasma membrane are involved in cell-cell interactions, where they 
serve as highly active mediators between the cell and its environment or the 
interior of an organelle and the cytosol. Many membrane proteins play important 
roles in tumor development and in the immune response. Since integral 
membrane proteins fulfil many critical functions in the cell, they are of major 
medical importance and thus provide interesting targets for the pharmaceutical 
industry.  
 
Integral membrane proteins are embedded in the membrane bilayer, in which 
they fold and function. They are composed of one or more hydrophobic 
membrane spanning segments, linked by hydrophilic regions of the polypeptide 
chain, which are exposed either on the extracellular or cytosolic side of the 
membrane. The TM segments consist mainly of amino acid residues with 
hydrophobic side-chains that protrude outwards and interact with the FA chains 
in the lipid bilayer. These hydrophobic protein-lipid interactions tightly anchor 
the integral membrane proteins to the hydrophobic core of the membrane.  
 
The hydrophobic environment of the lipid bilayer strongly limits the range of 
possible structures for the membrane spanning part of integral membrane 
proteins. When a polypeptide chain is surrounded by lipids, the polar peptide 
bonds in the backbone are driven to form hydrogen bonds with one another since 
there are no water molecules in the lipid environment. Hydrogen bonding 
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between peptide bonds is maximized if the polypeptide chain forms a regular α-
helix as it crosses the lipid bilayer. Thus, the polypeptide chain of most TM 
proteins is thought to cross the lipid bilayer in an α-helical conformation 
(Deisenhofer et al., 1985; Henderson et al., 1990; Henderson and Unwin, 1975). An 
alternative way for the peptide bonds in the lipid bilayer to satisfy the hydrogen-
bonding requirements is for multiple strands of polypeptide chains to be 
arranged as a β-sheet, in the form of a closed barrel. Not much is known how β-
barrel proteins fold, except that a good part of the structure must be present 
before the hydrophobic external surface is well defined. Thus, the β-barrel 
probably forms before or simultaneously with membrane insertion (Tamm et al., 
2001).  
 
A number of studies suggest that helix bundle proteins fold according to a two-
step mechanism. In a first step, individually stable helices are formed and 
inserted into the membrane. Subsequently in a second step, these helices interact, 
giving rise to tertiary and quaternary structures and thus to a functional TM 
structure (Popot and Engelman, 1990). In a membrane the hydrophobic effect 
contributes only to the formation and insertion of TM helices (step 1). The 
interactions that drive bundle formation (step 2) are not clearly understood. The 
formation of salt bridges between oppositely charged residues may be one factor 
and the burial of polar amino acids in the protein interior may be another (Bowie, 
2000; Zhou et al., 2000). Tight packing between TM helices is important for 
protein stability. Theoretical calculations indicate that van der Waals interactions 
between apolar TM helices may be enough to drive the formation of helix bundles 
in a lipid environment (Bowie, 1997; von Heijne, 1994). 
 
Membrane protein structure 
 
Although many thousands of membrane protein sequences are known, progress 
in the structural analysis of these proteins has been hampered by difficulties in 
their purification and crystallization. A comprehensive understanding of 
fundamental membrane-associated biological processes such as energy 
conversion, transport and signal transduction cannot be attained unless the high-
resolution structures of the membrane proteins involved are known. 
 
To date, only about 100 high-resolution structures of membrane proteins have 
been solved [http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html], compared to 
about 30,000 globular proteins. Among these around 100 known structures, only 
two basic structural features have been found: the α-helical conformation and the 
β-barrel fold (Figure 1) (Cowan and Rosenbusch, 1994). Integral membrane 
proteins are usually divided into two major classes, each one containing one of 
these two structural features (von Heijne, 1994). 
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α-helical membrane proteins 
The membrane proteins that belong to the so-called helix bundle class, have 
membrane domains composed of two or more TM α-helices usually consisting of 
a stretch of about 15-30 amino acids with a central hydrophobic domain flanked 
by more polar residues (Wallin et al., 1997). The loops connecting two TM α-
helices can be as short as three residues (Bowie, 1997). 
  
The hydrophobic domain of TM α-helices is composed of mainly, but not entirely, 
of hydrophobic amino acid residues (Ile, Leu, Val, Ala, Phe and Gly ). The TMs 
may include a limited number of polar or potentially charged groups; Cys, Thr 
and Ser residues often form H-bonds bonds to the main chain. Aromatic side 
chains, particularly Tyr and Trp, are often located near the boundary between the 
hydrophilic and hydrophobic regions of the lipid bilayer, both in helical and β-
barrel membrane proteins found within the lipid head group region and can 
serve as membrane anchors (Schiffer et al., 1992). Pro and Gly are found more 
commonly in TM α-helices than in soluble protein helices.  Pro is sometimes 
found near the middle of TM α-helices in multispanning membrane proteins 
(Jones et al., 1994) where it can induce a bend in the helix.  Such Pro residues, 
which tend to be highly conserved, result in a kink and disrupt several helical 
hydrogen bonds (von Heijne, 1991).  
 

 
 
 
Figure 1 . Two membrane proteins containing different basic structural features. A helix bundle 
protein, bacteriorhodopsin (Belrahli et al, 1999), (left) and a β-barrel protein, maltoporin (Schirmer et 
al., 1995), (right). 
 
The TM α-helices are oriented more or less perpendicular to the plane of the 
membrane with somewhat variable tilts. Helix bundle membrane proteins are 
found in almost all membranes except in the bacterial outer membrane. One 
example of a helix-bundle protein is bacteriorhodopsin, a light-driven proton 
pump from Halobacterium halobium.  It contains seven TM α-helices and was the 
first integral membrane protein to be shown to consist of a helix bundle. Electron 
microscopy of two-dimensional crystals of this protein was used to derive the 
structure (Henderson and Unwin, 1975). Such 2D-crystals or ordered sheets of 
membrane proteins are often easier to obtain than 3D-crystals, and in some cases 
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they occur in vivo, in the plane of the membrane (Brändén and Tooze, 1991). 
Bacteriorhodopsin is one of the best structurally and functionally characterized 
integral membrane proteins.  
 
β-barrel membrane proteins 
The other class of integral membrane protein is the so-called β-barrel class. In 
proteins containing this structural feature, the membrane-embedded domain is 
composed of a large, antiparallel β-sheet barrel. These proteins are found in the 
outer membrane of Gram-negative bacteria and in the mitochondrial outer 
membrane (Henderson et al., 1990; Henderson and Unwin, 1975). An example of 
typical β-barrel proteins in bacteria is the porins. The porins form rather large 
pores through the membrane, through which specific small substrates can diffuse 
passively (Buchanan, 1999; Schulz, 2000). In these structures, every second amino 
acid residue in each strand is hydrophobic and faces out towards the lipid 
environment, while the surface facing the channel is usually more hydrophilic 
(Cowan et al., 1992; Weiss et al., 1991). 
 
Experimental structure determination of membrane proteins 
 
Integral membrane proteins have not been studied as thoroughly as globular 
proteins, for simple technical reasons. Since membrane proteins have both 
hydrophobic and hydrophilic regions on their surfaces, they are not soluble in 
aqueous solution and denature in organic solvents. Because of these amphipatic 
properties, they are tricky to handle biochemically. In addition, membrane 
proteins are hard to overexpress and they seldom yield high-quality 2D or 3D 
crystals.  
 
Determination of 3D structures 
There are three techniques that can be used for determining the 3D structure of 
protein molecules; X-ray crystallography and nuclear magnetic resonance (NMR), 
which have yielded by far the largest numbers of protein structures to date, but 
also electron crystallography (von Heijne, 1996). Each technique has its strengths 
and weaknesses but they all require large amounts of very pure protein, which 
often is the bottleneck for membrane proteins because of the difficulties with 
overexpression, purification and production of 3D-crystals. However, the 
difficulties in crystallizing membrane proteins are beginning to be overcome and 
X-ray structures are now available for at least one example of most kinds of 
transporters, sensors and G-protein coupled receptors. 
 
Several different NMR techniques are used for structural studies on membrane 
proteins. Solution NMR can be used in order to obtain information about 
membrane proteins in detergent micelles that closely mimic the natural 
membrane environment. This technique is carried out on macromolecules in 
solution and crystals are not needed.  Solution NMR is generally considered to be 
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restricted to proteins up to 30-50kDa, but recently significantly larger proteins 
have been studied (Fiaux et al 2000). This technique is preferably used on proteins 
with β-barrel fold. Recently, larger β-barrel outer membrane proteins such as 
OmpX (Fernandez et al., 2001; Fernandez et al., 2002), OmpA (Arora et al., 2001; 
MacKenzie et al., 1997; Tamm et al., 2003) and PagP (Hwang et al., 2002) have 
been studied using transverse optimized NMR spectroscopy (TROSY) (Pervushin 
et al., 1997). Solid-state NMR can be applied to membrane proteins in native 
membranes or in phospholipid bilayers and can reveal the peptide backbone 
structure and intramolecular distances (Opella, 1997).  
 
Conventionally, methods for solubilization, purification and subsequent 
crystallization of membrane proteins have employed detergents. However, a 
novel non-detergent concept has been developed recently, using highly viscous, 
optically transparent, lipidic cubic phases. The materials used are composed of 
very high amounts of hydrated lipids (Landau and Rosenbusch, 1996) and several 
integral membrane proteins, from one single mesophase system based on 
monoolein, have been crystallized (Chiu et al., 2000). This technique provides 
new possibilities to generate well-ordered 3D crystals of membrane proteins, but 
it is so far only applicable to coloured membrane proteins, since the formation of 
uncoloured membrane protein crystals cannot easily be detected in the lipidic 
cubic phase.  
 
Cryo-electron microscopy (cryo-EM) and atomic force microscopy (AFM) can also 
be used to obtain structural information. These techniques have been used to 
determine structures of bacteriorhodopsin (Subramaniam and Henderson, 1999), 
aquaporins (Murata et al., 2000; Scheuring et al., 2002) and Na+, K+-ATPase with 
resolutions in the order of 3.2-9.2Å. 
 
Studies of dynamic properties 
Although structurally ordered, many membrane proteins are flexible and 
dynamic molecules and must go through conformational changes in order to 
perform their functions. Our knowledge of these changes is extremely limited, 
because of the small number of known membrane protein structures available 
today. In addition, these high-resolution structures only provide snapshots of 
single conformations and reveal only one aspect of the behaviour, unless 
structures of all the intermediates of the conformational rearrangements are 
available. This is the case of bacteriorhodopsin (Lanyi, 2004) where structural 
models for all the intermediates in the photochemical cycle are available. This 
provides a clear picture of the conformational rearrangements resulting from 
photoisomerization of the retinal chromophore. To obtain information about the 
dynamic properties of membrane proteins, including conformational changes, 
protein folding and interactions with other molecules, several methods can be 
utilized. These methods include for example, circular dichroism (CD) 
spectroscopy, polarized Fourier transform infrared (FTIR) spectroscopy and 
fluorescence emission spectroscopy (Hunt et al., 1993). NMR can also illuminate 
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the dynamic side of membrane protein structure. Conformational dynamics in P-
type ATPases have also been studied under physiological conditions using 
voltage clamp fluorometry. 
 
Computer simulations 
Computer simulations can complement biophysical experimental approaches to 
examine membrane protein structures, by extrapolating from static high–
resolution structures. In this way, the dynamics of TM peptides can be modelled. 
Monte Carlo (MC) and molecular dynamics (MD) simulations are used to study 
membrane proteins structure, dynamics and energetics. Folding kinetics of the 
first two TM α-helices of bacteriorhodopsin have been studied using computer 
simulations, which show that the helices form rapidly. However, before the right 
packing in the membrane is found, a long period of consolidation follows 
(Orlandini et al., 2000). 

Membrane protein topology 
 
For membrane proteins with unknown three-dimensional structure, it is 
necessary to use alternative approaches to obtain structural information. By using 
computerized sequence-based prediction methods or different experimental 
approaches, it is possible to produce quite reliable topology models for 
membrane proteins. With such models, it is possible to describe the secondary 
structure of the membrane embedded domain, the number of peptide segments 
that traverse the membrane and their respective orientation in the membrane. For 
most membrane proteins, as a result of the reasons mentioned above, the 
topology model is the only structural information available. Although it is not as 
informative as a three-dimensional structure, it still provides important 
information. This was shown in a recent study where a global topology analysis 
of the Escherichia coli inner membrane proteome made it possible to categorize 
proteins according to their different topologies and functions (Daley et al., 2005). 
Only a small number of membrane proteins are known to adopt two or more 
distinct topological orientations (Levy, 1996; Ma and Chang, 2004; Ubarretxena-
Belandia et al., 2003; Ubarretxena-Belandia and Tate, 2004). Examples of 
homologous proteins with opposite orientations in the membrane have been 
reported (Sääf et al., 1999). 
 
Experimental topology determination 
Several different biochemical and molecular biology techniques are available for 
topology determination. In these methods, enzymes or other reagents are 
involved, which are active on, or have access to, only one side of the membrane 
(Traxler et al., 1993). Here, some of the most frequently used methods available 
for topology determination are summarized. 
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Protease-protection assay 
The protease-protection assay can be used to confirm the topology of a membrane 
protein and to get information about the localization of membrane protein 
domains. The proteases trypsin and proteinase K can be added to microsomes or 
sphaeroplasts, containing the membrane protein under study. These enzymes 
degrade the exposed domains, while unexposed cytoplasmic and luminal 
domains remain undegraded. The remaining, protease-protected part of the 
membrane protein can be detected by SDS-PAGE .  
 
Cysteine scanning 
The cysteine scanning method also provides an excellent tool for determining the 
localization of intra- and extracellular domains of membrane proteins. In this 
approach, the amino acid cysteine with its reactive sulfhydryl group is 
introduced at a specific site of choice, after all naturally occuring cysteine residues 
have been removed from the target protein (Möller and Rydström, 1999). The 
sulfhydryl group can be modified by special reagents with different chemical 
properties. A shift in the appearent molecular weight of the modified protein can 
be detected by SDS-PAGE analysis, but alternative assays can also be used for 
detecting the cystein residue exposure to the reagent. The cysteine scanning 
method has been used in combination with biophysical approaches to study e.g., 
helix packing in LacY in Escherichia coli (Kaback et al., 1997). 
 
Gene fusion analysis 
The most widely used method for membrane protein topology determination is 
gene fusion analysis (Ikeda et al., 2003; Möller et al., 2000). In this approach, 
extramembraneous domains of the membrane protein under study are fused to a 
reporter protein that is active on only one side of the membrane. Most reporter 
proteins are enzymes that catalyse a reaction, which can easily be detected by e.g. 
spectrophotometric measurements. From the reporter activity it can be 
determined whether the reporter-fused domain of the membrane protein is 
translocated to the periplasm or if it is retained in the cytoplasm, and a topology 
model can be produced. 
 
Usually, 5´-parts of the gene coding for the membrane protein under study is 
fused to a reporter gene in a cloning vector (Boyd et al., 1993). The reporter 
should only be fused to extramembraneous parts of the membrane protein, to 
avoid ambiguous results. To derive a topology model of a polytopic membrane 
protein, the reporter has to be fused to each loop region. This is achieved by 
successively truncating the full-length gene at the 3´end and fusing it to the 
reporter gene. 
 
To produce a reliable topology model it is appropriate to choose two reporter 
proteins which have opposite activity profiles and thus can give complementary 
results. As seen in paper V, the topological information obtained from the green 
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fluorescent protein (GFP) assays, complements the results from the alkaline 
phosphatase  (PhoA) assays. 
 
The classic example of a reporter protein is PhoA, which has been widely used for 
identifying periplasmic loops of membrane proteins expressed in Escherichia coli 
(Manoil et al., 1990). PhoA has to form two disulfide bonds in order to become 
active and these two bonds can only be formed in the oxidizing environment of 
the periplasm (Derman and Beckwith, 1991). When a particular substrate is added 
to a bacterial culture expressing the fusion construct, a chromogenic product is 
formed if the PhoA domain is in the periplasm, and the PhoA activity can be 
quantified spectrophotometrically (Manoil, 1991; Manoil and Beckwith, 1986). 
When PhoA is located in the cytoplasm it is unfolded and therefore inactive. 
PhoA is highly resistant to proteases when located in the periplasm, but not when 
located in the cytoplasm (Roberts and Chlebowski, 1984). This feature can be used 
to further confirm the topology.  
 
Another widely used periplasmic reporter protein is β-lactamase (Broome-Smith 
and Spratt, 1986; Broome-Smith et al., 1990; Prinz and Beckwith, 1994; Tadayyon 
et al., 1992). This bacterial enzyme hydrolyses and inactivates β-lactam antibiotics 
such as ampicillin. β-lactamase has a high enzymatic activity when in the 
periplasm. Growth of bacterial colonies on an agar plate containing ampicillin is 
thus indicative of a periplasmic location of the reporter protein.  
β-galactosidase (LacZ) (Froshauer et al., 1988) is another example of a bacterial 
enzyme that can be used as a reporter. These fusions are only active when the 
LacZ moiety is present in the cytoplasm (Froshauer et al., 1988). 
 
GFP is a thoroughly tested cytoplasmic reporter that can be fused to the C-
terminal end of the protein of interest (Drew et al., 2002; Rapp et al., 2004). GFP 
forms a chromophore when correctly folded but can only fold in a proper manner 
when on the cytoplasmic side of the inner membrane in Escherichia coli (Feilmeier 
et al., 2000). Thus, if GFP fluorescence emission can be detected, a cytoplasmic 
location of the reporter is indicated. When targeted to the periplasm by a Sec-type 
signal peptide (Drew et al., 2002), GFP does not fold properly and does not 
fluoresce (Drew et al., 2001; Feilmeier et al., 2000).  
 
Mapping of loop regions 
Mapping of loop regions in a membrane protein can be achieved by introducing 
consensus sequences for protein kinase A (PKA) (Goder et al., 2000). This 
cytosolic enzyme only phosphorylates extramembraneous protein domains 
localized in the cytoplasm, which contain the consensus sequences. By 
introducing N-glycosylation sites in membrane proteins, useful topological 
information can be obtained. This will be described in more detail under 
Comments of methodology. 
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Computerized topology determination  
An alternative way to gain an idea of a protein’s topology is to use computer 
programs that predict the topology by analyzing the amino acid sequence of the 
membrane protein (Claros and von Heijne, 1994; Tusnady and Simon, 1998).  
 
All α-helical membrane proteins have some general features like (i) the presence 
of 20-30 amino acids long TM α-helices with a high overall hydrophobicity and 
(ii) “the positive-inside rule”(von Heijne, 1986; von Heijne, 1992). These features 
are taken into consideration when designing the prediction algorithm and 
common to almost all prediction methods is that they incorporate both 
hydrophobicity analysis and the positive-inside rule (von Heijne, 1992). The 
topology of α-helical membrane proteins can be predicted with relatively high 
accuracy from the amino acid sequence alone.  It is more difficult to predict the 
topology of β-barrel membrane proteins since the membrane spanning β-strands 
are short and thus hard to detect in the sequence (von Heijne, 1994; von Heijne, 
1996). 
 
There are several different algorithms available for membrane protein topology 
predictions. Five of the most widely used topology prediction methods are: 
TMHMM (Krogh et al., 2001; Sonnhammer et al., 1998), HMMTOP (Tusnady and 
Simon, 1998; Tusnady and Simon, 2001), MEMSAT (Jones et al., 1994), TOPPRED 
(Claros and von Heijne, 1994; von Heijne, 1992) and PHD (Rost et al., 1996). All of 
these methods are designed to identify potential TM α-helices and to predict the 
overall in-out topology of the extramembraneous parts of the membrane protein. 
TMHMM and HMMTOP both use a Hidden Markov model formalism to 
describe the architecture of an integral membrane protein. These approaches 
generally result in 65-70% correct predictions and are the best-performing 
methods to date (Ikeda et al., 2001; Möller et al., 2001). MEMSAT uses dynamic 
programming to optimally thread a polypeptide chain through a set of topology 
models. PHD is based on a neural network predictor. TOPPRED identifies 
“certain” and “putative” TM α-helices from a standard hydrophobicity plot and 
then the most likely topology is suggested based on the positive inside rule (von 
Heijne, 1986). There are numerous hydrophobicity scales available which can be 
used for topology prediction (Chen et al., 2002; Cornette et al., 1987). 
 
None of the topology prediction methods are perfect. For example, when a TM 
helix in the analyzed protein contains charged residues, these domains are 
sometimes identified as soluble loop regions. Another potential inaccuracy is 
when two closely spaced TM helices, connected by a short loop, sometimes are 
predicted to be one TM helix. By incorporating experimental topology 
information into the prediction algorithms, the predictions are significantly 
improved (Melén et al., 2003). A combination of several different topology 
prediction algorithms can be used in parallel and when several of those agree on 
the prediction, highly reliable topology models can be produced. Experimental 
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efforts can be focused on the less reliably predicted parts of the membrane 
protein to further substantiate the topology model. Recently it has been shown 
that topology prediction can be improved considerably, by constraining the 
topology prediction algorithm with an experimentally determined reference point 
(Daley et al., 2005). New topology prediction methods are produced at a steady 
rate. However, the overall performance of these methods appears to improve 
only slowly (Chen et al., 2002; Chen and Rost, 2002). 
 
In addition to topology prediction, there are two other aspects concerning 
membrane proteins that prediction methods can be applied on:  (i) distinguishing 
membrane proteins from soluble proteins, (ii) modelling of 3D membrane 
proteins structure. 
 
Topogenic determinants 
Membrane proteins can adopt a variety of TM orientations and several factors are 
involved in determining the topology. Some of these are quite well characterized, 
but still many details of how topology is controlled remain to be elucidated. 
 
Topogenic signals 
It is well known that integral membrane proteins contain special sequences, so-
called signal sequences or that target them to the ER membrane, where they are 
cotranslationally integrated (Walter and Johnson, 1994). In addition to their 
targeting function, these signals also play a role in membrane protein topogenesis 
and can contribute to the final structure and function of a membrane protein. 
There are four different, generally accepted kinds of signal sequences. These 
include signal peptides (SP), signal-anchor (SA) sequences, reverse signal-anchor 
(rSA) sequences and stop-transfer (ST) sequences (von Heijne, 1996 ; von Heijne 
and Gavel, 1988). 
 
The separate signal sequences all consist of three distinct regions: an NH2-
terminal hydrophilic domain (N-domain), a central hydrophobic region (H-
region) and a COOH-terminal polar region (C-domain). The ER targeting 
function of the signal sequences is primarily determined by the H-region and the 
orientation in the membrane is affected by the flanking regions (Nilsson and von 
Heijne, 1993). The topology that a membrane protein finally adopts is partially 
dependent on whether its signal sequence is cleaved off or retained as a TM 
anchor during membrane protein biosynthesis. 
 
Single-spanning membrane proteins 
Single-spanning membrane proteins containing these signal sequences, can be 
classified according to their orientation in the membrane (Figure 2) (von Heijne, 
1996). Type I membrane proteins are oriented in the membrane with an 
exoplasmic N-terminus, while the C-terminus is in the cytosol. Type I membrane 
proteins are targeted to the ER membrane by a cleavable N-terminal signal 
peptide (a hydrophobic stretch of 7-15 mainly apolar residues) (Blobel, 1983; von 
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Heijne, 1990) and are anchored in the membrane by a subsequent ST-sequence. 
This ST-sequence is a TM spanning domain composed of around 20 hydrophobic 
residues that halt a continued translocation of the polypeptide chain. The signal 
peptide is cleaved off by signal peptidase on the lumenal side of the membrane. 
Membrane proteins of type II have a cytoplasmic N-terminus and an exoplasmic 
C-terminus. A signal-anchor sequence composed of 18-25 mainly apolar residues 
anchors the protein in the membrane and induces the translocation of the C-
terminal end across the membrane. Type III membrane proteins are inserted into 
the lipid bilayer with an exoplasmic N- and a cytoplasmic C-terminus. This type 
of membrane proteins are anchored in the membrane by a rSA-sequence that 
induces translocation of the N-terminal end across the membrane. All these three 
types of membrane proteins are targeted to the ER membrane in an signal 
recognition particle (SRP) dependent way and are cotranslationally inserted into 
the membrane by the Sec61 translocon (High and Dobberstein, 1991). Membrane 
proteins of type IV are anchored to the membrane by a C-terminal hydrophobic 
sequence and have their N-terminus in the cytoplasm while the C-terminus is 
exoplasmic. These proteins are posttranslationally inserted into the membrane, 
using an ATP-requiring mechanism that is SRP- and Sec61-independent (Kutay et 
al., 1995; Kutay et al., 1993; Whitley et al., 1996). 
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Figure 2. Classification of single spanning membrane proteins (adapted from Goder et al, 2001) 
 
Charged residues 
The distribution of charged residues in the sequence flanking a given TM domain 
is a major factor influencing its orientation in the lipid bilayer (High and 
Dobberstein, 1992). Positively charged amino acid residues are particularly 
important. Statistical studies of integral membrane proteins in bacteria have 
shown that positively charged amino acids are enriched in loop regions on the 
cytoplasmic side of the membrane (von Heijne, 1986; von Heijne, 1989). This is 
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known as the “positive-inside rule” i.e., parts of the protein rich in lysine and/or 
arginine tend to remain non-translocated. Through further statistical studies and 
experiments, it has been established that the number and location of positively 
charged residues are crucial for membrane protein topology (Andersson et al., 
1992; Boyd and Beckwith, 1989; Gafvelin and von Heijne, 1994; Nilsson and von 
Heijne, 1990; von Heijne, 1994) and that the “positive inside rule” is a general 
feature among helix-bundle proteins in a wide range of organisms and organelles, 
in all three kingdoms of life (Nilsson et al., 2005; Wallin and von Heijne, 1998) 
 
It has been shown that negatively charged residues are much less potent than 
positively charged ones, and only significantly affect the topology if present in 
high numbers (Nilsson and von Heijne, 1990). The importance of negatively 
charged residues has been underscored though, as it was observed that they play 
an active role in the membrane insertion of the small Pf3 coat protein from 
Pseudomonas aeruginosa (Kiefer et al., 1997).  
 
The membrane protein topology can also be influenced by the length and 
hydrophobicity of a membrane-spanning domain (Wahlberg and Spiess, 1997). It 
has further been shown that the folding state of the N-terminal domain (Denzer et 
al., 1995) as well as glycosylation can contribute to the final topology. 
 
Multi-spanning membrane proteins 
Multi-spanning membrane proteins can be classified in a similar way as single-
spanning proteins, based on their orientation in the membrane. The first 
hydrophobic segment in multi-spanning membrane proteins acts as one of the 
four kinds of signal sequences mentioned earlier (SP, SA sequence, rSA sequence 
or ST sequence) and targets the nascent polypeptide chain to the ER membrane 
where it initiates translocation and insertion. In some cases, the orientation of the 
first TM domain dictates the orientation of the subsequent TM domains, thus 
defining the overall topology of the protein. However, in most cases the final 
topology result from cooperation or competition between several topogenic 
determinants that are distributed throughout the polypeptide sequence (Gafvelin 
et al., 1997; McGovern and Beckwith, 1991; Sato et al., 1998; Sato and Mueckler, 
1999). 
 
The impact from two topologically competing or cooperating hydrophobic 
sequences on the final topology, depends on the length of the connecting loop 
region (or spacer sequence) between the two TM helices. (Goder et al., 1999; 
Goder and Spiess, 2001). TM domains connected by a short loop cannot orient 
themselves independently of each other and are thus inserted into the membrane 
as one compact unit, a helical hairpin, but with increasing spacer sequence length 
the cooperativity or competition decreases (Goder and Spiess, 2001). 
 
It has been proposed that the TM domains in a polytopic membrane protein are 
kept together in the translocon and released into the membrane en bloc (Borel and 
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Simon, 1996). However, this is contradictory to cross-linking studies showing that 
individual TM domains can be cross-linked to lipids as soon as they reach the 
translocon, which indicates that the TM helices exit into the membrane one-by-
one (Heinrich et al., 2000; Martoglio et al., 1995; Mothes et al., 1997; Sadlish et al., 
2005). 
 
Biosynthesis and targeting to the ER membrane 
   
In eukaryotic cells most of the membrane proteins are synthesized by ER-bound 
ribosomes and are then inserted into and folded in the ER membrane, from which 
they are subsequently transported to the plasma membrane or other organelles 
within the secretory pathway.   
 
There are two different pathways, by which membrane proteins are targeted to 
and inserted into the ER membrane. These include, (i) the co-translational 
pathway which is predominant in mammalian cells and (ii) the posttranslational 
pathway (Johnson and van Waes, 1999; Lecomte et al., 2003; Meacock et al., 2000; 
Walter and Johnson, 1994). As mentioned earlier, the N-terminal part of newly 
synthesized membrane proteins destined for the ER contains an ER targeting 
signal. This signal ensures that the protein is directed to the ER membrane. In the 
cotranslational pathway, the signal sequence is recognized by and bound to a 
hydrophobic methionine-rich domain of the cytosolic  SRP as soon as it emerges 
from the ribosome (Keenan et al., 1998; Zopf et al., 1990). This event causes a 
pause in protein synthesis and translation is halted until the nascent chain–
ribosome–SRP complex binds to the SRP-receptor on the rough ER (Keenan et al., 
2001). Both the SRP and the SRP receptor are GTPases that regulate the targeting 
events by binding to and mediate the hydrolysis of GTP (Keenan et al., 2001). The 
targeting complex then disassembles and the SRP and the SRP receptor are 
released and become available for further targeting cycles (Pool et al., 2002). 
Following this, the ribosome docks onto the translocon and the SP is transferred 
to the recognition site in the Sec61α subunit of the translocon (Mothes et al., 1998; 
Mothes et al., 1994). Here it is oriented due to topogenic determinants and 
integrated into the ER membrane (Do et al., 1996; McCormick et al., 2003; Mothes 
et al., 1998) (Schatz and Dobberstein, 1996). The structure of the ribosome-
translocon complex shows that the exit site of the ribosomal tunnel is aligned 
with the aqueous pore of the translocon (Beckmann et al., 2001). The ribosome 
and lumenal chaperones provide the driving force for translocation as the 
translocon channel itself is a passive conduit for polypeptides (Matlack et al., 
1998). 
 
Several reports indicate that nascent polypeptide chains fold to various extent 
while in the ribosomal tunnel (Hardesty and Kramer, 2001) and that TM domains 
may be recognized already inside the ribosome. FRET analysis in combination 
with cross-linking of a nascent membrane protein support this idea, indicating 
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that folding of TMs is induced in the ribosome (Woolhead et al., 2004). It has been 
shown that the nascent chains interact with the ribosomal interior and thus 
induce conformational changes in the highly dynamic ribosome (Frank and 
Agrawal, 2000; Gao et al., 2003). These conformational changes may be 
transferred to the translocon, which in turn influence the topogenesis of the 
membrane protein (Tenson and Ehrenberg, 2002). This notion is supported by a 
fluorescence quenching study, which shows that a TM inside the ribosome 
induces conformational changes in the translocon (Liao et al., 1997). 
 
The protein-conducting translocon 
 
The translocon is a membrane-embedded protein-conducting channel, found in 
the ER membrane of eukaryotes and in the plasma membrane of prokaryotes. 
Translocons are conserved and built from the same basic components in both the 
inner membrane of Escherichia coli and in the ER membrane (Rapoport et al., 
1996). The translocon works in concert with the ribosome and is responsible both 
for the integration of membrane proteins and for the translocation of secretory 
proteins  (Figure 3) (Laird and High, 1997; Johnson and van Waes, 1999;Rapoport 
et al., 2004 ;Matlack et al., 1998; von Heijne, 1997).  

 
 

Figure 3. Schematic representation of a ribosome-translocon complex. Soluble proteins pass through 
the translocon channel whereas TM segments of membrane proteins exit laterally into the membrane. 
 
The structural core of the Sec61 translocon in the eukaryotic ER membrane, which 
is homologous to the prokaryotic SecY translocon, is built from three different 
integral membrane proteins. These include Sec61α, Sec61β and Sec61γ, where 
Sec61α is the largest subunit and is thought to form the central aqueous pore 
through which the nascent polypeptide chain is translocated (Crowley et al., 1994; 
Gorlich and Rapoport, 1993; Johnson and van Waes, 1999; Rapoport et al., 1996; 
Van den Berg et al., 2004). Sec61α is also one of the first translocon components to 
interact with the polypeptide chain as it emerges from the ribosome (High et al., 
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1993; McCormick et al., 2003; Mothes et al., 1994; Sadlish et al., 2005; Thrift et al., 
1991).  
 
The Sec 61 complex functions in association with a variety of other membrane 
proteins with specialized functions, such as oligosaccharyl transferase (OST), the 
signal peptidase complex (SPase), the translocon-associated protein complex 
(TRAP) and the translocating chain associated membrane protein (TRAM). OST 
has its active site on the luminal side of the ER membrane where it transfers 
oligosaccharides to acceptor sites for N-linked glycosylation (Asn-X-Thr) on 
growing nascent polypeptide chains. The SPase removes signal peptides from 
secretory proteins (Dalbey et al., 1997). TRAP is a tetrameric membrane protein 
complex of unknown function (Fons et al., 2003) and TRAM is thought to function 
as a chaperone during membrane protein integration as well as during early 
stages of secretory protein synthesis.  
 
The whole assembly has an outer diameter of about 100Å and the translocation 
pore has a diameter of about 20Å, as shown by cryo-EM image reconstructions 
(Beckmann et al., 1997; Menetret et al., 2000; Meyer et al., 1999). However, earlier 
studies suggested it to be wider (Hamman et al., 1997). Electrophysiology and 
fluorescence lifetime measurements have shown that the translocation pore has a 
hydrophilic interior (Crowley et al., 1994; Simon and Blobel, 1991).  
 
Whether the translocon channel forms at the interface between multiple copies of 
the heterotrimeric complex or is intrinsic to a monomeric Sec61 complex, as 
suggested by the recently solved X-ray structure of the archaeal SecY translocon 
from Methanococcus jannaschii (Van den Berg et al., 2004), is a controversial issue. 
It has been proposed that the channel is formed at the interface between three to 
four copies of the Sec61/SecY complex, based on EM of the yeast and mammalian 
translocons (Beckmann et al., 1997; Beckmann et al., 2001; Hamman et al., 1997; 
Hanein et al., 1996; Manting et al., 2000; Menetret et al., 2000).  Model building 
from cryo-EM images suggests that the translocon assembly consists of four 
copies of heterotrimeric Sec61 and two copies of TRAP. This study also provides 
evidence for passage of the elongating chain through a single SecY heterotrimer 
(Menetret et al., 2005). This is also seen in the X-ray structure of SecY (Van den 
Berg et al., 2004), which suggests that a translocation pore is formed by a single 
monomer of the SecY complex, rather than at the interface of multiple SecY 
molecules. Recent crosslinking studies also support this model (Cannon et al., 
2005).  
 
The structure shows that the translocon is organized in two halves where the first 
half, containing TM helices 1-5, is antiparallell to the second one, containing TM 
helices 6-10. The lateral gate of the translocon where hydrophobic sequences can 
exit into the lipid bilayer, is found between helices 2/3 and 7/8. In the absence of 
a translocating substrate, the central pore of this complex is surprisingly small 
with a diameter of 3Å and is plugged by a short helix (Van den Berg et al., 2004). 
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When actively translocating, the plug would move away and the structure would 
alter so as to allow the vectorial transfer of polypeptide chains. In the structure, a 
ring of hydrophobic Ile residues is seen, which is thought to bind to hydrophobic 
segments in the polypeptide. This ring is also thought to provide a flexible seal 
around the translocating polypeptide preventing ion leakage through the 
membrane (Dobberstein and Sinning, 2004; Van den Berg et al., 2004). A recent 
study supports earlier indications that the ER membrane is nevertheless rather 
leaky to small molecules and suggests that this may be of functional significance 
for protein folding in the lumen of the ER (Le Gall et al., 2004). 
 
Translocation 
While the translocon provides a lateral exit to the lipid bilayer and rapidly orients 
and integrates the TM domains emerging from the ribosome one after the other, it 
simultaneously orients hydrophilic luminal and cytosolic domains of the 
membrane protein. At the same time it maintains the permeability barrier of the 
ER membrane, preventing ions and small molecules from freely crossing the 
membrane (Gilbert et al., 2004). To date little is known regarding how the 
translocon syncronizes this process. It is nevertheless clear that as the elongating 
polypeptide chain passes through the channel, the translocon interprets the code 
within the amino acid sequence of the nascent chain and decides whether protein 
segments should be translocated through the membrane or be selected for 
insertion. The basic features of this “sorting code” have recently been determined 
showing that membrane insertion depends strongly on the position of polar 
residues within TM segments. This study also implies that direct protein-lipid 
interactions are critical during translocon-mediated membrane insertion (Hessa et 
al., 2005). 
 
Translocon-mediated membrane insertion  
In several studies the environment of the polypeptide as it is integrated into the 
ER membrane has been analysed in vitro showing that every TM in a polypeptide 
chain is associated with the Sec61 complex during their transition into the lipid 
bilayer (Heinrich and Rapoport, 2003; Laird and High, 1997; Meacock et al., 2002; 
Mothes et al., 1997). The TRAM protein is also contacted by some TM domains in 
polytopic membrane proteins (Meacock et al., 2002). 
 
The integration process for polytopic membrane proteins can be described by two 
theoretical models: (i) the “en masse” model and (ii) the “sequential” model 
(High and Laird, 1997; Lecomte et al., 2003). In the “en masse” model, all the TM 
domains of the nascent polypeptide chain are proposed to accumulate within the 
ER translocon, before they are released together into the lipid bilayer. It has been 
shown in one study that a polytopic protein containing 5 TM helices behaves as 
though all the TM helices were in an aqueous pore (Borel and Simon, 1996). 
However, this model is contradictory to the X-ray structure of SecY which 
indicates that the pore may be too small to accommodate substantial numbers of 
TM domains inside it (Van den Berg et al., 2004). 
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Other studies support the “sequential” model (High and Laird, 1997; Lecomte et 
al., 2003), where each of the TM domains exit the Sec61 translocon individually 
during the biosynthesis of the membrane protein. In a recent study, where the 
integration process for the aquaporin-4 water channel (6TMs) was examined by 
photo-cross-linking, it was shown that the individual TM helices in this polytopic 
membrane protein are delivered from the Sec61 translocon into the lipid bilayer 
in succession, where TM2 follows TM1 and so on (Sadlish et al., 2005). A recent 
study of a membrane protein containing seven-TM helices has shown that the 
first and second TM domains leave the translocon before the synthesis of the 
protein is completed (Meacock et al., 2002). Newly synthezised TM domains may 
not exit the translocon in the order of their synthesis. Yet another possibility 
concerning integration of polytopic membrane proteins is that a single 
polypeptide chain may have different TM domains accommodated by distinct 
copies of the Sec61 complex during integration into the ER membrane 
(Dobberstein and Sinning, 2004). In some cases the integration of downstream TM 
domains in polytopic membrane proteins can be SRP-dependent, when for 
example a long cytosolic domain preceeds a TM helix (Kuroiwa et al., 1996). 
However, this is not the case for all polytopic membrane proteins (Wessels and 
Spiess, 1988). It can be concluded that too few examples of the synthesis and 
membrane integration processes of polytopic membrane proteins have been 
studied so far to allow general principles to be formulated.  
 
Folding of extramembraneous domains 
 
It is still not known precisely where the soluble loops flanking TM domains are 
located during synthesis, nor how their presence affects the gating of the pore. It 
has been suggested that cytosolic loops could protrude out of gaps at the 
cytosolic junction between the ribosome and the Sec61 complex (Beckmann et al., 
2001). A similar scenario may occur on the luminal side of the ER membrane. The 
intracellular and extracellular hydrophilic regions of polytopic membrane 
proteins often have important biological functions and it is important that they 
are correctly folded and assembled. This is achieved by interactions with 
chaperones in the ER lumen and in the cytosol that assist the folding. Examples of 
lumenal chaperones are BiP and calnexin, which have been shown to be 
transiently associated with polytopic membrane proteins after their synthesis 
(Kopito, 1999; Swanton et al., 2003). Cytosolic chaperones Hsc70 and Hsp90 are 
involved in the folding of CFTR (Chapple and Cheetham, 2003; Kopito, 1999; Loo 
et al., 1998; Meacham et al., 1999; Swanton et al., 2003). It has been suggested that 
specific chaperones may act to facilitate the integration of TM domains as they 
exit the ER translocon (Meacock et al., 2002) and assist the folding and assembly 
of the membrane spanning part of membrane proteins. However, to date only 
calnexin has been implicated in this process. It associates with a misfolded 
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domain of a polytopic membrane protein preventing its degradation (Swanton et 
al., 2003). 
 
Helix-helix packing in the membrane 
 
After being integrated into the membrane the TM helices of a polytopic 
membrane protein associate with each other. Several factors are thought to be 
responsible for the association of helices in membrane proteins. These include 
surface complementarity, the presence of polar residues in the TM region (Choma 
et al., 2000; Johnson et al., 2004; Zhou et al., 2001) and certain specific motifs such 
as the well-known GXXXG pattern (MacKenzie et al., 1997; Senes et al., 2001). It is 
likely that several of these factors act in concert to determine the final folded 
structure, as well as the association of monomers to form an oligomer. In addition 
to helix-helix interactions, interactions between the polypeptide chain with itself, 
water, the bilayer and in some cases cofactors also play a role in the organization 
and assembly of TM helices.  
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Comments on Methodology 
 
Model system used for the study of helical hairpin formation 
 
Model protein –Leader peptidase 
For the study of helical hairpin formation in the ER membrane, we have used the 
well-characterized protein leader peptidase (Lep) as a model membrane protein. 
Lep is a 323 amino acid protease found in the inner membrane of Escherichia coli, 
where it serves to remove signal peptides from secretory proteins. It contains two 
TM helices (H1 and H2), a small polar domain (P1) and a large C-terminal 
domain (P2) (Figure 4). The X-ray crystal structure of a catalytically active soluble 
fragment of Lep has been determined at 1.9Å resolution (Paetzel et al., 1998). 
 
When expressed in vitro in the presence of dog pancreas microsomes, Lep has 
been shown to insert into the microsomal membrane with the P1 loop facing the 
cytoplasm and the N-terminus as well as the P2 domain in the extra-cytoplasmic 
space, i.e. it adopts the same topology as in the Escherichia coli inner membrane 
(Wolfe et al., 1983). The H1 segment is needed for the correct membrane insertion 
and H2 is an internal uncleaved signal sequence, which is needed for 
translocation of the C-terminal domain. The P2 domain contains the catalytic site. 
To study helical hairpin formation, a unique acceptor site for N-linked 
glycosylation (Asn-Ser-Thr) has been introduced in the P2 domain, 20 residues 
downstream of H2 (Nilsson and von Heijne, 1993).  
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Figure 4. Model protein used to study helical hairpin formation. The H2 domain of Lep has been 
replaced by an artificial poly-Leu segment. Depending on the lumenal (no helical hairpin formed) or 
cytoplasmic (helical hairpin formed) localization of the P2 domain, the glycosylation acceptor site will 
either be modified (Y) or not (  ). 
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Manipulation of the model protein 
In order to simplify our analysis of helical hairpin formation, the H2 domain of 
Lep was replaced by a specifically designed poly-Leu (39L+V) TM segments, that 
is long enough to form either a single TM helix or a helical hairpin (Monné et al., 
1999b). Site-directed mutagenesis was then used to introduce mutations in the 
model protein.  
 
All the mutants were expressed in vitro in presence of dog pancreas microsomes 
and the proteins were analyzed by SDS-PAGE. The gels were scanned and 
quantified on a phosphoimager (Fuji BAS 1000). Following this, the glycosylation 
efficiency of all mutants were calculated. 
 
For the studies in paper II and III, we introduced an extra TM segment (H3) into 
the P2 domain of Lep. This H3 segment is composed of 40 Leu´s. Two 
glycosylation acceptor sites were introduced in position 96 and 258. If H3 spans 
the membrane once, only one acceptor site will be modified, whereas if H3 forms 
a helical hairpin with a cytoplasmic turn, both sites will be exposed to the 
lumenal side of the membrane and hence glycosylated. Singly and doubly 
glycosylated proteins are easily distinguished by SDS-PAGE. 
 
In paper III, the H2 TM domain of Lep was replaced by three different artificial 
segments, one at a time, each compriing a stretch of hydrophobic amino acids, 
containing 39LV W22 (39 Leu, 1 Val and Trp in position 22), 39LV and 30LV P18, 
respectively (31 residues is close to the minimum length required for helical 
hairpin formation).  
 
Glycosylation mapping 
Segments of eukaryotic membrane proteins that are translocated across the ER 
membrane can become modified by N-linked glycosylation on Asn-X-Thr/Ser 
acceptor sites (where X is any amino acid except proline.) Almost as soon as the 
polypeptide chain enters the ER lumen, it is glycosylated on the target Asn. The 
oligosaccharide is transferred onto the nascent chain in a reaction catalysed by the 
enzyme OST. There is one copy of this enzyme associated with each translocon in 
the ER membrane and it has its catalytic site located in the lumen of the ER  
(Palade, 1975). The active site of OST is placed at a fixed distance of about 30-40 Å 
from the lipid bilayer and is oriented roughly parallel to the membrane surface 
(von Heijne, 1996). By introducing glycosylation acceptor sites in the protein of 
interest, this defined position of the OST active site makes it possible to study 
how proteins integrate into and translocate across the ER membrane. By in vitro 
transcription and translation of Lep, in the presence of dog pancreas microsomes 
(Liljeström and Garoff, 1991), lumenally oriented domains will be glycosylated 
whereas cytoplasmically oriented domains will not be modified. An advantage of 
this method is that the microsomal in vitro system closely mimics the conditions 
of in vivo membrane protein assembly into the ER membrane. The presence of the 
N-linked oligosaccharide can easily be detected, as glycosylated substrate 
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molecules have a lower migration rate than non-glycosylated molecules when 
separated by SDS-PAGE. 
 
The glycosylation mapping approach is a simple experimental system for the 
analysis of turn formation in TM helices embedded in the ER membrane (Nilsson 
et al., 1998). This technique has allowed us to perform detailed studies of the 
factors that determine how helical hairpins are formed.  
 
Alkaline extraction 
To show that our poly-Leu based helical hairpins are properly assembled in the 
ER membrane and to rule out that low levels of glycosylation are caused by a 
failure in membrane integration rather than helical hairpin formation, we have 
used sodium carbonate extraction on some of our constructs as previously 
described (Hunt et al., 1997). This was done by expressing a truncated form of 
several constructs forming helical hairpins, leaving H2 as the only potential 
membrane-spanning segment. As expected, the proteins were not glycosylated 
and were associated with the membrane pellet after alkaline extraction of the 
microsomes.  
 
Alkaline phosphatase as a topology reporter protein  
 
In paper V we have used a combination of two topology reporter fusion methods, 
where the protein under study is fused to a reporter protein, PhoA or GFP 
(described below). PhoA is a commonly used reporter protein for identifying 
extracellular loops of membrane proteins expressed in Escherichia coli.  PhoA is 
only enzymatically active on the periplasmic side of the inner membrane. In order 
to be active, the protein has to form two disulfide bonds (Akiyama and Ito, 1993; 
Derman and Beckwith, 1991). These two bonds can only be formed in the 
oxidizing environment of the periplasm. When a substrate analogue is added to a 
bacterial culture expressing the fusion construct, a chromogenic product is 
formed only when the PhoA domain is in the periplasm. Its activity can be 
quantified spectrophotometrically (Manoil, 1991; Manoil and Beckwith, 1986). 
 
Green flourescent protein as a topology reporter protein 
 
GFP is another example of a thoroughly tested topology reporter protein that can 
be fused to the C-terminal part of the protein of interest. GFP forms a 
chromophore when correctly folded but the protein can only fold in a proper 
manner when on the cytoplasmic side of the inner membrane in Escherichia coli. A 
correct folding is needed in order for GFP to fluoresce. When targeted to the 
periplasm by a Sec-type signal peptid (Feilmeier et al., 2000), GFP does not fold 
properly and remains non-fluorescent.  
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Results and Discussion 
 
 
Formation of helical hairpins during membrane protein 
integration into the ER membrane  
 
The major aim of this thesis has been to better define the topological determinants 
underlying the formation of helical hairpins in membranes. Helical hairpins are 
basic folding units in membrane proteins during membrane protein assembly in 
the ER membrane. 
 
The helical hairpin is a structural unit in multi-spanning integral membrane 
proteins. It is composed of two closely spaced hydrophobic TM α-helices 
connected by a short turn (Engelman and Steitz, 1981). The helical hairpin is 
formed during translocon assisted membrane protein integration and is thought 
to be inserted into the membrane as one compact unit. It is becoming increasingly 
clear that the helical hairpin is a very common structural element in membrane 
proteins and a detailed understanding of its properties is of central importance.  
 

Formation of helical hairpins with a lumenal turn, induced by 
turn promoting residues (paper I) 

The formation of tight turns in globular proteins has been studied for decades 
both experimentally and by statistical analysis of known structures. As a result of 
this research, reliable turn propensity scales have been established. However, 
before we started this project nothing was really known about the residue 
characteristics responsible for the formation of tight turns between trans-
membrane α-helices in integral membrane proteins.  
 
Previous studies demonstrated that, when a single Pro residue is introduced near 
the middle of a 40 residues long poly(Leu) TM helix, a turn is induced and the 
polyLeu stretch is efficiently converted from a long, single TM helix into a helical 
hairpin (Nilsson et al., 1998). Because of these findings, in paper I we extended 
the study by measuring the ability of all the 20 naturally occurring amino acids to 
induce the formation of a tight turn and consequently a helical hairpin, when 
placed in the middle of a 40 amino acids long hydrophobic TM helix. We used a 
glycosylation mapping approach that can distinguish between one long TM helix 
and a helical hairpin (see previous section). This study revealed that the amino 
acid residues have either a high or a low turn propensity and a turn propensity 
scale for TM helices was derived. The amino acid residues with high turn 
propensity are the charged (Arg, Lys, His, Glu and Asp) and the highly polar 
residues (Asn and Gln) together with the classical helix breakers, Pro and Gly. 
This means that these residues efficiently promote formation of helical hairpins 
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with a tight lumenal turn, when placed in the middle of a hydrophobic TM helix. 
The hydrophobic amino acid residues (Leu, Phe, Ala, Met, Val and Ile), together 
with the weakly polar amino acids (Ser, Thr, Tyr and Cys), have no or low turn 
propensity and do not promote helical hairpin formation.  
 
In summary, most of the results from paper I can be explained by hydrophobicity, 
i.e. all hydrophobic residues prefer the membrane environment over the 
membrane-water interface region and have low turn propensities. Conversely, 
the charged and highly polar residues induce turn formation in order to avoid the 
membrane interior. From our results we can conclude that turn propensities in 
TM helices are markedly different from those of globular proteins, and in most 
cases correlate closely with the hydrophobicity of the residue (Monné et al., 
1999a). 
 
Following this, research in our laboratory was designed to derive a more fine-
grained turn-propensity scale. This was based on (i) measurements of the turn-
inducing potential of single residues placed in the middle of a 31 residue 
poly(Leu) segment and (ii) measurements of the turn-inducing potential of pairs 
of residues placed in the middle of a 40 residue poly(Leu) segment (Monné et al., 
1999b). This study showed that if the hydrophobic segment is long enough and 
contains a turn-inducing residue in the middle, it forms a helical hairpin. The 
shortest TM segment that can form a helical hairpin is around 30 residues long 
(Monné et al., 1999b). 
 
Formation of helical hairpins with a cytoplasmic turn, 
induced by turn promoting residues (paper II) 
 
In previous studies, the turn of the helical hairpin was always placed on the 
lumenal side of the ER membrane. To expand these studies, in paper II we 
performed similar measurements of turn propensities, but in this study the turn 
of the helical hairpin has a cytoplasmic location. 
 
To study formation of helical hairpins with a cytoplasmic turn, we introduced 
one or a pair of each of the 20 naturally occurring amino acids in the middle of 
the polyLeu stretch (H3). Subsequently, their ability to induce a cytoplasmic turn 
was assessed. The result showed that a single Pro residue induces a helical 
hairpin in only 36% of the molecules and 3 Pro are needed to reach full degree of 
helical hairpin formation. This is in contrast to our previous studies of lumenal 
turns, where one Pro was sufficient to induce full helical hairpin formation. 
 
We demonstrated that none of the singly inserted residues were able to promote 
efficient formation of a helical hairpin with a cytoplasmic turn to any significant 
extent. However, charged and polar amino acids all gave some degree of helical 
hairpin formation. Pairs of polar or charged residues had a higher turn inducing 
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effect but the molecules do not reach full helical hairpin formation in most cases. 
All the hydrophobic residues plus Thr, Ser, Cys, Gly, Trp and Tyr had low or no 
turn-inducing effect even when placed in tandem. Only in constructs with 2 Lys 
or 2 Arg in the middle, a full degree of helical hairpins was formed.  
 
To summarize, from the results in paper I and paper II we can conclude that 
hydrophobic amino acids do not induce turns, charged residues are strong turn 
promoters and most polar amino acids are in-between. Among the non-charged 
residues, Pro and Asn have the highest turn propensities.  
 
This general picture holds true both for helical hairpins with turns on the 
cytoplasmic and lumenal side of the ER membrane. However, there are some 
differences. In the case of turns on the cytoplasmic side of the ER membrane, a 
higher number of turn-promoting residues are required to induce a helical 
hairpin. Arg and Lys are the strongest turn-promoters on the cytoplasmic side, 
but on the lumenal side, Pro, Asn and Arg are the strongest ones. The high 
cytoplasmic turn propensities for Arg and Lys may be related to the positive 
inside rule.  
 
The differences in the number of turn–promoting residues required to induce a 
helical hairpin with a cytoplasmic respectively a luminal turn may be an effect of 
the translocon mediated insertion event. During insertion into the ER membrane 
an internal signal-anchor sequence like H2 presumably enters the translocon in a 
loop or hairpin conformation which may facilitate the formation of a permanent 
helical hairpin in the presence of a turn-promoting residue. The H3 stop-transfer 
sequence on the other hand presumably enters the translocon in a stretched 
conformation and the effect of turn-promoting residues may be weaker. This may 
explain why a smaller number of turn-promoting residues are required when the 
turn is on the lumenal side. 
 

Helical hairpin formation promoted by flanking charged 
residues (paper III) 
 
In paper III, we shifted our attention to the possible role of the residues that flank 
the TM helices. As charged residues are known to act as powerful topological 
determinants, in both prokaryotic and eukaryotic membrane proteins, we 
considered the possibility that charged residues in the flanking region of a long 
hydrophobic TM helix may specifically affect helical hairpin formation. The 
results from paper III showed that both Lys and Asp residues, introduced in the 
C-terminally flanking region, promote the formation of helical hairpins with a 
lumenally oriented turn. A helical hairpin can thus be induced even in a 
uniformly hydrophobic segment, provided that the number of C-terminally 
flanking charged residues is sufficiently high. At the same time, N-terminally 
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flanking residues have no effect on helical hairpin formation in our model 
protein.  
 
It was further shown that C-terminally flanking Lys and Asp residues inhibit the 
formation of helical hairpins with a cytoplasmic turn. The effect of Lys was 
somewhat stronger than that of Asp, which is in accordance with the positive 
inside rule.  The effect of increasing the separation between clusters of charged 
residues (four Lys or four Asp) and the hydrophobic stretch for helical hairpins 
with lumenal and cytoplasmic turn was also studied. We found that a cluster of 
four consecutive Asp or Lys residues can affect the efficiency of helical hairpin 
formation even when placed 30 residues or more downstream of the hydrophobic 
stretch. This may suggest that when the helical hairpin forms in the translocon, 
the whole length of the nascent chain present in the ribosomal tunnel (about 40 
residues) at the time can have an impact on the process of helical hairpin 
formation.  
 
Helical hairpin formation induced by inter-helical hydrogen 
bonds (paper IV) 
 
As mentioned previously, the polypeptide chain is threaded through the 
translocon during membrane protein biosynthesis. In this process, hydrophobic 
regions of the nascent chain are recognised by the translocon and transferred 
laterally into the membrane, either one by one, or associated in pairs (Do et al., 
1996; Heinrich et al., 2000; Kanki et al., 2003; Oliver et al., 1995) or as higher–order 
multimers (Borel and Simon, 1996). Several factors are thought to be responsible 
for the association of TM helices in membrane proteins, including surface 
complementarity, the GXXXG-motif (MacKenzie et al., 1997; Senes et al., 2001) 
and the presence of polar residues in the TM region. (Choma et al., 2000; Johnson 
et al., 2004; Zhou et al., 2001). It is likely that several of these factors act in concert 
to determine the final folded structure of membrane proteins. However, before 
the membrane protein folding pathway is fully understood many details remain 
to be elucidated of how and to what extent different interactions direct the 
folding and association of TM segments.  
 
In several studies, it has been shown that inter-helical hydrogen bond formation 
between pairs of the polar residues Asn or Asp in TM α-helices can drive efficient 
oligomerization in detergent micelles, model membranes, and in the Escherichia 
coli inner membrane (Choma et al., 2000; Gratkowski et al., 2001; Howard et al., 
2002). These observations inspired us to examine whether pairs of Asn or Asp 
residues in a model TM helix also could promote the formation of helical hairpins 
during membrane protein assembly into the ER membrane.  
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For the study in paper IV, one or a pair of Asn or Asp residues were introduced 
in different positions in a poly(Leu) stretch in the H2 position of Lep. Helical 
hairpin formation was assayed using the glycosylation mapping approach. Our 
results showed that none of the single Asn-mutations induced efficient helical 
hairpin formation, while single Asp-mutations have some effect. We further 
showed that interhelical hydrogen bonds between Asn-Asn and Asp-Asp pairs 
can drive helical hairpin formation. Asn-Asn and Asp-Asp pairs increase the 
efficiency of helical hairpin formation by 1.5-2-fold over that seen for the 
corresponding single Asn or Asp residues. From our results, it is also evident that 
the effects on helical hairpin formation by Asn-Asn and Asp-Asp pairs are highly 
position specific.  
 
From the results of paper IV, we can conclude that the helical hairpin 
conformation is stabilized by hydrogen bonding. The results further imply that 
the formation of helical hairpins must take place in a non-aqueous environment 
in the Sec61 translocon, since stable inter-residue hydrogen bonding would not be 
expected in an aqueous environment. Instead residues would prefer to form 
hydrogen bonds with the surrounding water molecules. A non-aqueous 
environment in the Sec61 translocon has been implied in a previous study 
(Nilsson et al., 2003). The results further implies that the two halves of the helical 
hairpin formed in the TM segment cannot rotate freely relative to one another, as 
only residues in positions on one face of the two helices are implicated. 

Confronting fusion protein-based membrane protein 
topology mapping with reality: the Escherichia coli ClC 
chloride channel (paper V) 
 
In the most recent study of this thesis, a detailed fusion-based topology mapping 
of the Escherichia coli chloride channel YadQ was performed. This was done to 
evaluate GFP and PhoA topology mapping assays and topology prediction 
methods. 
 
The X-ray structure of YadQ was reported in 2002 (Dutzler et al., 2002). YadQ is a 
homodimer, with an ion pore in each of the monomers (Figure 5). Each monomer 
contains 14 TM helices of varying lengths of which some are highly inclined 
relative to the membrane normal. Considering the complicated structural 
arrangement of the α-helices, this protein was considered to be a challenge for 
topology mapping by reporter fusions.  
 
From the YadQ structure optimal fusion joints were chosen and a set of fusions 
were made to each loop in the structure. The reporter fusion activities were 
mapped onto the 3D structure of YadQ and on the corresponding topology map. 
We found that the reporter fusion data accurately reflects the topology of 10 of 
the 14 TM helices, but do not score two short, weakly hydrophobic helical 
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hairpins on the periphery of the protein. The fully constrained topology 
prediction method TMHMM only predicts 4 of the 7 helical hairpins correctly. We 
suggest that the reporter fusion results reflect not only the final topology of the 
protein but also pin-point parts parts of the protein that may insert into the 
membrane at a late stage in the folding process. The reporter fusion approach 
thus offer new insight into the folding pathway of YadQ. 

 
Figure 5. 3D structure of the YadQ homodimer. The two subunits are shaded in gold and white. The 
periplasmic side is up.
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Concluding Remarks  
 
We have shown that the formation of helical hairpins during membrane protein 
integration into the ER membrane can be dependent both on the overall length of 
the hydrophobic segment and on the amino acids flanking the TM segment. 
Furthermore, the identity of the central, potentially turn-forming residues is of 
importance. Thus, charged, polar, and classic helix-breaking residues are good 
turn-formers and effectively induce helical hairpin formation when placed near 
the middle of a sufficiently long hydrophobic stretch. In contrast, centrally placed 
apolar residues do not induce helical hairpin formation, but rather cause the 
hydrophobic stretch to insert as a single, long TM helix that spans the membrane 
once. 

Hydrophobic amino acids do not induce turns, charged residues are strong turn 
promoters and most polar amino acids are in-between. Among the non-charged 
residues, Pro and Asn have the highest turn propensities. This general picture 
holds both for helical hairpins with turns on the cytoplasmic and lumenal side of 
the ER membrane. However, a higher number of turn-promoting residues are 
required to induce a helical hairpin with a cytoplasmic turn. Arg and Lys are the 
strongest turn-promoters on the cytoplasmic side of the ER membrane, and on the 
lumenal side, Pro, Asn and Arg are the strongest ones. 
 
C-terminally flanking Lys and Asp residues promote the formation of helical 
hairpins with a lumenal turn, while N-terminally flanking residues have no effect 
on helical hairpin formation. In contrast, C-terminally flanking Lys and Asp 
residues inhibit the formation of helical hairpins with a cytoplasmic turn. The 
effect on helical hairpin formation of C-terminally flanking Lys and Asp residues 
decrease with the distance from the hydrophobic stretch. We have also shown 
that interhelical hydrogen bonds between Asn-Asn and Asp-Asp pairs can drive 
helical hairpin formation in a position-specific manner.    
 
Some of the topological determinants underlying the formation of helical hairpins 
during membrane protein integration into the ER membrane have been clarified 
in this thesis. These observations, together with future results, will increase our 
understanding of what determines membrane protein topology and structure. In 
addition, the information obtained may be relevant for improving current 
methods of membrane protein topology prediction.  
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Using a model protein with a 40 residue hydrophobic transmembrane
segment, we have measured the ability of all the 20 naturally occurring
amino acids to form a tight turn when placed in the middle of the hydro-
phobic segment. Turn propensities in a transmembrane helix are found
to be markedly different from those of globular proteins, and in most
cases correlate closely with the hydrophobicity of the residue. The turn
propensity scale may be used to improve current methods for membrane
protein topology prediction.
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Introduction

The formation of tight turns in globular proteins
has been studied for decades, both experimentally
and by statistical analysis of known structures, and
reliable turn propensity scales have been estab-
lished (Creighton, 1993; von Heijne, 1987). Remark-
ably, however, essentially nothing is known about
the residue characteristics responsible for the for-
mation of tight turns between transmembrane
a-helices in integral membrane proteins. This is
due in part to the paucity of high-resolution struc-
tural information for this class of proteins, but it is
nevertheless surprising that no direct means of
measuring turn propensities in membrane proteins
has been established.

We recently developed a simple experimental
system for the analysis of turn formation in trans-
membrane helices embedded in the membrane of
the endoplasmic reticulum (Nilsson & von Heijne,
1998), and could show that a single proline residue
placed near the middle of a 40 residue poly(Leu)
transmembrane helix ef®ciently converts the
poly(Leu) segment from a single, long trans-
membrane helix to a tightly spaced pair of
transmembrane helices (a ``helical hairpin''). We
have now used this system to measure the turn
propensities for all the 20 naturally occurring
amino acid residues, and present the ®rst exper-
imental propensity scale for the formation of tight
turns between transmembrane a-helices. This scale
is shown to differ in important respects from turn
propensities in globular proteins, and in general

correlates better with residue hydrophobicity than
with ``classical'' secondary structure propensities.

Results

A system for measuring turn propensities in
transmembrane helices under in vivo-
like conditions

For these studies, we have used the well-charac-
terized Escherichia coli protein Lep, which contains
two transmembrane helices (H1 and H2) and a
large C-terminal domain (P2). When expressed
in vitro in the presence of dog pancreas micro-
somes, Lep has been shown to insert into the
microsomal membrane with both the N and C ter-
mini on the luminal side (Nilsson & von Heijne,
1993), i.e. in the same orientation as it normally
inserts into the inner membrane of E. coli (Wolfe
et al., 1983). Translocation of the P2 domain to the
lumenal side is conveniently assayed by the glyco-
sylation of a unique acceptor site for N-linked gly-
cosylation (Asn-Ser-Thr) placed 20 residues
downstream of H2 (Figure 1(a)). An advantage of
this approach is that the microsomal in vitro system
closely mimics the conditions of in vivo membrane
protein assembly into the endoplasmic reticulum
membrane.

For the studies reported here, H2 was replaced
by a 40 residue poly(Leu) segment (including one
Val) ¯anked by four lysine residues on the N-term-
inal end and by a Gln-Gln-Gln-Pro stretch on the
C-terminal end. Given that typical transmembrane
helices are �20-30 residues long (Bowie, 1997), this
poly(Leu) stretch should, in principle, be able to
form either one long or two closely spaced trans-
membrane helices. Indeed, the poly(Leu) segment
has previously been shown to insert into the micro-
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somal membrane as a single transmembrane helix
with the P1 loop in the cytoplasm and the P2
domain in the microsomal lumen, and it was
observed that the introduction of a Pro residue
near the middle of the poly(Leu) stretch results in
the formation of a helical hairpin in the membrane
and localization of the P2 domain to the cyto-
plasmic side (Nilsson & von Heijne, 1998).

Using the same poly(Leu) construct, we have
now measured turn propensities for all the 20
naturally occurring amino acids by substituting
each residue (X) for Leu22 near the middle of the
poly(Leu) segment, and expressing the L22! X
constructs in vitro in the presence of dog pancreas
microsomes (Figure 1(b)). Based on the quanti®-
cation of the glycosylation ef®ciencies given in
Figure 1(c), a scale of turn propensities can be
derived from this set of data (Table 1).

To rule out that lack of glycosylation is the result
of inef®cient insertion of the poly(Leu) stretch into
the microsomal membrane rather than formation
of a helical hairpin structure, a segment encom-
passing H1 and part of the P1 domain (residues
5-46) was deleted from two poorly glycosylated
constructs (L22! R and L22! E), and membrane
insertion of the L22! R(�5-46) and L22!
E(�5-46) constructs was monitored by alkaline
extraction of the microsomes. This treatment is
known to remove peripherally bound membrane
proteins, but leaves properly inserted transmem-
brane proteins in the membrane pellet (Fujiki et al.,
1982). In addition, the P2 domain (residues 79-323)
was expressed alone to make sure that any mem-
brane association observed for the �5-46 constructs
was due only to the poly(Leu) segment. As seen in
Figure 2, the two �5-46 constructs remained with
the membrane pellet, whereas the P2 domain,

Figure 1. (a) Model protein used in this study. The
H2 transmembrane segment in Lep was replaced with
a stretch of residues of the general design
LIK4L21XL7VL10Q3P, where X is one of the 20 naturally
occurring amino acid residues. A glycosylation acceptor
site was placed 20 residues downstream of H2 (counting
from the ®rst Gln residue after the hydrophobic stretch).
Depending on the luminal or cytoplasmic localization of
the P2 domain, the glycosylation acceptor site will either
be modi®ed (Y) or not ( ). Note that the tilted confor-
mation of the model single-spanning transmembrane H2
helix has not been experimentally proven.
(b) The indicated L22! X mutants were translated
in vitro in the presence of rough microsomes and ana-
lyzed by SDS-PAGE. Black and white dots indicate the
glycosylated and non-glycosylated forms of the proteins,
respectively. (c) Quanti®cation of the gels shown in
(b). The percentage glycosylation was calculated as 100
I�/(I� � Iÿ), where I� (Iÿ) is the intensity of the glycosy-
lated (non-glycosylated) band. From duplicate exper-
iments on all the 20 constructs, the typical error in the
determination of glycosylation ef®ciency was 45 %
(bars), except for W where the error was �10 %.

Table 1. Turn propensities for amino acid residues in a
transmembrane helix

Residue Turn propensity

A 0.5
C 0.6
D 1.6
E 1.6
F 0.4
G 1.3
H 1.6
I 0.6
K 1.6
L 0.4
M 0.5
N 1.7
P 1.7
Q 1.6
R 1.7
S 0.7
T 0.4
V 0.5
W 0.7
Y 0.6

The turn propensity is de®ned as (1 ÿ fX)/m(1 ÿ fX), where fX
is the fraction of glycosylated molecules in the L22! X mutant
and m(1 ÿ fX) is the mean value of 1 ÿ fX over all 20 residues.
The typical error in the propensity values is �0.05.

142 Membrane Protein Turn Propensities



when expressed alone, was found exclusively in
the supernatant. We conclude that the degree of
glycosylation seen for the different L22! X
mutants accurately re¯ects the fraction of mol-
ecules that insert with a single transmembrane seg-
ment versus a helical hairpin, and that it can thus
be used as a basis for the turn propensity scale pre-
sented in Table 1.

Discussion

We have used a simple in vivo-like system where
the membrane topology adopted by a 40 residue
long model transmembrane segment can be used
to directly infer a turn propensity scale relevant for
transmembrane a-helices. As seen in Figure 1(c),
hydrophobic residues (L, F, A, Y, V, and I) do not
induce a turn in the poly(Leu) helix, whereas
charged or highly polar residues do. In addition,
the two classical helix breakers Pro and Gly both
induce a turn (Pro somewhat more ef®ciently than
Gly). Interestingly, despite their polar nature, Ser
and Thr do not have high turn propensities. It is
known from helices in globular proteins that Ser,
Thr, and Cys side-chains can form hydrogen bonds
to the polypeptide backbone (Gray & Matthews,
1984), which might increase their apparent hydro-
phobicity when present in a transmembrane helix,
making turn formation less favorable. Consistent
with this, Ser and Thr are rather frequently found
in transmembrane helices, in contrast to Asn and
Gln (von Heijne, 1992). Finally, Trp is known to
have the strongest preference for the lipid-water
interface of all the amino acid residues (Wimley &
White, 1996), which may explain its somewhat
higher turn propensity compared to, e.g. Phe and
Tyr. Although the data reported in Figure 1(c) and
Table 1 are largely consistent with a two-tier sys-
tem where residues have either a high or a low
turn propensity, it may be possible to provide a
better discrimination between different residues in
the transition region between high and low turn

propensity by inserting pairs of residues in the
middle of the model transmembrane segment; such
studies are in progress.

The turn propensity scale derived here deviates
signi®cantly from the turn propensities observed in
globular proteins (Figure 3, top panel). Thus, while
the charged and highly polar amino acids all have
high turn propensities in the transmembrane helix
context, this is not the case in globular proteins.
Ser, in contrast, has a rather high turn propensity
in globular proteins but not in transmembrane
helices. Pro and Gly are turn promoters in both
contexts. The correlation between the turn propen-
sity scale and the so-called interface hydrophob-
icity scale (Wimley & White, 1996) is not very
strong (Figure 3, middle panel), whereas the corre-
lation with helical propensities in n-butanol (Liu &
Deber, 1998) is somewhat better (Figure 3, bottom
panel). Good correlations are also obtained with
some statistically de®ned hydrophobicity scales
(von Heijne, 1992; results not shown).

In summary, we have measured the turn pro-
pensities for all the 20 naturally occurring amino
acids placed in the middle of a poly(Leu) segment
that is long enough to form either a single or two
closely spaced transmembrane helices. Most of our
results can be explained by hydrophobicity: all
hydrophobic residues prefer the membrane
environment over the membrane-water interface
region (Wimley & White, 1996), and have low turn
propensities. Conversely, the charged and highly
polar residues induce turn formation in order to
avoid the membrane interior. Thus, intrinsic con-
formational preferences become largely irrelevant
in the context of a transmembrane helix, as
observed previously in peptide studies of a versus
b-structure formation in water, detergent, and lipid
vesicle environments (Deber & Li, 1995; Li &
Deber, 1994). In the context of the microsomal
membrane, Pro behaves as a strongly polar resi-
due, presumably because its inclusion in a trans-
membrane helix necessitates the disruption of at

Figure 2. Alkaline extraction of
the L22! R(�5-46) (lanes 2, 5, 8),
L22! E(�5-46) (lanes 3, 6, 9),
and P2 (lanes 4, 7, 10) constructs.
Constructs were translated in vitro
in the absence (lanes 2-4) or pre-
sence (lanes 5-10) of rough micro-
somes. In lanes 5-10, microsomes
were subjected to a sodium car-
bonate wash before loading onto
the gel. p, pellet; s, supernatant.
Black and white dots indicate gly-
cosylated and non-glycosylated
forms of the proteins, respectively.
The �5-46 constructs lack H1 and
about two-thirds of the P1
domain, and the P2 construct
lacks residues 2-78, i.e. the entire
H1-P1-H2 domain. Lane 1 con-
tains molecular mass markers as
indicated.

Membrane Protein Turn Propensities 143



least one hydrogen bond. Perhaps the most sur-
prising result is that Gly has such a high turn pro-
pensity, since it neither has a polar side-chain, nor
disrupts backbone hydrogen bonds when in a

helix. Apparently, its exceptional conformation
¯exibility suf®ces to make the turn conformation
preferred over the intact transmembrane helix. A
possible mechanism for turn formation in a trans-
membrane helix during its insertion into the mem-
brane of the endoplasmic reticulum has been
suggested previously (Nilsson & von Heijne, 1998).

Finally, we anticipate that the turn propensity
scale presented here will improve our ability to
distinguish between cases of a single long and two
closely spaced transmembrane helices when pre-
dicting membrane protein topology from amino
acid sequence information.

Materials and Methods

Enzymes and chemicals

Unless otherwise stated, all enzymes were from Pro-
mega. T7 DNA polymerase, [35S]Met, ribonucleotides,
deoxyribonucleotides, dideoxyribonucleotides, and the
cap analog m7G(50)ppp(50)G were from Amersham-Phar-
macia (Uppsala, Sweden). Plasmid pGEM1, DTT, bovine
serum albumin (BSA), SP6 RNA polymerase, RNasin
and rabbit reticulocyte lysate were from Promega. Sper-
midine was from Sigma. Oligonucleotides were from
Cybergene (Stockholm, Sweden).

DNA manipulations

For cloning into and expression from the pGEM1 plas-
mid, the 50 end of the lep gene was modi®ed: ®rst, by the
introduction of an XbaI site and; second, by changing the
context 50 to the initiator ATG codon to a ``Kozak con-
sensus'' sequence (Johansson et al., 1993; Kozak, 1989).
Replacement of the H2 region in Lep was performed by
®rst introducing BclI and NdeI restriction sites in codons
59 and 80 ¯anking the H2 region, and then replacing
the BclI-NdeI fragment by the appropriate double-
stranded oligonucleotides. Residues 59-80 in H2 were
replaced by poly(Leu) sequences of the general design
LIK4L21XL7VL10Q3P, where X is one of the 20 naturally
occurring amino acids; the Val residue results from the
inclusion of a SpeI restriction site. The �(5-46) and P2
constructs were made by deleting, respectively, residues
5-46 and 2-78 in Lep. Site-speci®c mutagenesis used to
add BclI and NdeI restriction sites at the 30 and 50 ends of
H2 in Lep and to introduce Asn-Ser-Thr acceptor sites
for N-linked glycosylation was performed according to
the Kunkel method (Geisselsoder et al., 1987; Kunkel,
1987) . Glycosylation acceptor sites were designed as
described (Nilsson et al., 1994), i.e. by replacing three
appropriately positioned codons with codons for the
acceptor tripeptide Asn-Ser-Thr. For the L22! X substi-
tutions, the QuickChange2 site-directed mutagenesis kit
from Stratagene was used. Some of the primers were
designed with a degenerate base in the second position
of the codon for X in order to get more than one mutant
from the primer pair. All mutants were con®rmed by
DNA sequencing of plasmid using T7 DNA polymerase.

Expression in vitro

The constructs in pGEM1 were transcribed by SP6
RNA polymerase for one hour at 37 �C. The transcription
mixture was as follows: 1-5 mg DNA template, 5 ml of
10 � SP6 H-buffer (400 mM Hepes-KOH (pH 7.4),

Figure 3. Turn propensities in transmembrane helices
are different from turn propensities in globular proteins.
Top, the turn propensity scale from Table 1 is plotted
against a typical turn propensity scale for globular pro-
teins (Williams et al., 1987); middle, the interface hydro-
phobicity scale described by Wimley & White (1996);
bottom, a scale of helical propensities in n-butanol (Liu
& Deber, 1998). Correlation coef®cients are indicated in
the respective panels.
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60 mM Mg acetate, 20 mM spermidine-HCl), 5 ml of
1 mg/ml BSA, 5 ml of 10 mM m7G(50)ppp(50)G, 5 ml of
50 mM DTT, 5 ml of rNTP mix (10 mM ATP, 10 mM
CTP, 10 mM UTP, 5 mM GTP), 18.5 ml of H2O, 1.5 ml of
RNase inhibitor (50 units), 0.5 ml of SP6 RNA polymerase
(20 units). Translation was performed in reticulocyte
lysate in the presence and absence of dog pancreas
microsomes (LiljestroÈm & Garoff, 1991) . Sodium carbon-
ate extraction of microsomes was carried out as
described (Sakaguchi et al., 1987) . Translation products
were analyzed by SDS-PAGE and gels were quanti®ed
on a Fuji BAS1000 phosphoimager using the MacBAS
2.31 software. The glycosylation ef®ciency of a given
mutant was calculated as the quotient between the inten-
sity of the glycosylated band divided by the summed
intensities of the glycosylated and non-glycosylated
bands.
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Formation of Cytoplasmic Turns between Two Closely
Spaced Transmembrane Helices During Membrane
Protein Integration into the ER Membrane

Annika SaÈaÈ f, Marika Hermansson and Gunnar von Heijne*
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Stockholm University, S-106 91
Stockholm, Sweden

The helical hairpin, two closely spaced transmembrane helices separated
by a short turn, is a recurring structural element in integral membrane
proteins, and may serve as a compact unit that inserts into the membrane
en bloc. Previously, we have determined the propensities of the 20 natural
amino acids, when present in the middle of a long hydrophobic stretch,
to induce the formation of a helical hairpin with a lumenally exposed
turn during membrane protein assembly into the endoplasmic reticulum
membrane. Here, we present results from a similar set of measurements,
but with the turn placed on the cytoplasmic side of the membrane. We
®nd that a signi®cantly higher number of turn-promoting residues need
to be present to induce a cytoplasmic turn compared to a lumenal turn,
and that, in contrast to the lumenal turn, the positively charged residues
Arg and Lys are the strongest turn-promoters in cytoplasmic turns. These
results suggest that the process of turn formation between transmem-
brane helices is different for lumenal and cytoplasmic turns.
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Introduction

Transmembrane a-helices in integral membrane
proteins often form ``helical hairpins'', i.e. closely
spaced pairs of helices separated by a short turn.
In principle, the short turn could be located either
on the cytoplasmic or extra-cytoplasmic side of the
membrane, although the term ``helical hairpin''
was ®rst used to describe helices connected by an
extra-cytoplasmic turn (Engelman & Steitz, 1981).
Given the current models for co-translational inser-
tion of transmembrane helices into the membrane
of the endoplasmic reticulum (ER) of eukaryotic
cells (Do et al., 1996; Hamman et al., 1998; Liao
et al., 1997; Mothes et al., 1997), it may well be that
the ``rules'' for forming helical hairpins with cyto-
plasmic and extra-cytoplasmic turns are different.

We recently measured the propensities of all the
20 naturally occurring amino acids to induce heli-
cal hairpin formation in a long hydrophobic
stretch, and were able to propose a turn propensity
scale for transmembrane helices (MonneÂ et al.,

1999a,b; Nilsson & von Heijne, 1998). In those stu-
dies, the turn was always placed on the lumenal
(extra-cytoplasmic) side of the ER membrane. We
now report similar measurements of turn propensi-
ties, but with the turn placed on the cytoplasmic
side of the membrane. We ®nd that the rank order
is similar to that found for lumenal turns, but with
weaker turn-promoting abilities. Thus, two or
more turn-promoting residues are needed to fully
induce a cytoplasmic turn, whereas a single resi-
due with high turn propensity is enough to induce
a lumenal turn, suggesting that it may be generally
more dif®cult to induce the formation of helical
hairpins with cytoplasmic turns.

Results

A model system for measuring cytoplasmic
turn-propensities in transmembrane helices
inserted into the ER membrane

Leader peptidase (Lep) is a well-characterized
inner membrane protein from Escherichia coli con-
taining two transmembrane helices (H1 and H2)
and a large C-terminal domain (P2) (Figure 1). Lep
inserts into the inner E. coli membrane and into
microsomes with the P1 loop facing the cytoplasm
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and the N terminus as well as the P2 domain in
the extra-cytoplasmic space (Johansson et al., 1993;
Wolfe et al., 1983). For the studies reported here, an
extra transmembrane segment (H3) composed of a
40 residue long poly(Leu) stretch of the compo-
sition . . . E225-T-S-(L)40-R-S-V233 . . . (the numbers
refer to residues in Lep) was introduced into the
periplasmic P2 domain (Figure 1). This poly(Leu)
stretch is long enough to form either a single trans-
membrane segment or a helical hairpin (MonneÂ
et al., 1999b). To study helical hairpin formation
in H3, one or a pair of each of the 20 natural
amino acids were introduced in the middle of the
poly(Leu) stretch, and their ability to induce a
cytoplasmic turn was assessed.

For the analysis of the constructs, we used a
standard in vitro translation system supplemented
with dog pancreas microsomes (LiljestroÈm &

Garoff, 1991). Since N-linked glycosylation is a
reliable marker for translocation of a domain to the
lumenal side of the microsomal membrane
(Nilsson & von Heijne, 1993), we introduced Asn-
X-Thr glycosylation acceptor sites in positions 96
and 258 ¯anking the poly(Leu) segment. As shown
in Figure 1, if H3 spans the membrane once only
one glycosylation-acceptor site (in position 96) will
be exposed to the lumen and glycosylated, whereas
if H3 forms a helical hairpin with a cytoplasmic
loop, both glycosylation acceptor sites will be
exposed to the lumenal side of the membrane and
hence glycosylated. Singly and doubly glycosy-
lated molecules are easily distinguished by SDS-
PAGE.

As an example, results for a series of constructs
with zero to three proline residues replacing Leu20
in the middle of the H3 segment are shown in

Figure 1. Model proteins used in
this study. Wild-type Lep (I) has
two transmembrane segments (H1,
H2), a cytoplasmic loop (P1), and a
large extra-cytoplasmic domain
(P2). To study turn-induction in a
long hydrophobic transmembrane
segment (H3), a 40 residue long
poly(Leu) stretch was inserted in
the middle of the P2 domain, and
the glycosylation status of two
Asn-X-Thr glycosylation acceptor
sites ¯anking H3 was determined
after in vitro translation in the pre-
sence of dog pancreas microsomes
(glycosylated and non-glycosylated
glycosylation acceptor sites are
indicated by Y and Y, respect-
ively). Constructs where H3 forms

a single transmembrane segment (II) will be glycosylated on only one site, whereas those where H3 forms a helical
hairpin (III) will be glycosylated on both sites. Turn-induction propensities were measured for all the 20 natural
amino acids by introducing them either singly or as a pair in the middle of H3 (arrows).

Figure 2. Glycosylation of constructs with 40 leucine residues in H3 (lanes 1 and 2), with 1-3 proline residues in
the middle of H3 (lanes 3-5), and with a stretch of six lysine residues in the middle of H3 (lane 6). In lane 1, no
rough microsomes were added (-RM), whereas rough microsomes were present during translation in lanes 2-6. Mol-
ecules with zero, one, and two modi®ed glycosylation sites are indicated. The fraction of molecules with two modi-
®ed glycosylation sites is given below each lane.
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Figure 2, together with a construct with six lysine
residues replacing Leu19-Leu22 in the middle of
H3 (6K) that serves as a positive control for a fully
induced, doubly glycosylated helical hairpin struc-
ture. A single Pro residue induces a helical hairpin
in only 36 % of the molecules, and three Pro resi-
dues are needed to reach the same level of doubly
glycosylated molecules, as seen for the 6K con-
struct. This is in contrast to our previous studies of
lumenal turns, where one Pro residue was suf®cent
to induce full helical hairpin formation (Nilsson &
von Heijne, 1998).

Propensities of the 20 natural amino acids to
induce the formation of a helical hairpin with a
cytoplasmic loop

Lep-derived constructs with the 40 residue long
poly(Leu) H3 stretch or with one or a pair of each
of the natural amino acid placed in the middle of
H3, were expressed in vitro in the presence of dog
pancreas microsomes. The fraction of glycosylated
molecules with both acceptor sites modi®ed was
taken as a measure of turn propensity. For all con-
structs, the fraction of non-glycosylated molecules
was approximately the same (�10-20 %), indicating
that targeting and membrane insertion per se was
not affected by the mutations in H3.

As shown in Figure 3 (open bars), none of the
singly inserted residues was able quantitatively to
promote the formation of a cytoplasmic turn,
although charged and polar amino acids all gave
some degree of helical hairpin formation. Pairs of
polar or charged residues had a higher turn-indu-

cing effect, though in most cases not reaching full
helical hairpin formation (®lled bars; note that the
maximum level of glycosylation reached in our
system is �80 %). Only the 2 K and 2R constructs
reached the same degree of helical hairpin for-
mation as the 6 K construct. All the hydrophobic
residues plus Thr, Ser, Cys, Gly, Trp, and Tyr had
low or no turn-inducing effects even when present
in tandem.

A comparison with the previously measured
propensities to induce a lumenal turn (MonneÂ et al.,
1999a,b) is shown in Figure 4. Since the lumenal
turn propensities were measured by placing the 40
residue long poly(Leu) stretch in the H2 position of
Lep (c.f. Figure 5), low levels of glycosylation of
the P2 domain correspond to ef®cient turn for-
mation in this case. It is clear that turn propensities
for both single and pairs of polar and charged resi-
dues are generally lower on the cytoplasmic side
of the membrane. Moreover, although the rank
order of turn propensities are similar for lumenal
and cytoplasmic turns, the positively charged resi-
dues Arg and Lys have the highest cytoplasmic
turn propensities while Pro and Asn are the stron-
gest turn-inducers on the lumenal side.

As a control to ensure that differences in the resi-
dues ¯anking the H2 segment used in our previous
studies and the H3 segment used in this study do
not compromise these comparisons, the H3 seg-
ment from the 1D, 1G, 1P, 1Q, 1S, and 1W mutants
(see Figure 3) plus their ¯anking regions were
introduced in place of a segment encompassing H2
and its ¯anking regions as shown in Figure 5 (top).

Figure 3. Ef®ciencies of cyto-
plasmic turn-induction for the 20
natural amino acids measured as
the fraction of molecules with two
modi®ed glycosylation sites
obtained after in vitro translation in
the presence of rough microsomes.
Results for constructs with a single
residue placed in the middle of H3
are shown by open bars, and for
constructs with a pair of residues
in the middle of H3 by ®lled bars.
As shown in the cartoons, for-
mation of a cytoplasmic turn in H3
results in doubly glycosylated mol-
ecules. Arrows indicate the position
of the introduced residues.
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From Figure 4, we expected that these residues
should induce helical hairpin formation more ef®-
ciently on the lumenal side than on the cytoplasmic
side. Indeed, as shown in Figure 5 (bottom), all six
residues induced much higher degrees of helical
hairpin formation when the H3 region was trans-
planted into the H2 context. Thus, differences in
the regions ¯anking the poly(Leu) stretches in the
H2 and H3 contexts are not responsible for the
observed differences between lumenal and cyto-
plasmic turn-induction.

We conclude that, although the effects of the
different residues on helical hairpin formation on
the lumenal versus cytoplasmic side of the micro-
somal membrane are qualitatively similar, a signi®-
cantly smaller number of turn-promoting residues
are needed to induce a lumenal turn compared to
a cytoplasmic turn between two closely spaced
transmembrane helices.

Discussion

With the study reported here, we can now pro-
vide a rather complete picture of the turn-inducing
propensities of all the 20 natural amino acids when
present in the middle of a long hydrophobic trans-
membrane stretch inserted into the ER membrane.
Not surprisingly, hydrophobic amino acids do not
induce turns, charged residues are strong turn-pro-
moters, and most polar residues are in-between.
Among the non-charged residues, Pro and Asn,
which are strong turn-promoters in globular pro-
teins, have the highest turn propensities.

This general picture holds both for turns on the
cytoplasmic and lumenal sides of the ER mem-
brane. However, there are some notable differences
between turn induction on the two sides. Thus, a
higher number of turn-promoting residues are

required to induce a turn on the cytoplasmic side
(Figure 4). Moreover, Arg and Lys are the two
strongest turn-promoting residues on the cyto-
plasmic side, but not on the lumenal side (where
Pro and Asn are stronger). Possibly, the relatively
high cytoplasmic turn propensities for Arg and Lys
is related to the ``positive inside'' rule, i.e. to the
general tendency of positively charged amino acids
to be enriched in cytoplasmic loops in integral
membrane proteins (von Heijne & Gavel, 1988;
Wallin & von Heijne, 1998).

These differences between cytoplasmic and
lumenal turns may be a re¯ection of the under-
lying membrane-insertion event. Current models
for membrane protein insertion into the ER gener-
ally posit that the transmembrane segments enter
the translocon complex one by one, with the ribo-
some bound on the top of the translocation channel
(Liao et al., 1997; Mothes et al., 1997). Within the
context of this model, the situation will thus be
different during the formation of a helical hairpin
with a lumenal loop compared to a helical hairpin
with a cytoplasmic loop (Figure 6). In the former
case, a hydrophobic stretch presumably goes
through a bent, helical hairpin-like state even if it
ends up as a single transmembrane segment,
whereas in the latter situation it will not bend at
all during the insertion process unless turn-pro-
moting residues are present. It thus seems reason-
able that helical hairpin formation will require a
smaller number of turn-promoting residues when
the turn is on the lumenal side.

Materials and Methods

Enzymes and chemicals

Unless otherwise stated, all enzymes were from Pro-
mega (Madison, WI, USA). T7 DNA polymerase, BclI,

Figure 4. Comparison between
ef®ciencies of helical hairpin for-
mation with a lumenal turn (y-axis)
and a cytoplasmic turn (x-axis).
Lumenal turn propensities for
single (left panel) and pairs
(right panel) of residues were
measured (MonneÂ et al., 1999a,b)
by placing a 40 residue long poly
(Leu) stretch with the compo
sitions . . . K4L21XL7VL10QQQP . . .
or . . . K4L20X2L7VL10QQQP . . .
(where X denotes one of the 20
natural amino acids) in the H2 pos-
ition in Lep (c.f. Figure 5). Ef®cient
formation of a lumenal turn in H2
results in low levels of glycosyla-
tion (i.e. high percentage of non-
glycosylated molecules), whereas
formation of a cytoplasmic turn in

H3 results in high levels of doubly glycosylated molecules, as indicated by the cartoons. The diagonal lines represent
equal ef®ciencies of lumenal and cytoplasmic turn formation (the maximum level of glycosylation in our system is
80-90 %). Note that not all pairs were tested in the H2 construct (right panel).
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[35S]Met, ribonucleotides, deoxyribonucleotides, dideox-
yribonucleotides, and the cap analog m7G(50)ppp(50)G
were from Amersham-Pharmacia (Uppsala, Sweden).
Plasmid pGEM1, transcription buffer and rabbit reticulo-

cyte lysate were from Promega. Oligonucleotides were
from Cybergene (Stockholm, Sweden).

DNA manipulations

All constructs were made from a recently described
Lep construct carried in the pING1 vector containing a
lep gene with SpeI and BglII restriction sites introduced
in codons 226-227 and 231-232 (SaÈaÈ f et al., 1998). Intro-
duction of the H3 region into the periplasmic P2 domain
of Lep was performed by replacing the SpeI-BglII frag-
ment by a double-stranded oligonucleotide encoding a
stretch of 40 leucine residues ¯anked by SpeI and BamHI
(compatible with BglII) restriction sites, yielding an H3
region with the sequence . . . E225-T-S-(L)40-R-S-V233 . . .
(numbers refer to the wild-type Lep sequence). The lep
gene was further modi®ed by an Asn214! Gln
mutation (to remove a potential glycosylation site pre-
sent in the wild-type Lep sequence) and by mutations
converting residues 96-98 and 258-260 to, respectively,
Asn-Ser-Thr and Asn-Ala-Thr (thus introducing two new
potential glycosylation sites ¯anking the H3 segment).
The modi®ed lep gene was re-cloned into a pGEM1-
derived vector for the in vitro expression experiments.
During this cloning step, the 50 end of the lep gene was
modi®ed such that it acquired a 50 XbaI site and ``Kozak
consensus'' sequence (Kozak, 1992), as described
(Nilsson & von Heijne, 1993).

For all L! X and LL! XX mutations (where X is
any of the 20 natural amino acids), Leu20 in the poly
(Leu) stretch was replaced by X or XX using the Quick-
Change site-directed mutagenesis kit from Stratagene.
The 6 K mutation was made by replacing the Leu19-
Leu22 stretch by six lysine residues.

To study turn formation in the H3 segment (including
its ¯anking regions) when it is placed in the H2 position,
the entire region between a BclI site in lep codon 59
(three codons upstream of the poly(Leu) H2 segment) in
the 1P mutant used in (MonneÂ et al., 1999a) and a SmaI
site located downstream of the termination codon in lep
was replaced by a region from the 1P mutant con-
structed in this work starting 22 residues upstream of
the H3 segment and ending at the SmaI site at the 30 end
of the lep gene.

Expression in vitro

The constructs in pGEM1 were transcribed by SP6
RNA polymerase for one hour at 37 �C. The transcription
mixture was as follows: 1-5 mg of DNA template, 5 ml of
10 � SP6 H-buffer (400 mM Hepes-KOH (pH 7.4),
60 mM magnesium acetate, 20 mM spermidine-HCl),
5 ml of BSA (1 mg/ml), 5 ml of m7G(50)ppp(50)G
(10 mM), 5 ml of DTT (50 mM), 5 ml of rNTP mix
(10 mM ATP, 10 mM CTP, 10 mM UTP, 5 mM GTP),
18.5 ml of water, 1.5 ml of RNase inhibitor (50 units),
0.5 ml of SP6 RNA polymerase (20 units). Translation
was performed in reticulocyte lysate in the presence and
absence of dog pancreas microsomes (LiljestroÈm &
Garoff, 1991). Translation products were analyzed by
SDS-PAGE and gels were quantitated on a Fuji BAS1000
phosphoimager using the MacBAS 2.31 software. Glyco-
sylation ef®ciencies were calculated as the quotient
between the intensity of the band corresponding to the
relevant glycosylated protein species divided by the
summed intensities of all glycosylated and non-glycosy-
lated species.

Figure 5. Residues ¯anking the 40 residue long poly
(Leu) stretches in the model proteins used previously
for measuring lumenal turn propensities and in this
work for measuring cytoplasmic turn propensities are
not responsible for the observed differences in lumenal
versus cytoplasmic turn induction. For the experiments
shown, the entire region between a BclI site in lep codon
59 (three codons upstream of the poly(Leu) H2 segment)
in the 1P mutant (construct I) used by MonneÂ et al.,
1999a and the C terminus was replaced by a region
from the 1D, 1G, 1P, 1Q, 1S, and 1W mutants con-
structed in this work (see Figures 1 and 2) starting 22
residues upstream of the H3 segment (construct II). As
shown in the lower panel, all six residues induced much
higher degrees of helical hairpin formation when the H3
region was transplanted into the H2 context than seen
in Figure 3. Note that helical hairpin formation in H2
results in high levels of non-glycosylated molecules
(open bars) whereas in H3 it corresponds to high levels
of doubly glycosylated molecules (®lled bars). The
arrows in the upper panel indicate the position of the
six residues in the two series of constructs.
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The helical hairpin, two closely spaced transmembrane helices separated
by a short turn, is a common structural element in integral membrane
proteins. Previous studies on the sequence determinants of helical hairpin
formation have focussed on the role of polar and charged residues placed
centrally in a long stretch of hydrophobic residues, and have yielded a
``propensity scale'' for the relative ef®ciency with which different resi-
dues promote the formation of helical hairpins. In this study, we shift
our attention to the role of charged residues ¯anking the hydrophobic
stretch. Clusters of charged residues are known to hinder membrane
translocation, and thus ¯anking charged residues may conceivably force
a long hydrophobic segment to form a helical hairpin even if there are
no or only weakly turn-promoting residues in the hydrophobic stretch.
We indeed ®nd that Lys and, more surprisingly, Asp residues strongly
affect helical hairpin formation when placed next to a poly-Leu-based
transmembrane segment. We also ®nd that a cluster of four consecutive
Lys residues can affect the ef®ciency of helical hairpin formation even
when placed �30 residues downstream of the hydrophobic stretch. These
observations have interesting implications for the way we picture
membrane protein topogenesis within the context of the endoplasmic
reticulum (ER) translocon.
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Introduction

The helical hairpin, i.e. two closely spaced
hydrophobic transmembrane helices separated by
a short turn,1 is a common structural element in
integral membrane proteins and is thought to
serve as an important ``topogenic element'' during
membrane protein assembly.2 In previous studies,
we have shown that the ef®ciency of formation of
helical hairpins during protein insertion into the
endoplasmic reticulum (ER) membrane depends
both on the overall length of the hydrophobic seg-
ment and on the identity of the central, potentially
turn-forming residues.3 ± 6 Thus, charged, polar,
and ``classical'' helix-breaking residues are good
turn-formers and effectively induce helical hairpin
formation when placed near the middle of a suf®-

ciently long hydrophobic stretch, whereas centrally
placed apolar residues do not induce helical hair-
pin formation but rather cause the hydrophobic
stretch to insert as a single, long transmembrane
helix that spans the membrane only once.

While the basic sequence determinants behind
the formation of helical hairpins are thus beginning
to be mapped out, one aspect that has so far not
been addressed is the possible role of the residues
that ¯ank the hydrophobic stretch. As charged resi-
dues are known to hinder membrane translocation
when present in certain sequence contexts, and
thus to act as powerful topological determinants in
both prokaryotic and eukaryotic membrane
proteins,2 we considered the possibility that
charged residues in the regions ¯anking a long
hydrophobic stretch may speci®cally affect helical
hairpin formation. We now report that both Lys
and Asp residues strongly affect helical hairpin for-
mation when present close to a poly-Leu hydro-
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phobic stretch, the formation of a helical hairpin
with a lumenally oriented turn is promoted by
C-terminally ¯anking charged residues, whereas
the formation of a helical hairpin with a cytoplas-
mically oriented turn is prevented by such ¯anking
residues. We also ®nd that a cluster of four con-
secutive Lys residues can affect the ef®ciency of
helical hairpin formation even when placed �30
residues downstream of the hydrophobic stretch.
These ®ndings show that a helical hairpin consists
of a long hydrophobic stretch with a central tight
turn, and a rather extended region of ¯anking resi-
dues must be included in the de®nition of this
basic ``folding unit'' in integral membrane proteins.

Results

Model proteins and topology assay

As in our previous studies of helical hairpin for-
mation in transmembrane helices, we have used

the well-characterized Escherichia coli inner mem-
brane protein leader peptidase (Lep) as a model
protein. Lep consists of two transmembrane seg-
ments (H1 and H2) connected by a short cyto-
plasmic loop (P1) and followed by a large
C-terminal periplasmic domain (P2). When
expressed in vitro in the presence of dog pancreas
microsomes, Lep adopts the same membrane top-
ology as in its natural environment in the inner
membrane of E. coli,7 i.e. with the N and C termini
on the lumenal side,8 Figure 1(a) (left).

To study the formation of helical hairpins with
the short turn oriented towards the lumenal side of
the ER membrane, H2 was substituted by poly-Leu
stretches of the general composition ...P58-LI
K4L29VL10Q3P-E82... (superscript numbers refer to
residues in Lep , subscripts indicate the number of
consecutive residues of a given kind), cf. MonneÂ
et al.4,5 We have shown that this stretch forms a
single transmembrane segment when the model
protein is integrated in vitro into dog pancreas

Figure 1. Lys and Asp residues at the C-terminal end of H2 promote the formation of helical hairpins with a lume-
nal turn. (a) The model protein used in this study. The H2 transmembrane segment in Lep (white) was replaced with
three different poly-Leu-based segments of the composition K4L29VL10Q3P, K4L21WL7VL10Q3P, and K4L17PL7VL5Q3P,
and one to four Lys or Asp residues were introduced at the C-terminal end of the poly-Leu stretch. A glycosylation
acceptor site was placed 20 residues downstream of H2 (counting from the ®rst Gln after the hydrophobic stretch).
Depending on the lumenal or cytoplasmic localization of the P2 domain, the glycosylation acceptor site will either be
modi®ed (®lled Y) or not (open Y). (b) L17PL7VL5-derived constructs with different numbers of C-terminally ¯anking
Lys residues were translated in vitro in the absence (ÿ) and presence (�) of rough microsomes (RM) and analyzed by
SDS-PAGE. Black and white dots indicate the glycosylated and non-glycosylated forms of the proteins, respectively.
(c) Quanti®cation of the full set of data. The percentage glycosylation was calculated as 100 � I�/(I� � Iÿ), where
I� (Iÿ) is the intensity of the glycosylated (non-glycosylated) band.
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microsomes, but that the introduction of ``turn-
promoting'' residues such as Pro, Asn, Arg, or Asp
near the middle of the poly-Leu stretch leads to the
formation of a helical hairpin.5 As an easily scored
marker for the lumenal or cytoplasmic localization
of the P2 domain, an N-glycosylation site (Asn-Ser-
Thr) was introduced 20 amino acid residues down-
stream of H2; in constructs where the poly-Leu
stretch spans the membrane only once, this site
will be glycosylated by the lumenally disposed oli-
gosaccharyl transferase enzyme (Figure 1(a), left),
while it will not be modi®ed in constructs where
the poly-Leu stretch has been mutated to form a
helical hairpin (Figure 1(a), right). We have shown,
using alkaline extraction, that poly-Leu-based heli-
cal hairpins are properly assembled into the ER
membrane, ruling out the possibility that low
levels of glycosylation are caused by a failure in
membrane integration rather than helical hairpin
formation.9 Turn formation can thus be assessed
by in vitro transcription/translation of the relevant
constructs in the presence of microsomes followed
by quanti®cation of the ef®ciency of glycosylation
of the engineered N-glycosylation site.

A similar strategy was used to study the for-
mation of helical hairpins with the turn oriented
towards the cytoplasmic side of the ER membrane
(see Figure 4(a)).6 In this case, an extra transmem-
brane segment (H3) composed of a 40 residue
poly-Leu stretch of the composition ...E225-TSL40RS-
V233... was introduced into the periplasmic P2
domain. This poly-Leu stretch is long enough to
form either a single transmembrane segment or a
helical hairpin, depending on the identity of resi-
dues placed near the middle of the hydrophobic
stretch. The topology of the poly-Leu stretch can
be determined easily by analyzing the glycosyla-
tion status of two strategically placed N-glycosyla-
tion acceptor sites, one upstream and one
downstream of the hydrophobic stretch. Only the
®rst site will be modi®ed in constructs where the
poly-Leu stretch spans the membrane once
(Figure 1(a), left), whereas both will be modi®ed
when a helical hairpin is formed (Figure 4(a),
right).

C-terminally flanking Lys and Asp residues
promote the formation of helical hairpins with
a lumenally oriented turn

As a ®rst test of the effect of ¯anking charged
residues on helical hairpin formation, we studied
three constructs where the H2 transmembrane
segment in Lep was replaced by poly-Leu-based
segments of the composition K4L29VL10Q3P,
K4L21WL7VL10Q3P, and K4L17PL7VL5Q3P. As
shown previously,5 the ®rst, uniformly hydro-
phobic stretch forms a single transmembrane seg-
ment, while the two other constructs both have a
mixed topology with a helical hairpin formed in
approximately 50 % of the molecules. The overall
length of the hydrophobic segment (31 residues)
in the K4L17PL7VL5Q3P construct is close to the

minimum length required for helical hairpin
formation.5

One to four positively charged Lys residues
were inserted immediately downstream of the
three hydrophobic stretches (replacing one to four
residues of the Q3P sequence: KQ2P, K2QP, K3P,
K4) and helical hairpin formation was assayed by
determining the fraction of glycosylated molecules,
Figure 1(b). For all three constructs, the fraction of
glycosylated molecules decreases with the number
of C-terminally ¯anking Lys residues, Figure 1(c)
(left panel). Two extra lysine residues are suf®cient
to ensure fully ef®cient helical hairpin formation in
the L17PL7VL5 construct, and a signi®cant degree
of helical hairpin formation is evident even in the
uniformly hydrophobic L29VL10 construct when
four lysine residues are added.

Since the difference in degree of helical hairpin
formation between the two ``hairpin-prone'' and
the uniformly hydrophobic segments was maximal
for three added lysine residues, we compared heli-
cal hairpin formation in the absence and presence
of three C-terminally ¯anking Lys residues for an
additional series of constructs with the general
composition K4L21XL7VL10K3P (where X is any of
the 20 natural amino acids). The X residues were
chosen on the basis of our earlier results with the
K4L21XL7VL10Q3P constructs4,5 to re¯ect the relative
ef®ciency of helical hairpin formation induced by
hydrophobic and mildly polar amino acids. As
seen in Figure 2, the effect of adding three C-term-
inal lysine residues is minor for the hydrophobic
residues, but is quite dramatic for Trp, Ser, Cys,
and Thr (compare the white and black bars). As a
comparison, Figure 2 also shows previously
obtained results5 for the same poly-Leu stretch
lacking ¯anking charged residues, but with a pair
of residues inserted in the middle of the stretch
(gray bars). From this comparison, it is clear that
the effect of three ¯anking lysine residues is similar
to that seen when a second polar X residue is intro-
duced near the middle of the hydrophobic stretch.

We also tested the effects on helical hairpin for-
mation by negatively charged Asp residues. Again,
the K4L29VL10Q3P and K4L21WL7VL10Q3P con-
structs were used, and the Q3P sequence was pro-
gressively replaced by one to four aspartic acid
residues, Figure 1(c) (right panel). While overall
the effects were similar to those seen for Lys (cf.
Figure 1(c), left panel), Asp appears to promote
helical hairpin formation somewhat more ef®-
ciently than Lys for the uniformly hydrophobic
K4L29VL10Q3P construct, while the differences seen
for the K4L21WL7VL10Q3P construct are less con-
spicuous.

Finally, we compared the effects of N and C-
terminally ¯anking Asp and Lys residues on heli-
cal hairpin formation in a X4L29VL10Z4 construct
(X, Z � K or D), where four consecutive Lys or
Asp residues were inserted in all four combi-
nations immediately upstream and downstream of
the hydrophobic stretch, Figure 3. Quanti®cation of
the degree of glycosylation of the various con-
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structs revealed that the identity of the N-termin-
ally ¯anking charged residues made no difference,
ruling out an effect dependent on, e.g. charge-pair-
ing between the N and C-terminal ¯anking
regions.

To make sure that the low levels of glycosyla-
tion seen for the these constructs were not
caused by a failure of the helical hairpin to

insert into the membrane, we expressed a trun-
cated form of the K4L29VL10D4 construct where
residues 5-46 (including the H1 transmembrane
segment) were deleted, thus leaving the L29VL10

stretch as the only potential membrane-spanning
segment. As expected, the molecules were not
glycosylated and were associated with the mem-
brane pellet after alkaline extraction of the

Figure 2. Helical-hairpin for-
mation in H2-segments of the gen-
eral composition K4L21XL7VL10K3P
(black bars), where X is any of the
20 natural amino acids. Results
from our earlier turn propensity
study,5 where H2 was substituted
by a stretch of the design
K4L21XL7VL10Q3P (white bars) or
K4L20X2L7VL10Q3P (gray bars) are
included for comparison.

Figure 3. N-terminally ¯anking
residues do not affect helical hair-
pin formation in H2 (white). Four
Lys or four Asp residues were
introduced simultaneously at both
ends of an H2-stretch of the com-
position L29VL10, and the degree of
glycosylation was determined for
each combination of K4 and D4

¯anking segments.
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microsomes,10 thus demonstrating ef®cient mem-
brane integration (data not shown).

We conclude that the ef®ciency of formation of
helical hairpins with a lumenally oriented turn is
strongly affected by the presence of C-terminally
(but not N-terminally) ¯anking charged residues in
our model protein, that a helical hairpin can be
induced even in a uniformly hydrophobic segment
provided that the number of C-terminally ¯anking
charged residues is suf®ciently high, and that the
ef®ciency of helical hairpin formation can be
increased signi®cantly by ¯anking charged resi-
dues in constructs such as K4L17PL7VL5Q3P, where
the overall length of the hydrophobic segment is
close to the minimum length required for the for-
mation of a helical hairpin. Furthermore, both posi-
tively and negatively charged C-terminally
¯anking residues promote helical hairpin for-
mation in this context, i.e. the sign of the charge
has little effect. It should be noted, though, that the
lumenal or cytoplasmic location of the N-terminal
end of the poly-Leu segment may be ®xed by the
topology of the N-terminal part of the protein
(i.e. the H1-P1 part), and thus that the effects of
N-terminally ¯anking residues may well be
different in constructs where the poly-Leu stretch
is at the N terminus.

C-terminally flanking Lys and Asp residues
inhibit the formation of helical hairpins with a
cytoplasmically oriented turn

We have shown that helical hairpins with a cyto-
plasmically oriented turn can be induced in a long
poly-Leu stretch by the introduction of pairs or tri-
plets of polar or charged residues near the middle
of the hydrophobic stretch.6 To study the effect of
C-terminally ¯anking charged residues in this con-
text, we used a construct with a poly-Leu-based
stretch of the composition TSL19P2L19RS placed in
the middle of the P2 domain, and the topology of
this stretch (a single transmembrane span or a heli-
cal hairpin) was determined by assessing the glyco-
sylation status of two N-glycosylation acceptor
sites ¯anking the hydrophobic stretch, Figure 4(a).
The L19P2L19 segment was chosen because it is
poised near the threshold for helical hairpin for-
mation and has an intermediate level of doubly
glycosylated molecules (56 %).

Again, from one to four Lys or Asp residues
were introduced by replacing one to four residues
immediately C-terminally to the L19 P2L19 stretch,
and the fraction of doubly versus singly glycosy-
lated molecules was determined, Figure 4(b). As
seen in Figure 4(c), the degree of helical hairpin
formation decreased with increasing numbers of
charged residues in this case, and the effect of Lys
was somewhat stronger than that of Asp. We con-
clude that C-terminally ¯anking charged residues
inhibit the formation of helical hairpins with a
cytoplasmically oriented turn.

The effect on helical hairpin formation of
C-terminally flanking Lys and Asp residues
decreases with the distance from the
hydrophobic stretch

Finally, we studied the effect of increasing the
separation between the charged residues (four Lys
or four Asp) and the hydrophobic stretch for both
``lumenal turn'' (K4L29VL10Q3P construct) and
``cytoplasmic turn'' (TSL19P2L19RS construct) helical
hairpins. As shown in Figure 5, the K4 segment
promoted the formation of a helical hairpin with a
lumenally oriented turn even when placed 32 resi-
dues downstream of the hydrophobic stretch (left
panel), while the effect of a D4 segment decreased
much more rapidly with the separation distance.
Similarly, the K4 segment inhibited the formation
of a helical hairpin with a cytoplasmically oriented
turn up to larger separation distances than did the
D4 segment, although the effect drops off more
rapidly in this case (right panel). Thus, the ef®-
ciency of helical hairpin formation can depend on
sequence determinants located quite far away from
the hydrophobic transmembrane segment.

Discussion

The helical hairpin appears to be a basic folding
unit in multi-spanning integral membrane proteins,
and is thus central to our understanding of mem-
brane protein topology. Based on analyses of
model membrane proteins speci®cally designed to
facilitate the study of helical hairpin formation
during membrane protein insertion into the ER
membrane, we previously quanti®ed the relative
propensities of the 20 natural amino acids to
induce the formation of helical hairpins when
placed in the middle of a long poly-Leu stretch,
both for helical hairpins with lumenally and cyto-
plasmically oriented turns.4 ± 6,9 We have also deter-
mined the minimal length of the hydrophobic
segment required for ef®cient helical hairpin for-
mation.5

Membrane protein topology is, however, not
determined by only the hydrophobic transmem-
brane helices themselves. Charged residues in
short loops connecting the hydrophobic segments
are potent topogenic determinants; the best-known
effect in this regard is codi®ed in the so-called
positive inside rule, which states that positively
charged loops tend to remain on the cytoplasmic
side of the membrane.11,12 Based on this premise,
we hypothesized that the tendency for helical hair-
pin formation in a long hydrophobic stretch would
depend on the number of charged residues in the
immediate ¯anking regions, in addition to the
characteristics of the hydrophobic stretch itself.

In this study, we have thus asked whether heli-
cal hairpin formation can be in¯uenced by ¯anking
positively and negatively charged residues (Lys
and Asp). We ®nd that N-terminally ¯anking resi-
dues have no effect on helical hairpin formation in
our model protein (possibly because the lumenal
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or cytoplasmic location of the N terminus of the
particular hydrophobic stretch studied here is
determined by the topology of the preceding part
of the model protein), whereas charged residues of
either sign placed C-terminally to the hydrophobic
stretch generally promote the cytoplasmic location
of the C-terminal end of the hydrophobic stretch.
Thus, charged C-terminally ¯anking residues pro-
mote helical hairpin formation in constructs where
the turn is oriented towards the lumenal side of
the ER membrane, and weaken the tendency to
form helical hairpins in constructs where the turn
is oriented towards the cytoplasmic side.

Interestingly, ¯anking positively and negatively
charged residues have similar effects on helical
hairpin formation when located close to the hydro-
phobic stretch (Figures 1 and 4), suggesting that

they somehow ``sense'' the sidedness of the ER
membrane during the co-translational membrane
assembly of the model protein. Given the high
hydrophobicity of the poly-Leu stretch used in
these studies, it is possible that the hydrophobic
stretch partitions into the lipid environment almost
immediately upon entering the protein-conducting
translocon channel in the ER membrane,13,14 thus
facilitating interactions between the charged ¯ank-
ing residues and the lipid head groups. The sur-
prising observation that an effect on the formation
of a helical hairpin with a lumenal turn of a stretch
of four Lys residues can be detected even at quite
large separation distances (�30 residues; Figure 5)
between the hydrophobic stretch and the charge
cluster further shows that a considerable length of
nascent chain can impact the process of hairpin for-

Figure 4. Lys and Asp residues at the C-terminal end of H2 inhibit the formation of helical hairpins with a cyto-
plasmic turn. (a) A 40 residue poly-Leu stretch (H3, white) was inserted into the middle of the P2 domain, and the
glycosylation status of two Asn-X-Thr glycosylation acceptor sites ¯anking H3 was determined after in vitro trans-
lation in the presence of dog pancreas microsomes (glycosylated and non-glycosylated glycosylation acceptor sites
are indicated, respectively, by ®lled Y and open Y). Constructs where H3 forms a single transmembrane segment
(left) will be glycosylated on only one site, whereas those where H3 forms a helical hairpin (right) will be glycosy-
lated on both sites. (b) TSL19P2L19RS-derived constructs with different numbers of C-terminally ¯anking Asp residues
were translated in vitro in the absence (ÿ) and presence (�) of rough microsomes (RM) and analyzed by SDS-PAGE.
Molecules with zero, one, and two modi®ed glycosylation sites are indicated by one white dot, one black dot, and
two black dots, respectively. (c) Quanti®cation of the full set of data for C-terminally ¯anking Lys (white dots) and
Asp (black dots) residues. The percentage of doubly glycosylated molecules was calculated as the quotient between
the intensity of the doubly glycosylated band divided by the summed intensities of the doubly and singly glycosy-
lated bands.
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mation. This is somewhat reminiscent of the so-
called charge block on protein translocation
observed when a string of positively charged resi-
dues is placed downstream of a signal-anchor
sequence15,16 and indicates that a fairly sizeable
portion of the nascent chain (the 40 residue hydro-
phobic stretch and at least 30 additional residues)
may be present within the translocon when the
helical hairpin forms. An alternative, though per-
haps less likely, possibility is that a block of
charged residues located in the ribosomal tunnel
can trigger a change in the ribosome-translocon
interaction that facilitates the helical hairpin for-
mation, cf. Liao et al.17

The stronger effect on helical hairpin formation
seen for positively charged Lys residues compared
to the negatively charged Asp residues, both for
helical hairpins with a cytoplasmic turn (Figure 4),
and for helical hairpins with a lumenal turn at
large separation distances (Figure 5), is in accord
with the positive inside rule. From this point of
view, it is surprising that the effects on helical hair-
pin formation exerted by negatively charged resi-
dues located close to the hydrophobic segment are
very similar or even stronger than those seen for
positively charged residues (Figure 1). In previous
studies, negatively charged residues have been
found to have only weak effects on the transloca-
tion of N-terminal tails across the membrane,18,19

and on the translocation of C-terminal domains
when placed downstream of a hydrophobic signal-
anchor sequence.20 We have no good explanation
for their much stronger effects on helical hairpin
formation.

In summary, our results show that ¯anking resi-
dues need to be included in the de®nition of the
helical hairpin when viewed as a fundamental
folding unit in integral membrane proteins. As a
®rst approximation, membrane proteins may thus
be pictured as being composed of single transmem-
brane helices (and their immediate ¯anking seg-
ments) spaced far apart in the sequence and of
helical hairpins (again including their immediate
¯anking segments). This view rests on the assump-
tion that the topology of a (long or short) hydro-

phobic segment can be in¯uenced directly only by
the part of the nascent chain that is present within
the ribosome-translocon channel at the time when
the segment integrates into the lipid bilayer, and
thus that topology is, to an important extent, deter-
mined locally. The topological determinants for
single transmembrane helices are quite well under-
stood,21 and our recent work on helical hairpin for-
mation has now shed some light on this second
kind of topogenic element. Finally, we note that
the observations reported here may be relevant for
improving current methods of membrane protein
topology prediction,22 since these methods do not
distinguish between single transmembrane helices
and helical hairpins.

Materials and Methods

Enzymes and chemicals

Unless stated otherwise, all enzymes were from
Promega (Madison, WI, USA). Phage T7 DNA poly-
merase, BclI, [35S]Met, ribonucleotides, deoxyribo-
nucleotides, dideoxyribonucleotides, and the cap analog
m7G(50)ppp(50)G were from Amersham-Pharmacia
(Uppsala, Sweden). Plasmid pGEM1, transcription buffer
and rabbit reticulocyte lysate were from Promega. Oligo-
nucleotides were from Cybergene (Stockholm, Sweden).

DNA manipulations

For cloning into and expression from the pGEM1 plas-
mid, the 50 end of the lep gene was modi®ed, ®rst, by the
introduction of an XbaI site and, second, by changing the
context 50 to the initiator ATG codon to a ``Kozak con-
sensus'' sequence.23 Thus, the 50 region of the gene was
modi®ed to:

...ATAACCCTCTAGAGCCACCATGGCGAAT...
XbaI site and initiator codon underlined.
Replacement of the H2 region in Lep was performed

as described,9 i.e. by ®rst introducing BclI and NdeI
restriction sites in codons 59 and 80 ¯anking the H2
region and then replacing the BclI-NdeI fragment by the
appropriate double-stranded oligonucleotides. Site-
speci®c mutagenesis used to add BclI and NdeI restric-
tion sites at the 30 and 50 ends of H2 in Lep and to intro-
duce an Asn±Ser-Thr acceptor site for N-linked
glycosylation was performed according to the method of

Figure 5. The effect on helical
hairpin formation of C-terminally
¯anking Lys and Asp residues
decreases with the distance from
the hydrophobic stretch. Four Lys
(white dots) or Asp (black dots)
residues were placed at different
distances C-terminally to the H2
L29VL10 stretch (left panel) or the
H3 L19 P2L19 stretch (right panel).
The percentage singly (left panel)
or doubly (right panel) glycosy-
lated molecules were calculated as
for Figures 1 and 4, respectively.
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Kunkel.24,25 The glycosylation acceptor site was designed
as described,26 i.e. by replacing three codons positioned
20 codons downstream of H2 with codons for the accep-
tor tripeptide Asn-Ser-Thr. In all constructs, the naturally
occurring glycosylation site at Asn214 in Lep was
removed by an Asn214! Gln mutation. Residues 59-81
in H2 were replaced by a poly-Leu sequence of the
design LIK4L29VL10Q3P (subscripts indicate the number
of consecutive residues) for the 40 residue poly-Leu con-
struct. In the 31 residue poly-Leu constructs, four leucine
residues were deleted from the N terminus and ®ve
leucine residues from the C terminus of the 40 residue
poly-Leu stretch by PCR mutagenesis.

Introduction of the H3 region into the periplasmic P2
domain of Lep was performed as described,6 i.e. by
using a pING1 vector containing a lep gene with SpeI
and BglII restriction sites introduced into codons 226-227
and 231-232, and then replacing the SpeI-BglII fragment
by a double-stranded oligonucleotide encoding the
sequence ...E225-TSL19P2L19RS-V233... (superscript num-
bers refer to the wild-type Lep sequence) ¯anked by SpeI
and BamHI (compatible with BglII) restriction sites. The
lep gene was further modi®ed by an Asn214! Gln
mutation (to remove a potential glycosylation site pre-
sent in the wild-type Lep sequence) and by mutations
converting residues 96-98 and 258-260 to, respectively,
Asn-Ser-Thr and Asn-Ala-Thr (thus introducing two new
potential glycosylation sites ¯anking the H3 segment).
The modi®ed lep gene was re-cloned into the pGEM1-
derived vector described above for the in vitro expression
experiments.

The QuickChange site-directed mutagenesis kit (Stra-
tagene) was used for the introduction of ¯anking
charged Lys and Asp residues and all L! X substi-
tutions. Asp residues ¯anking the H2 poly-Leu stretches
on the N-terminal side were introduced by replacing the
K4 segment by a D4 segment; Lys and Asp residues
¯anking the H2 poly-Leu stretches on the C-terminal
side were introduced by replacing the Q3P segment
(KQ2P, K2QP, K3P, K4, and the same for D); and Lys and
Asp residues ¯anking the H3 poly-Leu stretch on the C-
terminal side were introduced by replacing one to four
residues immediately following the poly-Leu stretch. All
mutants were con®rmed by DNA sequencing using T7
DNA polymerase.

Expression in vitro

The constructs in pGEM1 were transcribed by SP6
RNA polymerase for one hour at 37 �C. The transcription
mixture was as follows: 1-5 mg of DNA template, 5 ml of
10 � SP6 H-buffer (400 mM Hepes-KOH (pH 7.4),
60 mM magnesium acetate, 20 mM spermidine-HCl),
5 ml of 1 mg/ml BSA, 5 ml of 10 mM m7G(50)ppp(50)G,
5 ml of 50 mM DTT, 5 ml of rNTP mix (10 mM ATP,
10 mM CTP, 10 mM UTP, 5 mM GTP), 18.5 ml of water,
1.5 ml of 33 units/ml RNase inhibitor, 0.5 ml of 40 units/
ml SP6 RNA polymerase. Translation of 1 ml of mRNA
was performed as described27 at 30 �C for one hour in
9 ml of nucelase-treated reticulocyte lysate, 1 ml of 40
units/ml RNase inhibitor, 1 ml of 15 mCi/ml [35S]Met, 1 ml
of amino acids mix (1 mM of each amino acid except
Met), 1 ml of mRNA, and 1 ml of 2 units/ml dog pancreas
microsomes (one unit is de®ned as the amount of micro-
somes required for 50 % translocation of in vitro syn-
thesized preprolactin). Translation products were
analyzed by SDS-PAGE and gels were quanti®ed on a
Fuji FLA-3000 phosphoimager using the Fuji Image

Reader 8.1j software. The glycosylation ef®ciency of a
given mutant was calculated as the quotient between the
intensity of the glycosylated band divided by the
summed intensities of the glycosylated and non-glycosy-
lated bands for the H2-based constructs, and as the quo-
tient between the intensity of the doubly glycosylated
band divided by the summed intensities of the doubly
and singly glycosylated bands for the H3-based con-
structs.
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Recent work has shown that efficient di- or trimerization of hydrophobic
transmembrane helices in detergent micelles or lipid bilayers can be dri-
ven by inter-helix hydrogen bonding involving polar residues such as
Asn or Asp. Using in vitro translation in the presence of rough micro-
somes of a model integral membrane protein, we now show that the for-
mation of so-called helical hairpins, two tightly spaced transmembrane
helices connected by a short loop, can likewise be promoted by the intro-
duction of Asn-Asn or Asp-Asp pairs in a long transmembrane hydro-
phobic segment. These observations suggest that inter-helix hydrogen
bonds can form within the context of the Sec61 translocon in the endoplas-
mic reticulum, implying that hydrophobic segments in a nascent polypep-
tide chain in transit through the Sec61 channel have immediate access to a
non-aqueous subcompartment within the translocon.
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Introduction

In eukaryotic cells, most integral membrane pro-
teins insert into and fold in the membrane of the
endoplasmic reticulum (ER) from which they may
then be transported further along the secretory
pathway or to the nuclear envelope. The initial rec-
ognition of the hydrophobic segments that form
the transmembrane a-helices takes place during
polypeptide transfer through the Sec61 translocon
complex in the ER membrane.1,2 It appears that
the transmembrane helices can either be recog-
nized and transferred laterally into the surround-
ing lipid bilayer one by one, or in pairs,3 –6 or even
as higher-order multimers,7 though these early
steps on the folding pathway are only poorly
understood at present.

Recent biochemical studies of model peptides in
detergent micelles or liposomes have shed some
light on the basic physical chemistry of helix–
helix interactions in a non-polar environment.
Tight close-packing between helices mediated by
the so-called GxxxG-motif, or inter-helical hydro-
gen bond formation between pairs of polar resi-
dues such as Asn and Asp, or more complex

motifs involving Thr or Ser8 – 16 have been shown
to drive efficient dimer formation in these systems.
These interactions have been confirmed by two-
hybrid assays in Escherichia coli where the for-
mation of a dimeric protein complex in the inner
membrane ultimately results in the activation of a
reporter gene.17,18 It is thus quite clear that hydro-
gen bonding can drive helix–helix interactions in
biological membranes; what is not clear, however,
is if inter-helix hydrogen bonds can form already
within the context of the translocon.

Inspired by previous observations that suggest
that transmembrane helices may encounter a
bilayer-like environment almost immediately
upon entering the translocon channel,2,19 we have
carried out a detailed analysis of the possible influ-
ence of Asn-Asn and Asp-Asp pairs on the for-
mation of so-called helical hairpins (i.e. two
closely spaced transmembrane helices connected
by a short loop) during co-translational membrane
protein insertion into the ER. We have already
reported that helical hairpin formation is facilitated
by the presence of charged, polar, and weakly
hydrophobic residues in the short connecting
loop,20 – 22 and by charged residues placed immedi-
ately downstream of a long, uniformly hydro-
phobic segment.23 Here, we show that Asn-Asn or
Asp-Asp pairs can promote the formation of heli-
cal hairpins in a strictly position-specific manner.
The observed pattern of hairpin-promoting pairs
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is consistent with the formation of inter-helical
hydrogen bonds. If this interpretation is correct, it
provides yet another argument for the contention
that transmembrane helices are formed within
a non-aqueous subcompartment in the Sec61
translocon.

Results

Model protein and topology assay

As in our previous studies of helical hairpin for-
mation in membrane proteins, we have used the
well-characterized E. coli inner membrane protein
leader peptidase (Lep) as a model protein. Lep con-
sists of two transmembrane segments (H1 and H2)
connected by a short cytoplasmic loop (P1) and a
large C-terminal periplasmic domain (P2). When
expressed in vitro in the presence of dog pancreas
rough microsomes (RM), Lep adopts the same
membrane topology as in its natural environment
in the inner membrane of E. coli,24 i.e. with the N
terminus and the large C-terminal P2 domain on
the lumenal side,25 Figure 1(a) (left).

For the studies reported here, H2 was substi-
tuted by a poly-Leu stretch of the general com-
position …P58-LIK4L29VL10Q3P-E82… (superscript
numerals refer to residues in Lep, subscript
numerals indicate the number of consecutive resi-
dues of a given kind).20,22 The segment has four N-
terminal lysine residues intended to anchor this
end to the cytoplasmic side of the membrane, a 40
residue stretch composed of 39 leucine and one
valine (the latter resulting from an engineered

restriction site) that is long enough to span the
membrane either as a single or as two closely
spaced transmembrane helices, and four
uncharged polar residues (Q3P) demarcating the
C-terminal end of the hydrophobic stretch. We
have shown previously that this stretch forms a
single transmembrane segment when the model
protein is integrated in vitro into RMs,26 but that
the introduction of “turn-promoting” residues
such as Pro, Asn, Arg, or Asp near the middle of
the poly-Leu stretch leads to the formation of a
helical hairpin.20

As an easily scored marker for the lumenal or
cytoplasmic localization of the P2 domain, an N-
glycosylation site (Asn-Ser-Thr) was introduced 20
amino acid residues downstream of the poly-Leu
stretch. In constructs where the poly-Leu stretch
spans the membrane only once, this site will be
glycosylated by the lumenally disposed oligo-
saccharyl transferase enzyme (Figure 1(a), left),
while it will not be modified in constructs where
the poly-Leu stretch has been mutated to form
a helical hairpin (Figure 1(b), right).27 Turn for-
mation can thus be assayed by in vitro transcrip-
tion/translation of the relevant constructs in the
presence of RM followed by quantification of the
efficiency of glycosylation of the engineered N-gly-
cosylation site.

Typical gels for three constructs described below
(D8, D33, and D8-D33) are shown in Figure 1(b); in
these constructs, the poly-Leu segment in D8-D33
inserts almost exclusively as a helical hairpin
(very little glycosylation), while essentially no
helical hairpin formation is seen for D8 (almost
complete glycosylation). The D33 construct has a

Figure 1. (a) The Lep model protein. Wild-type Lep has two transmembrane segments (H1, H2), and inserts into
dog pancreas rough microsomes in vitro with the Nlum –Clum orientation shown on the left. In the studies reported
here, the H2 segment has been replaced by a poly-Leu-based sequence (LIK4L29VL10Q3P) into which one or two Asn
or Asp residues have been inserted. Constructs where H2 spans the membrane once are glycosylated by the lumenally
disposed oligosaccharyl transferase enzyme on a unique Asn-Ser-Thr glycosylation acceptor site (Y) in the P2 domain
(left); those where the H2 segment forms a helical hairpin are not (right). In this study, one or a pair of Asn or Asp resi-
dues has been inserted in the areas in the H2 segment encircled on the right-hand model. (b) The D8, D33, and D8-D33
constructs were translated in vitro in the absence (2 ) and in the presence (þ) of dog pancreas rough microsomes (RM).
Unglycosylated and glycosylated molecules are indicated by the white dot and the black dot, respectively.
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mixed topology with about half the molecules
being glycosylated.

Effects on helical hairpin formation of single
Asn and Asp residues in a (39L 1 V)
transmembrane segment

To test the effect on helical hairpin formation
when an Asn or Asp residue is placed in different
positions in a poly-Leu stretch, we introduced Asn
or Asp in positions 8, 10, 12 and 31–39 in the
(39L þ V) segment, and helical hairpin formation
was assayed by determining the fraction of non-
glycosylated molecules ( fng) for each construct.

None of the single Asn-mutations induce effi-
cient formation of a helical hairpin (Figure 2(a)).
We always observe a background level of
fng , 0.2, most likely a result of somewhat ineffi-
cient targeting and glycosylation in the in vitro sys-
tem. The only positions in which an Asn leads to a
slight increase in f ng are 12 and 37. We have already

shown that an Asn-residue placed in position 22
near the middle of the (39L þ V) segment induces
almost complete formation of a helical hairpin
( fng ¼ 0.85),22 and it is therefore not very surprising
that we see a slight effect with the N12 mutation. It
is less obvious why the N37 mutation should have
a comparable effect (but see Discussion).

For constructs with a single Asp in the (39L þV)
stretch, the picture is the same as for Asn for
positions 8, 10, and 12 (Figure 2(b)). The Asp
mutations near the C-terminal end of the segment
have significantly higher fng values than the corre-
sponding Asn mutations, with the D37 mutation
having the strongest effect. It thus appears that an
Asp residue near the C-terminal end of the
(39L þ V) stretch induces a significant level of heli-
cal hairpin formation, in agreement with earlier
studies where Asp residues immediately flanking
the C-terminal end of the (39L þV) stretch were
shown to induce a helical hairpin conformation.23

We have shown that a single Pro residue placed
10–12 residues from either end of the (39L þV)
stretch induces a significant amount of the helical
hairpin conformation,20 suggesting that the higher
fng values seen for the more centrally placed D12,
D32, D33, and (possibly) D34 mutations might be
caused by the strong hairpin-inducing effect
demonstrated earlier for a centrally placed Asp
residue.20

Position-specific effects on helical hairpin
formation by Asn-Asn and Asp-Asp pairs

We next examined the tendencies of Asn-Asn
and Asp-Asp pairs to mediate helical hairpin for-
mation by introducing such pairs in the (39L þV)
stretch using the single-residue constructs reported
above for comparison.

After an initial screening of a small number of
Asn-Asn pairs, we focused mainly on the N8 pos-
ition, and made a complete set of pairs with the
second Asn in positions 32–39. For the N10 and
N12 pairs, we made constructs with the second
Asn in positions 33, 35, 37, 38 (for N12), and 39.
Strikingly, there is an almost twofold increase in
fng for the N8–N33, N8–N37, and N12–37 con-
structs over the corresponding single-Asn con-
structs, while all the other Asn-Asn constructs
have fng values similar to those of the correspond-
ing single-Asn constructs.

The same set of constructs but with Asp instead
of Asn were tested (Figure 3(b)). The D8-D33 and
D8-D37 constructs have ,1.5-fold higher fng values
than seen for the corresponding individual
mutations. In addition, the D10–D35, D10–D37,
and D10–D39 constructs, and all constructs that
include D12, have higher fng values than those of
the corresponding single-Asp constructs.

As a control to ensure that the poly-Leu seg-
ments in even the poorly glycosylated constructs
were integrated properly into the microsomal
membrane, we made a final series of constructs
where the H1 transmembrane segment and a part

Figure 2. Degree of helical hairpin formation
measured as the fraction of non-glycosylated molecules
( f ng) observed after in vitro translation in the presence of
RM for single Asn (a) and single Asp (b) mutations in
the (39L þV) H2 segment. The position of the Asn or
Asp residue is counted from the N-terminal end of the
(39L þV) segment. All measurements are mean values
of two or three independent experiments; in general,
repeat fng-value measurements differ by no more than
^0.05 from the mean value.
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of P1 (residues 5–46) were deleted, leaving the
poly-Leu stretch as the only hydrophobic segment
in the protein. These constructs were expressed in
the presence of RM, and their membrane inte-
gration was tested by alkaline extraction of the
membranes.28,29 Two typical examples are shown
in Figure 4. The D33(DH1) construct is partially
glycosylated when expressed in the presence of
RM, and both the glycosylated and the non-glyco-
sylated molecules remain in the membrane pellet
(lanes 3 and 4). Likewise, even though the D8-
D33(DH1) construct is glycosylated only weakly,
the bulk of the molecules remain in the membrane
pellet when the protein is expressed in the pre-
sence of RM. Similar results were obtained for the
other DH1 constructs tested (D33(DH1), D37(DH1),
D8-D35(DH1), and D8-D37(DH1); data not shown).

Discussion

In earlier work on helical hairpin formation, we
have shown that single polar or charged residues

introduced in the middle of a sufficiently long
poly-Leu transmembrane segment can induce an
almost complete conformational transition from a
long single-spanning transmembrane segment to a
helical hairpin.20– 22,26,30 We have further shown
that charged residues placed immediately down-
stream of the poly-Leu transmembrane segment
can induce the formation of helical hairpins even
when no polar or charged residue is present within
the hydrophobic stretch itself.23

Inspired by the observation that hydrogen bond-
ing between Asn or Asp residues in transmem-
brane helices in detergent micelles, model
membranes, or the E. coli inner membrane can
drive oligomerization,12,13,31 we have now tested
whether pairs of Asn or Asp residues, i.e. residues
shown to mediate strong dimerization in these
studies, can promote the formation of intramolecu-
lar helical hairpins during membrane protein
assembly into the ER membrane, i.e. within the
context of the Sec61 translocon.

As shown in Figures 2 and 3, Asn-Asn and Asp-
Asp pairs placed in a model (39L þ V) transmem-
brane segment can increase the efficiency of helical
hairpin formation by 1.5–2-fold over that seen for
the corresponding single Asn or Asp residues.
Even more strikingly, the effect is highly position-
specific. For both Asn and Asp, pairs in positions
8–33 and 8–37 in the 40 residue long hydrophobic
segment induce the formation of a helical hairpin,
as does the N12–N37 pair and all pairs with Asp
in positions 10 or 12 combined with a second Asp
in positions 33, 35, 37 or 39.

The Asn and Asp 8–33 and 8–37 pairs are
especially interesting, as they are clearly position-
specific (a shift of either of the two residues by
one or two positions abolishes the effect) and
further involve residues that are both one to two
turns from the ends of the (39L þ V) stretch. More-
over, if one assumes a helical hairpin conformation
for the (39L þV) stretch, residues 33 and 37 will be
located one turn apart on the same face of the C-
terminal helix of the hairpin. These pairs of resi-
dues would thus be in a perfect position to stabil-
ize the helical hairpin conformation by inter-
residue hydrogen bonding.

For Asn, the only other pair that has an
increased level of helical hairpin formation com-
pared to the two corresponding single-Asn con-
structs is N12–N37. Presumably, N12 is near the
middle of the first helix in the hairpin, while N37
is close to the C-terminal end of the second helix,
making a direct interaction a less likely explanation
in this case. Since both N12 and N37 have a slightly
higher level of helical hairpin conformation than
the other single-Asn constructs, there may be an
additive effect of the two Asn residues that reflects,
e.g. interactions with the translocon rather than
inter-residue hydrogen bonding. Further studies
will be necessary to resolve this point.

The Asp-Asp pairs are less informative, since the
single-Asp mutations, in general, have a stronger
effect than the single-Asn mutations (Figure 2(b)).

Figure 3. Degree of helical hairpin formation
measured as the fraction of non-glycosylated molecules
( f ng) observed after in vitro translation in the presence
of RM for Asn-Asn (a) and Asp-Asp (b) pairs in the
(39L þV) H2 segment. The positions of the Asn or Asp
residues are counted from the N-terminal end of the
(39L þV) segment.
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It is thus difficult to discern an obvious pattern in
the Asp-Asp pair constructs (Figure 3(b)). Never-
theless, it is interesting to note that helical hairpin
formation is clearly increased in the 8–33 and 8–
37 pairs also for Asp.

If our interpretation that the 8–33 and 8–37 Asn
and Asp pairs indeed stabilize the helical hairpin
conformation by hydrogen bonding is correct, it
implies, first, that the formation of the helical hair-
pin must take place in a non-aqueous environment
within the translocon, since stable inter-residue
hydrogen bonding would not be expected in an
aqueous environment; previous results from our
laboratory also point in this direction.21 Second, it
further implies that the two halves of the helical
hairpin formed in the (39L þV) segment cannot
rotate freely relative to one another, as only pos-
itions on one face of the two helices (8–33 and 8–
37 but not 8–35 or 10–33) are implicated. It is not
immediately obvious why these faces are special;
perhaps the polar residues flanking the hydro-
phobic stretch help orient the helices relative to
the translocon. In any case, our results suggest
that very specific helix–helix interactions can be
formed within the context of the ER translocon
and that such interactions can have a dramatic
effect on membrane protein topology.

Materials and Methods

Enzymes and chemicals

Unless stated otherwise, all enzymes were from Pro-
mega (Madison, WI, USA). [35S]Met, ribonucleotides,
deoxyribonucleotides, dideoxyribonucleotides, and the
cap analog m7G(50)ppp(50)G were from Amersham-Phar-
macia (Uppsala, Sweden). Plasmid pGEM1, DTT, tran-
scription buffer and rabbit reticulocyte lysate were from
Promega. Spermidine was from Sigma. Oligonucleotides
were from Cybergene (Stockholm, Sweden).

DNA manipulations

For cloning into and expression from the pGEM1 plas-
mid, the 50 end of the lep gene was modified, first, by the
introduction of an Xba I site and, second, by changing the
context 50 to the initiator ATG codon to a “Kozak consen-
sus” sequence.32 Thus, the 50 region of the gene was
modified to:

…ATAACCCTCTAGAGCCACCATGGCGAAT…
(Xba I site and initiator codon underlined).
Replacement of the H2 region in Lep was performed

as described,27 i.e. by first introducing Bcl I and Nde I
restriction sites in codons 59 and 80 flanking the H2
region and then replacing the Bcl I-Nde I fragment by the
appropriate double-stranded oligonucleotides. Site-
specific mutagenesis used to add Bcl I and Nde I restric-
tion sites at the 30 and 50 ends of H2 in Lep and to intro-
duce an Asn-Ser-Thr acceptor site for N-linked
glycosylation was performed according to the method
of Kunkel.33,34 The glycosylation acceptor site was
designed as described,35 i.e. by replacing three codons
positioned 20 codons downstream of H2 with codons
for the acceptor tripeptide Asn-Ser-Thr. In all constructs,
the naturally occurring glycosylation site at Asn214 in
Lep was removed by an Asn214 ! Gln mutation. Resi-
dues 59–81 in H2 were replaced by a (39L þV) sequence
of the design LIK4L29VL10Q3P (subscripts indicate the
number of consecutive residues).

The QuickChange site-directed mutagenesis kit (Stra-
tagene) was used for the introduction of Asn or Asp resi-
dues in position 8, 10, and 12 and in positions 33–39 of
the (39L þV) stretch. All mutants were confirmed by
DNA sequencing of plasmids using ABI PRISMw

BigDyee Terminator Cycle Sequencing Ready Reaction
Kit (Applied Biosystems).

Expression in vitro

The constructs in pGEM1 were transcribed by SP6
RNA polymerase for one hour at 37 8C. The transcription
mixture was as follows: 1–5 mg of DNA template, 5 ml of
10 £ SP6 H-buffer (400 mM Hepes–KOH (pH 7.4),
60 mM magnesium acetate, 20 mM spermidine–HCl),
5 ml of BSA (1 mg/ml), 5 ml of 10 mM m7G(50)ppp(50)G,

Figure 4. Alkaline extraction of the D33(DH1) and D8-D33(DH1) constructs expressed in vitro in the absence (2) and
presence (þ ) of RM. Unglycosylated and glycosylated molecules are indicated by the white dot and the black dot,
respectively. S, supernatant; P, membrane pellet.
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5 ml of 50 mM DTT, 5 ml of rNTP mix (10 mM ATP,
10 mM CTP, 10 mM UTP, 5 mM GTP), 18.5 ml of water,
1.5 ml of RNase inhibitor (33 units/ml), 0.5 ml of SP6
RNA polymerase (40 units/ml). Translation of 1 ml of
mRNA was performed as described36 at 30 8C for one
hour in 9 ml of nuclease-treated reticulocyte lysate, 1 ml
of RNase inhibitor (40 units/ml), 1 ml of [35S]Met
(15 mCi/ml), 1 ml of amino acids mix (1 mM each amino
acid except Met), 1 ml of mRNA, and 1 ml of dog pan-
creas microsomes (2 units/ml; one unit is defined as the
amount of microsomes required for 50% translocation of
in vitro synthesized preprolactin). Translation products
were analyzed by SDS-PAGE and gel bands were quanti-
fied on a Fuji FLA-3000 phosphoimager using the Fuji
Image Reader 8.1j software. The glycosylation efficiency
of a given mutant was calculated as the intensity of the
glycosylated band divided by the summed intensities of
the glycosylated and non-glycosylated bands. Sodium
carbonate extraction of microsomes was carried out as
described.29
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Abstract 

The topology of bacterial inner membrane proteins is commonly determined using 

topology reporters such as PhoA and GFP fused to a series of C-terminally truncated 

versions of the protein in question. Here, we report a detailed topology mapping of the 

Escherichia coli inner membrane chloride channel YadQ. Since the 3D structure of 

YadQ is known, our results provide a critical test of the reporter fusion approach and 

offer new insights into the YadQ folding pathway. 
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Introduction 

 

With the number of high-resolution membrane protein structures still hovering 

around 100 and increasing only slowly, topology modeling will remain an important 

aspect of membrane protein biochemistry and bioinformatics for years to come. 

Theoretical topology prediction methods are being continually improved but are still far 

from perfect (Chen et al. 2002). On the experimental side, reporter fusion techniques are 

by far the most widely used for determining the topology of bacterial inner membrane 

proteins (Manoil 1991), and can also be used in yeast (Kim et al. 2003). 

Obviously, once a high-resolution structure becomes available reporter fusions 

would seem to be of little value, and we do not know of a single case where an 

experimental topology analysis has been done post facto. Here, we report the results of a 

detailed, reporter fusion-based topology mapping of the E. coli ClC chloride channel, a 

protein for which an X-ray structure was reported in 2002 (Dutzler et al. 2002). Using the 

structure as a guide, we have made a set of optimally placed reporter fusions, giving us 

the possibility to confront a best-case reporter fusion scenario with the hard facts of a 

high-resolution structure. We find that the reporter fusion data accurately reflects the 

topology of 10 of the 14 transmembrane helices, but misses two short helical hairpins on 

the periphery of the protein. Given the rather weak hydrophobicity of these hairpins and 

their peripheral locations, we suggest that the reporter fusion results reflect not only the 

final topology of the protein but also pin-point parts of the molecule that may insert into 

the membrane at a late stage in the folding process. 
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Results  

The ClC chloride channel 

The amino acid sequence, topology, and 3D structure of the E. coli ClC chloride 

channel YadQ are shown in Fig. 1. The protein is a homodimer, with an ion pore in each 

of the monomers. There are 14 transmembrane helices in the monomer, some of which 

are very long, some very short, and some highly inclined relative to the membrane 

normal. Given this rather complicated structure of the transmembrane helix bundle, we 

reasoned that YadQ would be particularly challenging for topology mapping techniques 

and that the results of a topology analysis may help to elucidate the propensity of the 

different transmembrane helices to insert into the membrane. 

 
Topology reporter analysis 

The most widely used technique for topology mapping of bacterial inner 

membrane proteins is based on reporter protein fusions to C-terminally truncated 

versions of the inner membrane protein in question. We have used two well-established 

topology reporter proteins, green fluorescent protein (GFP) and alkaline phosphatase 

(PhoA), to map the topology of YadQ. GFP folds and becomes fluorescent only when 

localized in the cytoplasm, not when located in the periplasm (Feilmeier et al. 2000; 

Drew et al. 2002). PhoA behaves in the opposite way, and is enzymatically active when 

located in the periplasm but not when in the cytoplasm (Manoil and Beckwith 1986). 

A useful rule of thumb when making topology reporter fusions is to place the 

fusion joints near the C-terminal ends of the loops between the transmembrane helices 

(Boyd et al. 1993). With the YadC structure in hand, we could choose optimal fusion 

joint as shown in Fig. 1A. Every loop in the structure was targeted; the final list of 

fusions that were constructed is given in Table 1. GFP and PhoA activities were 

measured as described previously (Rapp et al. 2004), and are also given in Table 1. In all 
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cases, there is a good correlation between the activities of the two reporters: fusions with 

a high GFP activity invariably have a low PhoA activity, and vice versa. 

 
Reporter fusions vs. 3D structure 

The reporter fusion results are mapped onto the 3D structure in Fig. 2A and on 

the corresponding topology map in Fig. 1B. In general, the activities of the GFP and 

PhoA fusions correspond well with the 3D structure, but there are two obvious 

exceptions where the fusion data is not in accord with the 3D structure: the E/F and P/Q 

loops (the E-F and P-Q helical hairpins are highlighted in the Figure). Although these 

loops are oriented towards the periplasm in the 3D structure, the GFP and PhoA fusions 

consistently report cytoplasmic localizations. 

From a topology mapping point of view, the best current approach is to constrain 

theoretical prediction methods such as TMHMM or HMMTOP by experimental data of 

the kind generated here (Melén et al. 2003). Using the full set of reporter fusion results as 

constraints for TMHMM, we obtain the topology model shown in Fig. 2B (top). 

Compared to the unconstrained TMHMM prediction, Fig. 2B (middle), the ends of the 

transmembrane helices are much better defined in the constrained model. The 

unconstrained model misses helix F, fuses helices G-H as well as O-P into single helices, 

and incorrectly predicts the C-terminus to be periplasmic. The fully constrained 

prediction, on the other hand, misses the E-F and P-Q hairpins.  

In a more realistic setting where the 3D structure of the target protein is not 

known, one generally resorts to hydrophobicity plots to guide the selection of reporter 

fusion sites. Such a plot is shown in Fig. 2C, with the reporter fusions analyzed above 

indicated by filled and unfilled circles. A conservative guess as to which fusions sites 

would have been chosen based only on the hydrophobicity plot is shown by the arrows. 

Using only the latter as constraints for TMHMM results in the topology model shown in 
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Fig. 2B (bottom). In this model, both the E-F and G-H hairpins are missed, the O and P 

helices are merged, and the Q helix is missed.  

 

Discussion 

Among the known helix bundle membrane protein 3D structures, the chloride 

channel YadQ stands out in terms of length variation among the transmembrane helices 

and modes of helix-helix packing interactions (Dutzler et al. 2002). It would thus appear 

to be a particularly challenging protein for topology mapping by reporter fusions, and 

might pin-point particular kinds of shortcomings of this widely used approach. Seen from 

a different perspective, the behavior of topology reporters fused to internal loops in the 

protein might also reveal differences in membrane insertion ability between different 

transmembrane helices and thereby help illuminate steps in the membrane insertion 

pathway. 

For these reasons, we have undertaken a detailed topology mapping of YadQ, 

using complementary GFP and PhoA reporter fusions. The fusions sites were chosen 

based on the 3D structure: all loops between helices (both transmembrane helices and 

surface helices) were targeted, and the fusion sites were placed at the C-terminal end of 

each loop, Table 1. 

The results of the reporter fusion analysis are mapped onto the 3D structure in 

Fig. 2A, and are also summarized in the topology model presented in Fig. 1B. Despite 

the unruly 3D structure, all reporter fusions but two report the correct location of the 

corresponding loop, attesting to the general reliability of the reporter fusion technique. 

The fusions even identify one a loop between helices G and H that is not possible to 

detect from the hydrophobicity plot shown in Fig. 2C. 

The two loops that are not identified by the reporter fusions are located between 

the E-F and P-Q helices. They are both oriented towards the periplasm in the 3D 
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structure, but the reporter fusions made immediately downstream of the E and P helices 

are cytoplasmic. In contrast to all the other Nin-Cout transmembrane helices in YadQ, the 

E and P helices are thus unable to promote translocation of the reporters to the periplasm. 

Interestingly, the E helix (RWWRVLPVKFFGGLGTLGG) has a rather low average 

hydrophobicity, and the short P helix (APLTGIILVLEMT) is not even discernible on the 

hydrophobicity plot, Fig. 2C, suggesting the possibility that the E-F and P-Q segments 

insert into the membrane not as individual helices but as pre-formed “helical hairpins” 

(Engelman and Steitz 1981). The E-F and P-Q hairpins are highlighted in Fig. 2A: they 

are both located on the perimeter of the YadQ monomer, and it does not seem 

unreasonable to assume that they can fold into pre-formed pockets in the structure only 

after most or all of the other helices have assembled. This would be analogous to the 

suggested late insertion of the so-called pore helices in certain potassium channels 

(Umigai et al. 2003), except that the E-F and P-Q hairpins are lipid-exposed to a much 

greater degree than the potassium channel pore helices. Since the P-Q hairpin is at the 

monomer-monomer interface, dimer formation would only be possible after the proper 

assembly of this hairpin in the monomer. 

Finally, we note that when TMHMM is constrained with a more realistic set of 

reporter fusions – one that it could conceivably have been constructed without 

knowledge of the 3D structure – only 4 of the 7 helical hairpins are correctly predicted, 

Fig. 2B (bottom). Although the hydrophobicity plot (Fig. 2C) might have led one to 

suspect additional transmembrane helices in the region corresponding to helices E-G and 

perhaps P-Q, it would have been very difficult to obtain strong evidence for their 

existence using only reporter fusions. Possibly, complementing techniques such as Cys-

labelling (van Geest and Lolkema 2000) might have helped, but it is nevertheless clear 

that it is going to be very difficult to avoid artifactual results in cases where a 

transmembrane helix can only insert across the membrane as part of a helical hairpin. 
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Given that YadQ appears to be a rather extreme case compared to most other known 

membrane protein structures, this may not be too much of a problem, however. 
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Materials and methods 

DNA techniques. The cloning of the E. coli yadQ into phoA and gfp fusion vectors was 

done as described (Rapp et al. 2004; Daley et al. 2005). Primers were obtained from 

Cybergene (Stockholm) or MWG (Ebersberg, FRG). All constructs were checked by 

plasmid sequencing (BM labbet, Furulund, Sweden). 

 

Experimental determination of C-terminal location. Constructs encoding PhoA 

fusions were transformed into E. coli CC118 (Lee and Manoil 1994) and those encoding 

GFP fusions were transformed into E. coli BL21(DE3)pLysS. The PhoA and GFP assays 

were performed as described (Rapp et al. 2004; Daley et al. 2005). The assays were 

repeated 3 times for each construct and the results were averaged.  
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Table 1 
 

Reporter fusion sites and activities. PhoA and GFP activities (mean of 3 experiments) 

were normalized to the most active reporter fusion. Reporter fusions were classified as 

- (little or no activity), + (medium activity), and ++ (high activity). 

 

Fusion site <PhoA> <GFP> PhoA class GFP class 

73 1.00 0.01 ++ - 

107 0.00 0.78 - ++ 

122 0.00 1.00 - ++ 

146 0.01 0.44 - ++ 

170 0.00 0.21 - ++ 

192 0.50 0.01 ++ - 

213 0.00 0.07 - + 

250 0.15 0.04 + - 

288 0.00 0.00 - - 

308 0.36 0.01 ++ - 

318 0.45 0.01 ++ - 

328 0.60 0.00 ++ - 

357 0.01 0.17 - + 

384 0.20 0.03 ++ - 

403 0.00 0.15 - + 

420 0.00 0.05 - + 

442 0.00 0.15 - + 

458 0.00 0.22 - ++ 

473 0.00 0.22 - ++ 
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Figure legends 

 
Figure 1 

The ClC chloride channel protein YadQ. (A) Amino acid sequence. The 14 

transmembrane helices are underlined. Boxed residues show the position of the last 

residue in the YadQ part of each fusion. (B) Topology derived from the 3D structure. 

Transmembrane helices are indicated by upper case letters, other helices by lower case 

letters. Qualitative reporter fusion activities are shown as (-, +, ++; upper sign = PhoA, 

lower sign = GFP). (C) 3D structure of the YadQ homodimer (PDB-code 1KPK). The 

two subunits are shaded in gray and white. The periplasmic side is up. 

 
Figure 2 

Topology mapping results. (A) Reporter fusion activities mapped onto the 3D structure 

of the YadQ homodimer (left subunit). White CPK residues indicate fusion sites with 

high PhoA and low GFP activity; black CPK residues indicate sites with low PhoA and 

high GFP activity. Arrows point to the reporter fusion sites in the E/F and P/Q loops. The 

E-F and P-Q helical hairpins are shown as cartoons (right subunit). (B) TMHMM 

predictions. The unconstrained TMHMM prediction is shown on top, the fully 

constrained prediction in the middle, and the model obtained when using the fusions 

indicated by arrows in panel C as constraints is shown on the bottom. The 

transmembrane helices identified in the 3D structure are indicated by thin black lines. (C) 

Hydrophobicity plot produced by TopPred (von Heijne 1992; Claros and von Heijne 

1994) using the GES hydrophobicity scale (Engelman et al. 1986) and default 

parameters. The helices identified in the 3D structure are indicated (transmembrane 

helices in upper case). The reporter fusion sites are indicated by white (high PhoA, low 

GFP activity) or black (low PhoA, high GFP activity) circles. Arrows point to reporter 
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fusion sites that might have been used had the 3D structure not been known (see text). 

The dashed lines indicate the default cutoff hydrophobicity used by TopPred for 

predicting “putative” and “certain” transmembrane helices. 
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