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1 Introduction 

1.1 Preface 
Living cells are segregated from their environment by at least one biological membrane, the 
plasma membrane. Organisms lacking further compartmentalization such as a nucleus (karyon) 
or internal membrane-bound organelles are termed prokaryotes. They may however, as in the 
case of gram-negative bacteria, be surrounded by a second lipid bilayer called the outer 
membrane. Hence, the so-called periplasmic space is enclosed between the plasma membrane 
and the outer membrane.   
A much higher degree of compartmentalization is found in eukaryotes. Their cells contain a 
nucleus and membrane-bound organelles such as the endoplasmic reticulum (ER), 
mitochondria or chloroplasts. This segmentation serves to provide separate spaces and reaction 
conditions that allow the cells to perform their various biological functions more efficiently. 
Hence, the formation of the endomembrane system and the development of mitochondria and 
plastids by successive endocytosis of bacterial cells into early proto-eukaryotes were central 
events in the development of present-day eukaryotes. 

Most of the proteins which take action in these different compartments are encoded in the 
nuclear genome and synthesized on cytosolic ribosomes. Thus specialized protein targeting and 
transport systems are needed to ensure redistribution of the proteins to their final localization. 
These machineries face three main challenges: (i) targeting of preproteins to the corresponding 
compartment, (ii) transfer of proteins across the membrane; (iii) insertion of single- or multi-
spanning α-helical proteins as well as β-barrel pores into the membrane. The responsible 
protein complexes themselves are composed of soluble, membrane associated and integral 
membrane proteins that accomplish selective transport of their protein substrates and 
simultaneously maintain the permeability barrier for other molecules. 

1.2 Intracellular compartments and protein sorting 
As soon as a nascent protein emerges from the translating ribosome, different accessory 
proteins such as chaperones like trigger factor (TF) or the signal recognition particle (SRP) 
compete for binding to the ribosome-nascent chain complex (RNC). They determine the fate of 
the emerging polypeptide chain based on the characteristics of its targeting signals (Luirink et 
al., 2004; Eisner et al., 2006; Ullers et al., 2006). In fact, the nature of the passing sequences is 
probably already sensed inside the ribosomal exit tunnel and promotes recruitment of suitable 
chaperones (Nakatogawa et al., 2002; Luirink et al., 2004; Berndt et al., 2009; Pool, 2009). 
Thereupon, protein translocation can be achieved by a co- or posttranslational mechanism. For 
cotranslational translocation, the RNC is targeted to the respective translocon and 
translocation of the nascent chain is coupled to its translation. In contrast, for other proteins 
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translocation to their final destination starts after completion of translation, when the complete 
protein is released from the ribosome (posttranslational). 

In gram-negative bacteria, only the cytoplasmic membrane is directly accessible for newly 
synthesized proteins that are not destined to remain inside the cytosol. For further distribution 
into the periplasm or the outer membrane, they first have to be translocated across this inner 
membrane. Additionally, a variety of proteins, e.g. pathogenicity factors, is secreted from the 
cell into the extracellular space. Their passage across the two membranes can be mediated in a 
1-step process or in 2 steps with a stopover in the periplasm, depending on the secretion system 
(Dalbey et al., 2012). 

In accordance with the higher degree of compartmentalization, the situation in eukaryotes is 
even more complex (Figure 1.1). The nuclear genome of Saccharomyces cerevisiae for example 
encodes about 5000-6000 genes. Following translation on cytosolic ribosomes, a subset of about 
1000 of these proteins is directed to the ER lumen or the ER membrane respectively. From there 
they may be distributed by vesicle transport across the endomembrane system to other 
compartments (e.g. Golgi apparatus, lysosomes, plasma membrane). The majority of proteins 
are folded in the cytosol and in part imported into peroxisomes or the nuclear compartment, 
while roughly 1000 freshly synthesized proteins are targeted to mitochondria and localize into 
one of the four sub-compartments (Huh et al., 2003; Sickmann et al., 2003; Dolezal et al., 2006; 
Reinders et al., 2006). 

The following sections summarize the pathways for protein targeting and translocation in 
bacteria, as well as the two eukaryotic organelles most relevant to the work presented in this 
thesis, the ER and mitochondria. Phylogenetic interconnections between these machineries will 
be highlighted in this context. 

 

Figure 1.1: Protein transport in eukaryotes. Many of the proteins encoded in the nuclear genome of 
S. cerevisiae (≥5000 protein-coding genes) are redistributed to the ER or mitochondria after or during their 
synthesis. The mitochondrial genome itself only encodes a few proteins that are synthesized on mitochondrial 
ribosomes (Dolezal et al., 2006).  
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1.3 Protein translocation in bacteria 
Due to their relatively high degree of compartmentalization, protein transport pathways in 
gram-negative bacteria is in the following section summarized as a general overview of 
bacterial translocation mechanisms. Obviously, only the most common systems can be outlined 
since the kingdom bacteria comprises a plethora of specialized life-forms which possess 
elaborate translocation systems according to their particular needs. 

In bacteria, most secretory proteins are translocated across the inner membrane by a 
posttranslational pathway, while the majority of inner membrane proteins are inserted into the 
lipid phase using a cotranslational mechanism. However, a few secretory proteins have been 
reported to utilize the cotranslational route as well (Ulbrandt et al., 1997; Luirink et al., 2004). 

1.3.1 Targeting signals in bacteria 
The most decisive part for the redistribution of proteins are specialized targeting elements that 
may be present in the form of an N-terminal presequence or may be contained in the mature 
part of the protein. Proteins destined for translocation across or insertion into the cytoplasmic 
membrane of bacteria, are often equipped with an N-terminal signal sequence. This targeting 
signal forms a tripartite α-helix comprising a short positively charged N-terminus (n-region), a 
hydrophobic core (h-region) and a more polar C-terminal domain (c-region) (von Heijne, 1985; 
von Heijne, 1990). It directs the preproteins to the Sec complex at the cytoplasmic membrane 
(compare Section 1.3.2). Depending on the length and/or hydrophobicity of the h-region, part of 
these sequences target the nascent proteins across the membrane, where they are subsequently 
cleaved off behind the c-region and degraded. Others act as hydrophobic transmembrane 
segments (stop-transfer sequences) that induce cotranslational membrane insertion of nascent 
inner membrane proteins (von Heijne, 1990; Martoglio et al., 1998; Lee et al., 2001; Paetzel et 
al., 2002).   
For further distribution beyond the periplasm, proteins may contain additional targeting 
signals. Outer membrane β-barrel precursors for example are recognized by a C-terminal motif 
consisting of alternating hydrophobic amino acids with a highly conserved phenylalanine 
concluding the polypeptide (Struyve et al., 1991; Robert et al., 2006; Tommassen, 2010).  
Other signal sequences resemble classical N-terminal presequences in their overall 
organization, but contain a special consensus sequence comprising two consecutive arginine 
residues in their n-region. These proteins are translocated by the Twin arginine translocation 
(Tat) pathway in a Sec-independent mechanism (Natale et al., 2008; Dalbey et al., 2012).   
Only recently several proteins were identified in bacteria that lack the N-terminal signal 
sequence required for translocation through the Sec complex and are instead targeted into the 
cytoplasmic membrane by a C-terminally located transmembrane domain. This resembles the 
targeting of tail-anchored (TA) proteins which were previously only known in eukaryotes and 
archaea. However, the bacterial membrane insertion mechanism of these proteins seems to 
differ from those found in the other domains of life (Borgese et al., 2011; Craney et al., 2011).  



  

4 

 

Figure 1.2: Protein transport pathways in gram-negative bacteria. Proteins are delivered for export from 
the cytosol in either a posttranslational targeting step after completion of synthesis on cytosolic ribosomes or by a 
cotranslational mechanism as soon as the signal sequence emerges from the ribosome. The TatABC complex 
mediates translocation of folded proteins, while the Sec as well as YidC process unfolded precursors. As gram-
negative bacteria in contrast to most other prokaryotes possess an additional outer membrane, specialized 
machineries serve to integrate proteins into this shell or to secrete proteins across both membranes. For reasons of 
simplicity, some accessory components and subsequent processing pathways are omitted in this and the following 
two schematic diagrams. Figure modified from (Cross et al., 2009b). TF, trigger factor; pmf, proton motive force.  

1.3.2 Protein translocation via the bacterial Sec complex 
Most proteins destined for translocation across or insertion into the bacterial cytoplasmic 
membrane are targeted to the Sec translocon at the inner membrane. Several co- and 
posttranslational pathways converge at this complex. The essential, membrane integrated 
subunit SecY forms a protein translocating pore which is stabilized by the essential SecE 
protein and a third, non-essential subunit. The latter is called SecG in bacteria and Secβ in 
archaea (Brundage et al., 1990; van den Berg et al., 2004). This core complex provides a conduit 
for preproteins as well as a docking platform for accessory components providing energy or 
specificity to the translocation reaction (Gold et al., 2007a; du Plessis et al., 2011; Park et al., 
2012b). 

Signal sequences indicating the synthesis of a cotranslationally targeted membrane protein 
induce the binding of the signal recognition particle (SRP) to the RNC (Figure 1.2). In bacteria, 
the SRP consists of the protein Ffh (SRP Fifty-four homolog) and a 4.5S RNA. It interacts with 
the membrane-associated receptor FtsY (filamentous temperature sensitive Y) and transfers the 
nascent chain in a GTP-dependent mechanism to the translocon (Luirink et al., 1992; Miller et 
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al., 1994; Luirink et al., 2004). When SRP dissociates from the RNC, it leaves the ribosome 
bound to the translocon such that the ribosomal tunnel exit is aligned with the pore formed by 
SecYEG (Frauenfeld et al., 2011). Continued translation thus provides the energy that threads 
the nascent chain into the transmembrane pore.   
The Sec translocon catalyzes the insertion of membrane proteins into the lipid bilayer by 
allowing the passage of their polar regions through a hydrophilic channel (van den Berg et al., 
2004) and releasing their transmembrane segments laterally into the membrane plane (Xie et 
al., 2008; du Plessis et al., 2009; Egea et al., 2010; Dalbey et al., 2011). For some substrates, the 
translocation of large hydrophilic domains is assisted by the peripheral motor protein SecA, 
which otherwise functions independently during posttranslational translocation (Qi et al., 1999; 
Wu et al., 2012).   
The process of Sec-dependent protein insertion and folding can be assisted by YidC, another 
integral inner membrane protein. It presumably assists the release of individual transmembrane 
segments from the Sec complex and additionally provides a Sec-YidC-interface at which 
polytopic membrane proteins can assemble (Samuelson et al., 2000; Scotti et al., 2000; Houben 
et al., 2004). Moreover, the YidC insertase was shown to mediate membrane integration of 
proteins with short periplasmic domains in a Sec-independent pathway (Samuelson et al., 2000; 
Serek et al., 2004; van der Laan et al., 2004; Xie et al., 2008; Cross et al., 2009b; Dalbey et al., 
2012). Additionally, YidC might also play a role in the insertion of tail-anchored (TA) proteins. 
The bacterial homolog of the TA targeting complex from archaea and eukaryotes (Section 
1.4.1.2) lacks key residues for membrane protein targeting (Borgese et al., 2010; Craney et al., 
2011) and YidC has already been shown to promote the insertion of SecE (Yi et al., 2003).  
Further translocase subunits termed SecD, SecF and YajC can associate with the SecYEG 
protein-conducting channel and promote efficiency of protein translocation and insertion of 
membrane proteins (Duong et al., 1997). They probably also mediate the association of YidC 
with SecYEG by forming a complex called the holotranslocon (Nouwen et al., 2002).  

About 25-30% of all proteins in E. coli fulfill their functions outside of the cell and consequently 
have to be translocated across the cytoplasmic membrane in order to reach their destination. 
The same is true for soluble, periplasmic proteins as well as β-barrel proteins destined for 
insertion into the outer membrane or lipoproteins, which are ultimately assembled by the Lol 
(localization of lipoprotein) pathways. In addition to its function as membrane insertase, the 
Sec complex provides the main pathway for export of these proteins into the periplasmic space 
(Natale et al., 2008; Cross et al., 2009b; Dalbey et al., 2012).   
Proteins that contain a cleavable signal sequence are bound as soon as they emerge from the 
ribosome by a variety of cytosolic chaperones (e.g. DnaK-DnaJ-GrpE or GroEL-GroES) with 
partly overlapping specificity. These stabilize the precursors in a translocation competent form 
or promote their folding (Wild et al., 1996). SecB, one of these chaperones, is specialized in the 
targeting of presecretory proteins. It specifically passes them to the cytosolic translocation 
motor SecA, preferably when the latter is associated with the membrane or the SecYEG 
complex (Bechtluft et al., 2010). The ATPase SecA subsequently promotes protein translocation 
through the pore of the SecYEG complex by repeated ATP hydrolysis-coupled conformational 
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changes in a still controversial sequence of events (Schiebel et al., 1991; Natale et al., 2008; 
Robson et al., 2009; Lycklama et al., 2012). Through concerted interactions with SecYEG, the 
preprotein and membrane lipids, SecA mediates not only posttranslational translocation, but 
also the release of large hydrophilic domains of cotranslationally targeted inner membrane 
proteins (Neumann-Haefelin et al., 2000; du Plessis et al., 2011; Kusters et al., 2011).  
Once the translocation reaction has been initiated, further transport of the polypeptide can be 
driven by the proton motive force (pmf) in the absence of ATP and SecA (Schiebel et al., 1991). 
The translocon associated components SecDF might convert the energy provided by the proton 
gradient to conformational changes in their periplasmic domains and thereby drive post-
initiation protein translocation (Pogliano et al., 1994; Tsukazaki et al., 2011). However, the pmf 
was also shown to support initial stages of translocation, such as the signal peptide insertion 
step, independent of SecDF probably by affecting the structure of the SecYEG translocon (Mori 
et al., 2003; du Plessis et al., 2011). 

1.3.3 Other protein translocation and insertion machineries in bacteria 
Outer membrane β-barrel precursors containing a C-terminal β-signal are bound after 
translocation across the inner membrane by the periplasmic chaperones SurA, Skp and DegP in 
order to prevent their aggregation (Sklar et al., 2007). For membrane insertion, they are 
subsequently guided to the BAM complex in the outer membrane (Hagan et al., 2010; 
Tommassen, 2010; Hagan et al., 2011). The key component of this complex is 
BamA/YeaT/Omp85, a representative of the Omp85 family of proteins (Voulhoux et al., 2003; 
Wu et al., 2005). Members of this family share common structural features like a C-terminal β-
barrel pore and an N-terminal region composed of one to several polypeptide transport-
associated (POTRA) domains (Gentle et al., 2005; Clantin et al., 2007; Kim et al., 2007; Jacob-
Dubuisson et al., 2009). The mechanism of membrane integration is still under debate. It is 
assisted by the peripherally associated, periplasmic subunits BamB, BamC, BamD, BamE, 
(Tommassen, 2007; Hagan et al., 2011).  

Further proteins that are initially translocated across the inner membrane by the Sec complex 
include components of surface pili as well as proteins that are secreted out of the cell by a 2-
step mechanism, such as the Type 2 and Type 5 secretion systems. Representatives of these, e.g. 
Two-partner secretion systems (TPSS) and autotransporters, often feature Omp85-type β-barrel 
pores (Gentle et al., 2005; Dalbey et al., 2012). Autotransporters were suggested to mediate the 
secretion of their passenger domains independently. However, recently several proteins 
annotated as autotransporter were shown to need the BAM complex to facilitate insertion and 
folding of their β-barrel domains into the outer membrane (Jain et al., 2007; Sauri et al., 2009). 
Moreover, the lately discovered translocation and assembly module TAM was shown to drive 
secretion of autotransporter proteins across the bacterial outer membrane and therefore further 
challenges the idea that autotransporters are a self-contained secretion system (Selkrig et al., 
2012). TAM consists of the outer membrane protein TamA, itself an Omp85-family protein, and 
the inner membrane protein TamB. Homologs of both are found in a broad range of bacteria 
(e.g. YtfM in E coli) (Stegmeier et al., 2007; Selkrig et al., 2012).  
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In contrast to the aforementioned secretion systems, substrates of Type 1, 3, 4 and 6 secretion 
systems use a 1-step mechanism, which does not involve periplasmic intermediates (Dalbey et 
al., 2012).  

While the Sec complex translocates proteins in an unfolded conformation (Randall et al., 1986), 
bacterial inner membranes also harbor a specialized system that promotes the translocation of 
folded and/or cofactor containing proteins. This task is performed by the Twin arginine 
translocation (Tat) pathway, a multi-subunit complex that is exclusive to prokaryotes and 
thylakoid membranes in chloroplasts (Natale et al., 2008; Dalbey et al., 2012).  

1.4 Protein translocation pathways in eukaryotes 
Since already numerous protein transport pathways existed in bacteria, many eukaryotic 
pathways found in the ER and mitochondria were inherited from their prokaryotic ancestors. 
Thus present-day eukaryotic protein translocation machineries often consist of converted 
bacterial proteins complemented with new subunits of eukaryotic origin (Cao et al., 2003; 
Herrmann, 2003; Xie et al., 2008; Cross et al., 2009b; Kutik et al., 2009; Hewitt et al., 2011).  

1.4.1 Protein import into the endoplasmic reticulum 
The Endoplasmic reticulum is a multi-functional organelle of the eukaryotic endomembrane 
system. It comprises the rough ER, the smooth ER and the nuclear envelope. Amongst its main 
functions are the folding, modification and quality control of secretory and membrane proteins. 
Many of these are subsequently delivered to their functional location (e.g. ER-Golgi 
intermediate compartment, Golgi apparatus, endosomes and lysosomes) by vesicular transport. 
Additionally, the ER plays key roles in cellular calcium signaling and lipid metabolism (Lynes 
et al., 2011).  

While the evolution of mitochondria from the endosymbiosis of an α-proteobacterium is 
widely accepted (see Section 1.4.2), the nature of the host cell engulfing this bacterium as well 
as the succession of these events are still highly debated (Gupta et al., 2005; Embley et al., 2006; 
Jekely, 2007; Koonin, 2010; Lombard et al., 2012). The endomembrane system of present-day 
eukaryotes shares high similarity with bacterial and archaeal plasma membranes, as it harbors 
proteins of either origin. Retained archaeal genes mostly code for components of information 
transfer processes, while many metabolic processes originate from bacteria (Koonin, 2010). 
Several evolutionary scenarios were proposed that try to explain the development of this 
sophisticated network of membrane-bound compartments. One of them suggests the fusion of 
distinct archaeal and bacterial partners during which the membrane of one partner formed 
invaginations around the other. The membrane of the enclosed partner was presumably lost 
(Gupta et al., 2005). Alternative models propose for example the autogenous formation of the 
endomembrane system from membrane invaginations of the last common ancestor, combined 
with extensive gene transfer from phagocytic prey and the α-proteobacterial ancestor of 
mitochondria (Jekely, 2007). 
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1.4.1.1 The eukaryotic Sec complex 
As in the bacterial plasma membrane, the Sec complex is the central protein translocase in the 
ER membrane (Figure 1.3). Many of its components and mechanisms are conserved among 
bacteria, archaea and eukaryotes. A heterotrimeric assembly consisting of the subunits Sec61α, 
Sec61β and Sec61γ forms the core of the mammalian Sec complex. The essential subunits 
Sec61α and Sec61γ are homologous to bacterial SecY and SecE, respectively. Sec61β represents 
a functional homolog of SecG. In yeast, the analogous core subunits of the Sec61p complex are 
termed Sec61p, Sbh1p and Sss1p (Görlich et al., 1992; Görlich et al., 1993; Hartmann et al., 1994; 
Zimmermann et al., 2011; Park et al., 2012b).  

 

Figure 1.3: Protein transport in the endoplasmic reticulum. As in bacteria, protein targeting to the Sec 
complex in the ER membrane is mediated either by a posttranslational or a cotranslational mechanism. However, 
the cotranslational route is more frequently used in eukaryotes than in prokaryotes, where it is limited to inner 
membrane proteins. Besides a mostly elusive machinery for TA protein insertion, no other protein translocases are 
currently described for the ER.  

In accordance with the huge variety of different substrates that are translocated by the 
eukaryotic Sec complex, the central trimeric core associates with a multitude of auxiliary 
components to modulate translocation or process the translocated proteins. These include the 
signal peptidase (SP), oligosaccharyl transferase complex (OST), the translocon-associated 
protein (TRAP) complex, the translocating-chain associating membrane protein (TRAM), the 
ribosome-associated membrane protein 4 (RAMP4), Sec62, Sec63, p180, ribosome and nascent 
chain associated complexes (RAC/NAC) and others that cannot be covered in detail (Shao et 
al., 2011; Zimmermann et al., 2011). The central protein translocation and insertion machineries 
will be introduced in the following section. 

In contrast to bacteria, not only membrane proteins, but also many secretory proteins are 
targeted to the ER resident eukaryotic Sec61 complex by the conserved cotranslational SRP 
pathway. Recognition of target proteins is therein achieved by means of N-terminal signal 
sequences and transmembrane segments whose overall structure is very similar to bacterial 
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signal peptides (Rusch et al., 1995; Paetzel et al., 2002; Zimmermann et al., 2011).  
The SRP pathway is conserved in all three kingdoms of life, albeit with different subunit 
composition and specificity (Connolly et al., 1991; Miller et al., 1994; Luirink et al., 2004). 
Eukaryotic SRP, like its bacterial progenitor, consists of an RNA molecule (7S RNA) and a 
homolog of Ffh, termed SRP54, but it is supplemented by five additional subunits (SRP9, SRP14, 
SRP19, SRP68 and SRP72). These accessory components allow the eukaryotic SRP amongst 
other things to trigger a translational arrest upon nascent chain binding (Walter et al., 1981; 
Lakkaraju et al., 2008). By this arrest, the polypeptide is kept in a translocation competent state 
and efficient targeting can be achieved albeit limited availability of ER-targeting sites (Luirink 
et al., 2004; Lakkaraju et al., 2008). The eukaryotic SRP receptor consists of the SR homolog, 
signal receptor subunit α (SRα), and the additional membrane anchored subunit SRβ (Tajima et 
al., 1986). Continuation of translation is tightly coordinated with GTP hydrolysis and the 
association of SRP with its receptor and the Sec complex (Connolly et al., 1991; Song et al., 
2000; Saraogi et al., 2011).   
In the course of inner membrane protein insertion by the Sec complex, individual trans-
membrane segments can be laterally released from the translocon into the membrane. This 
induces an alternating release of the successive hydrophilic domains from the ribosome-
channel junction into the cytosol or into the lumen, respectively (Mothes et al., 1997; Sadlish et 
al., 2005; Lin et al., 2011). Unlike in the bacterial system, SecA is absent in eukaryotes and 
cannot stimulate the discharge of hydrophilic domains at the cytosolic face of the translocon 
(Shao et al., 2011). However, this process was proposed to be coordinated with binding and 
dissociation of the ER chaperone BiP on the luminal side (Liao et al., 1997; Alder et al., 2005).
 One accessory factor that has been shown to be required for reconstitution of 
membrane protein insertion and in some cases stimulation of protein translocation is the 
mammalian, integral ER protein TRAM (Görlich et al., 1993; Shao et al., 2011; Tamborero et al., 
2011). During membrane protein biogenesis it resides in the proximity of the lateral gate 
(Figure 2.1) and seems to coordinate the termination-coupled release of multi-spanning 
proteins from the translocon, probably by chaperoning their correct assembly. This is especially 
beneficial in the case of electrostatically non-optimal transmembrane helices (Do et al., 1996; 
Cross et al., 2009a). Hence, TRAM might functionally replace the bacterial YidC in eukaryotic 
cells (Xie et al., 2008).  

For posttranslational translocation the Sec61 complex relies on the interaction with the Sec62-
Sec63 complex, which is supplemented in the yeast S. cerevisiae by the non-essential subunits 
Sec71 and Sec72 (Panzner et al., 1995; Meyer et al., 2000; Lang et al., 2012) This eukaryotic 
complex probably substitutes for the bacterial SecDFYajC complex, as it couples other 
machineries to the translocon and thereby helps to provide energy for protein translocation. 
  
As in the bacterial system, posttranslationally targeted nascent chains are held in a 
translocation competent state by cytosolic chaperones, such as Hsp70-Ydj1p and in part also 
SRP, until translation is completed. Subsequent translocation through Sec61 occurs without 
help from cytosolic factors (Plath et al., 2000; Cross et al., 2009b). Even though the cytosolic 
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SecA motor protein is not conserved in eukaryotes, the driving force for posttranslational is 
provided in the form of ATP hydrolysis by the ER luminal Hsp70 homolog BiP/Kar2p. The 
underlying mechanism is supposed to resemble a molecular ratchet. It is coordinated by Hsp40-
like cochaperones, Sec63 and ERj1, as well as nucleotide exchange factors, Sil1 and Grp170 
(Matlack et al., 1999; Tyedmers et al., 2003). Binding of BiP to the translocon is mediated by 
luminal J-domains of the Sec63-Sec62 complex or in the mammalian system alternatively by 
ERj1. Additionally, the cytosolic domains of these proteins coordinate the binding of ribosomes 
(Matlack et al., 1999; Dudek et al., 2002; Tyedmers et al., 2003; Dudek et al., 2009; Müller et al., 
2010). BiP as well as Sec63 were also shown to be required for the cotranslational insertion of a 
subset of membrane proteins. Moreover, a critical role in the gating of the translocation 
channel has been attributed to BiP as well (Wirth et al., 2003; Dudek et al., 2009; Zimmermann 
et al., 2011; Lang et al., 2012; Schäuble et al., 2012). 

1.4.1.2 Other protein transport pathways in the ER 
A distinct class of membrane proteins termed tail-anchored (TA) proteins contains a single C-
terminal transmembrane domain that is only exposed to cytosolic targeting factors upon its 
complete release from the ribosomal exit tunnel. Thus, they probably omit the Sec-dependent 
pathway in eukaryotic cells (Lang et al., 2012). Posttranslational targeting of such proteins in 
eukaryotes is achieved by the recently described GET (guided entry of tail-anchored proteins) 
pathway, which consists of multiple proteins that are distinct from the cotranslational 
translocation pathway components (Stefanovic et al., 2007; Hegde et al., 2011; Shao et al., 2011). 
Alternatively the SRP or Hsp40-Hsc70 chaperones were proposed to mediate the targeting of 
TA proteins with partly overlapping specificity (Rabu et al., 2009). The membrane insertion 
mechanism for TA proteins is still elusive, but it probably requires a dedicated membrane 
integrase (Rabu et al., 2009; Hegde et al., 2011; Shao et al., 2011). Interestingly, TRC40, a 
component of the GET pathway, was recently also shown to introduce short secretory proteins 
in a posttranslational manner into the Sec complex at the ER membrane (Johnson et al., 2012). 

Besides the different pathways converging at the Sec complex and the TA insertion pathway 
further protein insertion or import mechanisms such as Tat (see Section 1.3.3) were up to now 
not described to exist in the ER membrane (Natale et al., 2008).  

1.4.2 Protein translocation in mitochondria 
Mitochondria and their descendants are specialized respiratory and metabolic organelles found 
in all eukaryotic cells (Embley et al., 2003; Lithgow et al., 2010; Heinz et al., 2012). They 
evolved through endosymbiosis of a free-living α-proteobacterium (Gray et al., 1999; Cavalier-
Smith, 2006) which was converted into an intracellular machine achieving important cellular 
functions such as cellular energy conversion, numerous metabolic pathways, calcium signaling 
and regulation of apoptosis (Nunnari et al., 2012). In the course of this process most genes 
inherited from the endosymbiont were either lost or transferred to the nucleus resulting in a 
radically reduced genome in present-day mitochondria. Even though the mitochondrial matrix 
still harbors the full functionality for protein transcription and translation, yeast and human 
mitochondrial genomes encode only 8 or 13 proteins, respectively. The vast majority of 



Protein translocation pathways in eukaryotes 

11 

mitochondrial proteins (∼99%) have to be imported from the cytosol (Borst et al., 1978; 
Sickmann et al., 2003; Ott et al., 2010). This seems to occur usually in a posttranslational 
manner after completion of translocation on cytosolic ribosomes. Few examples of 
cotranslational translocation have been reported for mitochondrial protein import (Beddoe et 
al., 2002).  

Mitochondria are separated from the cytosol by two membranes, the inner and the outer 
mitochondrial membrane. Both membranes are probably derived from the double membrane-
bounded endosymbiont, since the presence of β-barrel membrane proteins is a key feature of 
the outer membrane of bacteria and organelles of prokaryotic ancestry (Cavalier-Smith, 2006; 
Kutik et al., 2009). Imported proteins have to be correctly distributed into one of four major 
mitochondrial subcompartments, i.e. the mitochondrial matrix, the inner membrane, the 
intermembrane space and the outer membrane. This results in an especially sophisticated 
network of protein translocation complexes (Figure 1.4). The mitochondrial protein import 
machinery is best studied in the model organism Saccharomyces cerevisiae, for which a 
substantial analysis of the mitochondrial proteome is available (Sickmann et al., 2003; Reinders 
et al., 2006).  

1.4.2.1 Targeting signals in mitochondria 
Targeting of mitochondrial proteins is achieved by means of specialized recognition signals 
encoded in the primary sequence of the precursor proteins (Bolender et al., 2008; Chacinska et 
al., 2009; Mossmann et al., 2012). The classical targeting signals, carried by about half of the 
yeast mitochondrial proteins (Sickmann et al., 2003), are N-terminal signal sequences of 
roughly 10-100 amino acid residues. They form amphipathic α-helices with a hydrophobic and 
a positively charged polar surface and direct precursors into the mitochondrial matrix, the 
intermembrane space and the inner membrane (von Heijne, 1986; Roise et al., 1988; Moberg et 
al., 2004). In analogy to the bacterial ancestry of the protein translocation machinery (discussed 
below), the mitochondrial presequences were proposed to be derived from bacterial 
progenitors, i.e. the signal sequences. This might have been achieved by the insertion of 
positive charges into their hydrophobic h-domains, which would thereby avoid the recognition 
by ER specific targeting mechanisms (Roise et al., 1994; Cavalier-Smith, 2006).  
Additional hydrophobic transmembrane segments, termed sorting signals, may be located 
subsequent to the presequence and lead to a translocation arrest at the inner membrane 
followed by lateral release of the protein into the lipid phase (stop-transfer pathway) (Glick et 
al., 1992; Bohnert et al., 2010). Upon arrival of the preprotein in the respective compartment 
different proteases contribute to the specific sorting by cleavage of the signal sequences and 
optional removal of the sorting signal (Mossmann et al., 2012).   
For some precursors imported into the mitochondrial matrix, processing reveals a second signal 
that targets them to the oxidase assembly (OXA) machinery. Similar mitochondrial export 
signals are also found in mitochondrial translation products. They are reminiscent of bacterial 
signal sequences and even the processing peptidases responsible for their cleavage resemble 
each other (Schneider et al., 1991; Paetzel et al., 2002). Thus, these proteins are considered to be 
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targeted by a conservative sorting pathway retained from the bacterial ancestor (Hartl et al., 
1990).  

Instead of cleavable presequences, many other mitochondrial proteins contain targeting 
information within regions of the mature protein (Chacinska et al., 2009). Amongst these are 
segmented internal signals of still elusive characteristics that are distributed throughout the 
primary structure. These signals direct multi-spanning membrane proteins into the inner 
mitochondrial membrane. Targeting and folding of intermembrane space proteins on the other 
hand is assisted by a cysteine containing mitochondrial intermembrane space signal 
(Milenkovic et al., 2009; Sideris et al., 2009).   
Another type of signal coordinates the insertion of β-barrel proteins into the outer 
mitochondrial membrane. The C-terminal β-signal is formed by the last β-strand of the protein 
and is usually characterized by the motif Po X G hy X Hy X Hy (Po, polar residue; G, glycine; 
hy, hydrophobic residue; Hy, large hydrophobic residue, X, undefined) (Kutik et al., 2008). As 
introduced above, remotely similar C-terminal signals also direct bacterial β-barrel proteins 
into the outer membranes of gram-negative bacteria (Struyve et al., 1991; Bos et al., 2007; 
Tommassen, 2010). Since the bacterial signals are in part also functional in mitochondria 
(Walther et al., 2009) the adoption of the bacterial targeting machinery into the eukaryotic 
system was suggested. 

 

Figure 1.4: Multiple pathways for protein sorting in mitochondria. Mitochondria house a complex network 
of protein transport and assembly pathways. They need to import about 99 % of their proteome from the cytosol, 
since the mitochondrial genome encodes only a small subset of mostly very hydrophobic proteins. IMS, 
intermembrane space; ΔΨ, membrane potential. 
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1.4.2.2 Mitochondrial protein translocation pathways 
The destination information encoded in these various sequence motifs is translated by an even 
more intricate network of protein translocation complexes (Figure 1.4) (Kutik et al., 2009; Endo 
et al., 2011; Becker et al., 2012; Dudek et al., 2012). In accordance with their mostly 
posttranslational translocation, precursor proteins are probably delivered to the mitochondrial 
entry gates in the outer membrane by cytosolic chaperones (Komiya et al., 1996). This 
resembles the fate of endoplasmic reticulum precursors and in some cases similar chaperone 
systems are used (Caplan et al., 1992; Plath et al., 2000). 

Except for some α-helical outer membrane proteins which are inserted by Mim1 
(mitochondrial import protein 1) (Becker et al., 2008; Becker et al., 2011; Papic et al., 2011) 
virtually all mitochondrial precursors initially enter the mitochondrion through the TOM 
(translocase of the outer mitochondrial membrane) complex (Kiebler et al., 1990). Tom40, the 
central subunit of this complex, constitutes an essential, hydrophilic conduit for preproteins 
and is thus termed the general import pore (Vestweber et al., 1989; Baker et al., 1990; Hill et al., 
1998; Ahting et al., 2001; Becker et al., 2005). Although its proposed β-barrel structure 
suggested a bacterial origin, its prokaryotic ancestor remained elusive for a long time. Together 
with the central receptor Tom22 and the small Tom proteins Tom5, Tom6 and Tom7 it forms 
the core of the TOM complex (Dekker et al., 1998; Ahting et al., 1999). Tom22 and the 
peripheral receptor subunits Tom20 and Tom70 (/Tom71) implement the recognition of the 
various targeting signals by their different substrate specificities (Brix et al., 1997).   
Emerging from the TOM complex, proteins containing N-terminal presequences are directly 
transferred to the TIM23 complex (translocase of the inner mitochondrial membrane) in the 
inner mitochondrial membrane. In the course of this so-called presequence pathway, they are 
translocated across or inserted into the membrane through the hydrophilic pore formed by 
Tim23, while the essential subunits Tim17 and Tim50 as well as several peripheral subunits 
serve as receptors and regulatory subunits (Dekker et al., 1993; Berthold et al., 1995; Truscott et 
al., 2001; Meinecke et al., 2006; van der Laan et al., 2007; Alder et al., 2008). Due to sequence 
similarity, Tim23 and its homologs Tim17 and Tim22 are considered members of the preprotein 
and amino acid transporter (PRAT) family. Since this family also includes LivH, a bacterial 
amino acid transporter, it was suggested that the mitochondrial inner membrane translocases 
evolved from a bacterial progenitor (Rassow et al., 1999).   
For protein translocation into the matrix, the TIM23 complex cooperates with the presequence-
associated import motor (PAM). Its core subunit, the mitochondrial heat shock protein 
mtHsp70, is a homolog of bacterial DnaK and possesses an ATPase activity that facilitates 
passage of the preprotein by a nucleotide-dependent sequence of conformational changes, 
probably in a brownian ratchet-like fashion (Kang et al., 1990; Boorstein et al., 1994; Schneider 
et al., 1994; Ungermann et al., 1994; Berthold et al., 1995; Yamano et al., 2008; Endo et al., 2011). 
Further parts of this multi-protein motor complex for which a bacterial ancestry was proposed, 
are the essential subunits Tim44 and the J-domain protein Pam18/Tim14, that recruit the 
mtHsp70 to TIM23 and modulate its activity (Endo et al., 2011; Hewitt et al., 2011). Besides 
ATP powering the PAM motor, TIM23-dependent import relies on the mitochondrial 
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membrane potential (Δψ) for direct handover of preproteins from the TOM complex and 
initiation of preprotein translocation (Truscott et al., 2001; Krayl et al., 2007).   
Following completion of translocation into the matrix some membrane proteins are inserted via 
a conservative sorting mechanism by the Oxa1 export machinery which otherwise serves to 
assemble mitochondrial translation products into the inner membrane (Hell et al., 2001; 
Bohnert et al., 2010; Ott et al., 2010). The transmembrane domain of this insertase was shown 
to be homologous to bacterial YidC and accordingly they can in part functionally replace each 
other (Preuss et al., 2005; Funes et al., 2011). 

Precursor proteins targeted by cysteine-containing signals are transported through Tom40 in a 
reduced state and are bound by the Mia40 protein as soon as they emerge from the TOM 
complex (Chacinska et al., 2004; Naoe et al., 2004). The mitochondrial intermembrane space 
assembly pathway (MIA) couples sorting of intermembrane space proteins to their oxidative 
folding through a disulfide relay mechanism. Mia40 and Erv1 are the central components of 
this machinery. A functionally similar but structurally unrelated machinery is the Dsb 
(disulfide bond) system of the bacterial periplasm (Hewitt et al., 2011; Herrmann et al., 2012).
  
Following their translocation through Tom40, many proteins are received by hexameric 
chaperone complexes that prevent precursor aggregation and deliver them to further 
translocation and assembly machineries. These complexes consist of two homologous small 
Tim proteins each and are known to exist in two different variants, the essential Tim9-Tim10 
complex and the Tim8-Tim13 complex (Paschen et al., 2000; Curran et al., 2002; Wiedemann et 
al., 2004).  
The so-called carrier import pathway is mediated by the TIM22 complex. In order to target 
inner membrane proteins such as metabolite carriers into this pathway the Tim9-Tim10 
complex associates with a further small Tim protein, Tim12. The essential pore forming subunit 
of the complex, Tim22, is like its homolog Tim23 a member of the PRAT-family and probably 
mediates the lateral release of precursors into the membrane (Sirrenberg et al., 1996; Kerscher 
et al., 1997; Kovermann et al., 2002; Rehling et al., 2003). Membrane protein insertion by the 
TIM22 complex is strictly Δψ-dependent (Kovermann et al., 2002; Rehling et al., 2003; Rehling 
et al., 2004).   
Furthermore the Tim9-Tim10 complex directs β-barrel precursors to the SAM complex 
(Wiedemann et al., 2003). Thus, it functionally replaces bacterial periplasmic chaperones like 
SurA, Skp and DegP (Endo et al., 2011; Hewitt et al., 2011). At the SAM complex the C-
terminal β-signal of the precursors is recognized by the essential receptor subunit Sam35/Tob38 
(Milenkovic et al., 2004; Waizenegger et al., 2004; Kutik et al., 2008). The other essential subunit 
of this complex, Sam50, is a member of the Omp85 family of proteins and is thus related to the 
bacterial β-barrel insertase BamA and the translocase of the outer membrane of chloroplasts 
Toc75. Accordingly, it consists of a C-terminal outer membrane β-barrel and a single N-
terminal POTRA domain (Kozjak et al., 2003; Gentle et al., 2004). The third subunit 
Sam37/Mas37 stabilizes the complex and enhances the release of folded substrates. Sam37 and 
Sam35 are unrelated to the peripheral subunits of the BAM complex and are associated with 
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the complex from the cytosolic face of the outer membrane. This complex mediates the 
assembly of β-barrels precursors in a yet highly debated mechanism (Kozjak et al., 2003; 
Paschen et al., 2003; Wiedemann et al., 2003; Gentle et al., 2004; Chan et al., 2008; Kutik et al., 
2009; Stroud et al., 2011; Kim et al., 2012). Interestingly, even though the orientation of the 
peripheral subunits of SAM differs substantially from BAM, the direction of membrane 
insertion for β-barrels has been retained from the bacterial ancestor, as β-barrel precursors 
need to be imported through the TOM complex into the intermembrane space before they are 
assembled (Krimmer et al., 2001; Walther et al., 2009; Hewitt et al., 2011). For the import of 
certain precursor proteins and specifically for the assembly of membrane protein complexes 
such as the TOM complex, the SAM machinery can interact and cooperate with the 
mitochondrial import protein Mim1 or the morphology protein Mdm10 in a substrate-
dependent manner (Meisinger et al., 2004; Becker et al., 2008; Lueder et al., 2009). 

For a comprehensive overview beyond this short summary the reader is referred to recent 
publications discussing the various components of the mitochondrial protein translocation 
network (Kutik et al., 2009; Endo et al., 2011; Becker et al., 2012; Dudek et al., 2012). They 
particularly highlight the interplay amongst the different eukaryotic pathways and their 
interconnections with other cellular processes which might give rise to a coordination of 
protein translocation with e.g. the energetic state of the cell, organelle architecture and 
apoptosis by as yet mostly elusive mechanisms.   

1.5 Analysis of protein translocation pores by the planar lipid 
bilayer technique 

The protein subunits constituting the protein translocation complexes introduced above were 
mostly identified by classical biochemical and genetic approaches. These methods combined 
with powerful spectroscopic techniques are also used to explore the mechanisms underlying 
the translocation process. However, the central components of many protein translocation 
complexes form hydrophilic conduits that allow for the passage of preproteins. Their pore 
forming properties are difficult to study with conventional techniques and even the patch-
clamp technique faces considerable problems, since the intracellular membranes are not readily 
accessible.   
In contrast, the planar lipid bilayer technique is an electrophysiological method to study the 
properties of membrane proteins in artificial lipid bilayer membranes (Müller et al., 1962). The 
signal-to-noise ratio of a conventional bilayer setup allows for detection of single channel 
gating events of ion channels with a turnover of ≥107 ions per second (Hladky et al., 1970; 
Hille, 2001). Protein translocation performed by protein transport complexes itself cannot 
readily be measured by this method, since the approximated turnover rates in the order of 1-
103/s are not detectable (Hille, 2001). But as many protein translocation pores provide wide 
hydrophilic conduits for unfolded and partially folded preproteins most of these spacious pores 
are also highly permeable to ions unless the pore is occupied by a polypeptide chain or 
regulatory elements.   
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For these reasons, the planar lipid bilayer technique is perfectly suited to reveal the identity of 
the pore forming components of protein translocation complexes and to analyze the regulation 
of their permeability to ions and other solutes on a single channel level. Using the flux of small 
ions through the pore as a measure for the molecular properties of the channel, 
electrophysiological single channel characteristics such as conductance and selectivity can 
yield valuable clues about the pore dimensions and the charge distribution inside the conduit. 
Furthermore, single channel gating characteristics and their modulation by specific effectors, 
e.g. signal peptides can shed light on regulatory mechanisms or their substrate specificity 
(Harsman et al., 2011a).  

As indicated by the summary of protein translocation pathways in bacteria and eukaryotes, 
many components and mechanisms have been retained from the bacterial predecessors of 
eukaryotic compartments throughout evolution. The pore forming subunits of these 
translocons have mostly been identified and studied in detail by electrophysiological 
techniques (reviewed in (Harsman et al., 2010)). The work presented in this thesis served to 
analyze the conservation of the electrophysiological characteristics of protein translocases 
amongst the different species and in part also assessed their regulatory mechanisms.  
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2 Formation and regulation of aqueous pores by Sec translocons 
from different organisms  

2.1 Introduction 

2.1.1 Structure of the Sec complex 
Multiprotein complexes termed Sec translocons mediate protein translocation across the ER 
membrane in eukaryotes and the cytoplasmic membrane in prokaryotes. They all possess a 
central heterotrimeric core structure consisting of three transmembrane proteins, namely the 
two essential subunits SecY/Sec61α and SecE/Sec61γ as well as the non-essential subunit 
SecG/Secβ (Section 1.3.2) (Rapoport, 2007). The first structure that elucidated the arrangement 
of these three proteins at atomic resolution was solved by crystallization of the SecYEβ 
complex from the archaeon Methanococcus jannashii and subsequent X-ray analysis (van den 
Berg et al., 2004). It revealed that the 10 transmembrane (TM) helices of SecY are arranged in a 
clam-shell like structure with internal pseudo-symmetry. A flexible hinge region between TM5 
and TM6 connects the two halves consisting of TM1-5 and TM6-10 (Figure 2.1). TM2b and 
TM7 on the opposite side form the so-called lateral gate which opens towards the membrane. 
The mostly hydrophilic interior of the transmembrane channel enclosed by this structure is 
constricted in the center of the membrane to a diameter of 5-8 Å by a ring of hydrophobic 
amino acids called pore ring. Thus, SecY forms two large funnel-like cavities that taper to a 
constriction in the middle of the membrane. From the periplasmic side a long loop is folded 
back into the channel, ending in the short α-helix TM2a. This structure is termed plug as it 
rests in close proximity to the pore ring and thus contributes to the occlusion of the hydrophilic 
pathway.  

 

Figure 2.1: Architecture of the SecYEβ complex from M. jannaschii. The subunits SecY (α), Secβ (β) and SecE 
(γ) are drawn in light, medium and dark grey, respectively. A view from the cytosolic face of the membrane 
reveals the pseudo-symmetrical clam-shell structure (horizontal dashed line). At the mouth of the clam-shell TMs 
2b and 7 form the lateral gate (yellow). The channel structure in the center of the SecY subunit is constricted by 
the pore ring (blue). The plug, which is formed by TM2a (red), occludes the central pore from the periplasmic side. 
The crystal structure (1RHZ.pdb) solved by van den Berg et al. (2004) was displayed and rendered using PyMOL 
(The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.). 
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The γ-subunit of the heterotrimeric complex, SecE, consists of two α-helices, one of which lies 
on the cytoplasmic surface of the membrane contacting the C-terminal part of SecY. The other 
forms a long, curved transmembrane helix contacting the α-subunit at the hinge region and 
thereby clamping the two halves together. In contrast, the non-essential β-subunit forms a 
single TM helix that makes only limited contact with the N-terminal half of SecY (van den 
Berg et al., 2004). Bacterial SecYE and SecYEG structures in complex with different binding 
partners revealed similar overall structures (Tsukazaki et al., 2008; Zimmer et al., 2008). 

Up to now, no crystal structure is available for the eukaryotic Sec complex. Hence, the 
archaean SecY complex was frequently used to provide a scaffold for homology modeling of 
the mammalian translocon. In agreement with the similarity between the subunits of the two 
complexes (32% identity between Sec61 from C. familiaris and SecY from M. jannaschii; 
UniProt (The UniProt Consortium, 2012)), the resulting model is largely concordant with the 
SecY structure (Zimmermann et al., 2011). Thus, many of the mechanisms described for the 
well-studied prokaryotic Sec core complexes are assumed to be conferrable to the eukaryotic 
system.  

The functional oligomerization of the Sec heterotrimers into higher oligomers is still a matter 
of ongoing debate. While several studies suggest, that protein translocation occurs through the 
putative channel identified in the crystal structure of the heterotrimeric SecYEβ complex (van 
den Berg et al., 2004; Cannon et al., 2005; Menetret et al., 2008; du Plessis et al., 2009; 
Frauenfeld et al., 2011; Kedrov et al., 2011; Park et al., 2012a), there is also extensive support for 
the existence of oligomers, mostly dimers (Breyton et al., 2002; Bostina et al., 2005; Mitra et al., 
2006; Deville et al., 2011; Dalal et al., 2012). As these two findings do not necessarily exclude 
one another, it was proposed, that in such a dimer one heterotrimeric complex might perform 
the actual translocation, whereas the other one would provide contact sites for interaction 
partners such as SecA or the ribosome (Osborne et al., 2007; Gumbart et al., 2009; Deville et al., 
2011; Dalal et al., 2012; Hizlan et al., 2012). In contrast, another model postulates that the two 
heterotrimers might form a consolidated pore that mediates translocation (Mitra et al., 2006).  

Since the crystal structure of SecYEβ from M. jannaschii did not contain any precursor 
polypeptide in transit, it was proposed to depict the closed state of the channel, which would be 
formed by the central pore within the α-subunit (van den Berg et al., 2004). Thus, in order to 
serve as a hydrophilic conduit for the translocation of preproteins or to allow the lateral release 
of membrane proteins, the Sec complex has to undergo major rearrangements. On the one 
hand, the plug helix has to be displaced from its resting position in the closed complex. It was 
demonstrated that, depending on the nature of the incoming polypeptide the plug either leaves 
the pore to a location at the periphery of SecY to give way for the passage of a secretory 
protein or moves only slightly and remains positioned on the inside of the pore in order to 
guide an incoming membrane protein into the lipid environment (Harris et al., 1999; Tam et al., 
2005; Robson et al., 2009; Lycklama a Nijeholt et al., 2010; Zhang et al., 2010). On the other 
hand, the pore ring needs to widen to allow for the passage of α-helices. As the residues 
forming the pore ring are located on individual TM helices, dilation of the pore was proposed 
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to be achieved by lateral shifts of the helices lining the channel (van den Berg et al., 2004; 
Gumbart et al., 2006). The pore ring was suggested to fit like a gasket around the translocating 
polypeptide and would thereby prevent leakage of small ions through the pore, while enabling 
the passage of bulky molecules like a disulfide-bonded polypeptide loop (Tani et al., 1990; 
Cannon et al., 2005; Gumbart et al., 2006; Tian et al., 2006). Widening of the pore may be 
accompanied by opening of the lateral gate towards the membrane (Martoglio et al., 1995; 
Gumbart et al., 2007; du Plessis et al., 2009), a process which also allows partitioning of 
transmembrane helices into the membrane environment (Mothes et al., 1997; Hessa et al., 2007; 
Zhang et al., 2010). These opening mechanisms were shown to be interdependent and are 
triggered by the intercalation of an incoming signal sequence into the walls of the channel at 
the lateral gate (Martoglio et al., 1995; Plath et al., 1998; Frauenfeld et al., 2011; Hizlan et al., 
2012). However, binding of translocation partners like the ribosome or SecA to the Sec complex 
(e.g. at the long cytoplasmic loops of the α-subunit) was proposed to induce or at least facilitate 
opening of the passage (Tsukazaki et al., 2008; Zimmer et al., 2008; Gumbart et al., 2009; 
Frauenfeld et al., 2011). 

2.1.2 Maintenance of critical ion gradients 
Tight coordination of pore-formation for translocation and resealing of the channel in the 
absence of a substrate is crucial in prokaryotes, as the electrochemical gradient established 
across the cytoplasmic membrane plays an important role in energy transduction processes like 
ATP synthesis (Ferguson et al., 1982). However, early electrophysiological studies on 
membrane preparations from E. coli revealed the presence of large aqueous transmembrane 
channels, which opened upon addition of the LamB signal sequence, thus suggesting the 
activation of protein conducting SecYEG channels (Simon et al., 1992). In contrast, at the same 
time when this project was started, another study based on purified SecYEG complexes 
demonstrated that the wildtype complex was impermeable for ions. However, deletion of the 
plug, its permanent displacement to the exterior of the pore by disulfide-bridge formation or 
mutations in the pore ring induced the formation of open pores in artificial bilayer experiments 
(Saparov et al., 2007). The open pore diameter of 0.7-1.5 nm derived from these 
electrophysiological experiments was in the same range as those determined from available 
crystal structures of translocons which were not actively engaged in translocation or from 
molecular dynamics (MD) simulations (van den Berg et al., 2004; Tian et al., 2006; Tsukazaki et 
al., 2008; Zimmer et al., 2008). Probing the channel with rigid spherical molecules conjugated to 
the substrate proOmpA revealed however, that SecYEG can accommodate structures with a 
diameter of up to 2.2-2.4 nm (Bonardi et al., 2011).  

For the mammalian and yeast Sec61 complexes from rough microsomal vesicles, formation of 
large ion-permeable pores was repeatedly demonstrated by artificial lipid bilayer studies 
(Simon et al., 1991; Wirth et al., 2003; Wonderlin, 2009; Erdmann et al., 2010) as well as 
fluorescence quenching experiments (Crowley et al., 1994; Hamman et al., 1997). Pore 
diameters proposed on the basis of these experiments ranged from 1.4-1.7 nm up to 6 nm 
(Hamman et al., 1997; Wirth et al., 2003; Erdmann et al., 2010).  
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This seemed to be in conflict with calcium signaling in mammalia, as many physiological 
processes such as muscle contraction, exocytosis and apoptosis rely on steep calcium gradients 
of 3-4 orders of magnitude across the ER membrane (Berridge, 2002; Clapham, 2007). Upon 
specific signals, controlled release of calcium from the ER lumen into the cytosol is mediated 
by inositol 1,4,5-trisphosphate (IP3R) or ryanodine receptors (RYR). As these receptors 
themselves are calcium-sensitive, their activation can lead to cell-wide spreading of calcium 
waves by a positive feedback mechanism called calcium-induced calcium release (CICR) 
(Berridge, 2002; Berridge, 2006; Case et al., 2007). In order to maintain a low level of 
intracellular calcium ([Ca2+]cyt = 0.05–0.1 µM) (Yu et al., 2000; Erdmann et al., 2011), the 
divalent cations are extruded from the cytosol by plasma membrane transporters and 
exchangers as well as active uptake into the ER by sarcoplasmic/endoplasmic reticulum 
calcium ATPases (SERCA) (Wuytack et al., 2002). Several feedback mechanisms, such as store-
operated calcium entry (SOCE) at ER-plasma membrane junctions or the calcium-dependent 
inactivation (CDI) of plasma membrane calcium channels, further regulate calcium homeostasis 
in response to changes in [Ca2+]ER and [Ca2+]Cyt (Lewis, 2011). Besides their role in signaling, 
adequate luminal calcium concentrations are also essential for protein biogenesis as post-
translational processing, folding and export of proteins are in part mediated by calcium-
dependent proteins (Michalak et al., 2002; Coe et al., 2009).  
Steady state ER luminal calcium concentrations of [Ca2+]ER = 100–800 µM (Yu et al., 2000; 
Erdmann et al., 2011) in mammalian cells result from a balance between active uptake by 
SERCA and passive calcium leakage (Camello et al., 2002). Indeed, evidence accumulated that 
the Sec61 channel contributes to these leakage currents after termination of protein 
translocation (Lomax et al., 2002; Flourakis et al., 2006; Giunti et al., 2007; Ong et al., 2007; 
Erdmann et al., 2011; Lang et al., 2011). However, prolonged unrestricted permeability of large 
conductance channels like those observed with Sec61 in lipid bilayer experiments would rather 
cause rapid dissipation of the gradients than slow leakage. Thus, gating mechanisms must 
ensure the preservation of the membrane barrier.   
One mechanism suggested to coordinate the translocation of precursor proteins and sealing of 
the channel before, during and after protein translocation, is the binding of the ER luminal 
chaperone BiP to the Sec61 channel (Hamman et al., 1998; Wirth et al., 2003; Alder et al., 2005; 
Schäuble et al., 2012).   
Furthermore, the calcium sensor calmodulin (CaM) could be identified as a regulator, closing 
the Sec61 channel in a strictly calcium-dependent manner (Erdmann et al., 2011; Lang et al., 
2011). Calmodulin is a prominent second messenger molecule and a highly conserved protein 
with two pairs of EF-hand motifs linked by a short α-helix. Binding of calmodulin to Sec61 
from C. familiaris was mapped to an IQ motif in the N-terminus of Sec61α (Erdmann et al., 
2011). Interaction of calmodulin with such IQ motifs induces conformational changes in the 
calcium sensor prior to or after binding its target proteins. By this, calmodulin regulates the 
activity of many proteins in a calcium-dependent manner (Bähler et al., 2002). 

Recently, electrophysiological studies of the eukaryotic Sec complexes were extended to the 
Sec61p complex from the yeast S. cerevisiae. This translocon also displayed intrinsically open 
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channels of large ion conductance after the termination of translocation and dissociation of 
RNCs (Erdmann et al., 2010). In agreement with a sequence identity of the α-subunits of 54 % 
(The UniProt Consortium, 2012), the electrophysiological properties of the yeast Sec61 complex 
were almost indistinguishable from those of the canine Sec complex. 

2.1.3 Objectives of this project 
The existence of a hydrophilic conduit for the translocation of preproteins had been 
unambiguously shown for the eukaryotic Sec61 complexes. Several mechanisms were proposed 
to regulate these pores with respect to protein translocation and maintenance of critical ion 
gradients. By means of the planar lipid bilayer technique, the following studies are designed to 
analyze the conservation of these mechanisms between vertebrates, invertebrates and bacteria. 

First, the specificity of one of these regulatory mechanisms, namely the calmodulin-dependent 
inhibition of Sec61 conductance is reassessed using the specific calmodulin antagonist 
ophiobolin A. Furthermore, previous studies have revealed that the general single channel 
characteristics of Sec61/Sec61p complexes from C. familiaris and S. cerevisiae were almost 
identical. Thus, the yeast Sec61p complex was chosen as a subject to analyze the conservation 
of this calmodulin-dependent gating in invertebrates. 

Additionally, the presented studies target the longstanding question, whether the bacterial 
SecYEG complex like its homologs in animals and fungi forms aqueous pores. For this purpose, 
purified SecYEG complexes from E. coli are functionally reconstituted into proteoliposomes 
and their ability to form ion-conducting pores in planar lipid bilayers is assessed. Previous 
work by other groups has demonstrated pore formation after artificial destabilization of the 
pore integrity through modifications of plug and pore ring. In contrast, the studies presented 
here are designed in order to analyze the channel under quasi native conditions, i.e. in the 
resting state as well as after onset of translocation. 
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2.2 Materials and Methods 

2.2.1 Materials 
Unless stated otherwise (Appendix 5.2) chemicals were purchased from standard commercial 
sources in analytical grade and used without further purification. Aqueous solutions were 
prepared with ultrapure deionized water (18 MΩ at 25°C). A list of the utilized laboratory 
equipment is provided in the (Appendix 5.2). 

2.2.1.1 Sec61 samples 
Sec61 samples were kindly provided by the group of Prof. Dr. Richard Zimmermann (Saarland 
University) where purification and characterization was mostly performed by Dr. Martin Jung.  

2.2.1.1.1 Rough microsomal vesicles from Canis familiaris 
Rough microsomal vesicles (RM) from C. familiaris were prepared as published previously 
(Watts et al., 1983) based on protocols for preparation from fresh pancreatic tissue (Blobel et al., 
1975; Scheele et al., 1978). They contained the Sec61 translocon including all membrane 
proteins of the ER participating in protein translocation (Sec61αβγ, Sec62, Sec63, SR, signal 
peptidase complex, TRAM, TRAP, OST), as well as soluble luminal and a few cytosolic 
proteins, e.g. SRP. Moreover, these vesicles were associated on their cytosolic side with 
ribosomes containing undefined nascent polypeptide chains. The concentration of these 
samples was about 10 mg/ml (in 200 mM sucrose, 20 mM KCl, 2 mM Mg(Acetate)2, 20 mM 
HEPES/KOH pH 7.5). 

2.2.1.1.2 Proteoliposomes containing purified Sec61 complex 
Isolation and detergent mediated reconstitution of the heterotrimeric Sec61 complex were 
performed according to protocols published previously (Görlich et al., 1993; Tyedmers et al., 
2003). The utilized liposome composition was: PC / PE / PI / PS in a ratio of 100 / 25 / 12.5 / 3. 

2.2.1.1.3 Rough microsomal vesicles from Saccharomyces cerevisiae 
Rough microsomal vesicles from S. cerevisiae were prepared as described previously (Panzner 
et al., 1995). The resulting vesicles contained the Sec61p complex as well as the Ssh1p complex 
including all protein translocation associated components of the yeast ER (Sec61p, Sbh1p, 
Sss1p, Ssh1p, Sbh2p, Sec62p, Sec63p, Sec71p, Sec72p, SRP, SR, TRAP and OST). Protein 
translocation complexes were associated with cytosolic ribosomes containing undefined 
nascent chains. The samples were provided in sucrose buffer (250 mM sucrose, 50 mM K 
Acetate, 1 mM DTT, 20 mM HEPES/KOH pH 7.4). 

2.2.1.2 Calmodulin 
Purified calmodulin from bovine brain was purchased from Calbiochem and solubilized in 
10 mM KCl, 10 mM MOPS/Tris pH 7 to a final concentration of 1 mg/ml. It was stored in 
aliquots at -80°C. 
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2.2.1.3 Ophiobolin A 
Ophiobolin A was purchased from Alexis Biochemicals and solubilized in DMSO to a stock 
concentration of 50 mM. It was stored at -20°C.  

2.2.1.4 Synthetic peptides 

2.2.1.4.1 LamB  
The peptide representing the signal sequence (MMITLRKLPLAVAVAAGVMSAQAYA) of 
maltose outer membrane porin (LamB) was synthetized at the University of Bristol and is a 
kind gift from Ian Collinson (University of Bristol). It was dissolved to a stock concentration of 
235 µM in 10 mM Tris/HCl pH 8.0. 

2.2.1.4.2 pOmpA 
The peptide representing the signal sequence (MKKTAIAIAVALAGFATVAQAA) of outer 
membrane protein A (OmpA) was derived from the plasmid p717OmpA. It was kindly provided 
by Dr. Martin Jung (Saarland University). A stock solution of 470 µM in 20% DMSO, 50 mM 
MOPS/Tris, pH 7.0 was used. 

2.2.2 Methods 

2.2.2.1 SDS polyacrylamide gel electrophoresis 
Electrophoretic separation of denatured proteins according to their molecular weight was 
performed using vertical discontinuous SDS-polyacrylamide gel electrophoresis (SDS PAGE) 
(Laemmli, 1970). Composition of the solutions was as stated in Table 2.1 with varying 
acrylamide concentration between 10 and 15% according to the separation needed. 
Electrophoresis was performed as described previously (Sambrook et al., 1989) for 1-1.5 h in a 
Mini-Gel System with gel dimensions of 90 x 70 x 1 mm (glas plates 100 x 80 mm) at 80 mV 
during passage of the stacking gel and up to 150 mV for separation. PageRuler™ Prestained 

Protein Ladder was used as molecular weight marker. 

Table 2.1: Buffers and gel composition for SDS PAGE. Concentrations denoted refer to final concentrations 
for the preparation of a 10 % gel or 1 x sample application buffer, respectively. 

Solution  Composition 

stacking gel  125 mM Tris/HCl pH 6.8, 0.1 % (w/v) SDS, 4 % acrylamide, 0.05 % (w/v) APS, 
0.1 % (v/v) TEMED  

separating gel  375 mM Tris/HCl pH 8.8, 0.1 % (w/v) SDS, 10 % acrylamide, 0.05 % (w/v) 
APS, 0.1 % (v/v) TEMED  

electrode buffer  25 mM Tris, 192 mM glycine, 0.1 % (w/v) SDS  

sample application buffer 62.5 mM Tris/HCl pH 6.8, 2 % (w/v) SDS, 18 % (v/v) glycerine, 1 % (v/v) β-
mercaptoethanol, 0,01 % (w/v) Bromophenol blue 
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2.2.2.2 Staining of proteins in polyacrylamide gels with colloidal Coomassie 
For fast and sensitive visualization of proteins after SDS PAGE, gels were rinsed with three 
changes of ultra-pure water for 30 min to remove SDS. Colloidal Coomassie staining was 
performed according to published protocols (Kang et al., 2002; Dyballa et al., 2009). Low 
background staining allowed the destaining step to be done with water. Gels were digitalized 
using a transmitted light scanner. 

2.2.2.3 Western blot analysis 
Immunoblot analysis was conducted to detect and identify single proteins in a solution 
separated by SDS PAGE as described in Towbin et al. (1979). Proteins were transferred to a 
PVDF membrane using a semi-dry blotting apparatus at 210 mA for 45 min. Unspecific binding 
sites were blocked by incubation (3 x 10 min) with 4 % skimmed milk powder (SMP) (w/v) in 
TBST (10 mM Tris/HCl, 150 mM NaCl, 0.05 % (v/v) Tween 20). Incubation with the primary 
antibody was carried out over night at 4°C (for antibodies and according dilution see Appendix 
5.2, Table 5.1). After washing the membrane (3 x 10 min) with 4 % (w/v) SMP in TBST, the 
PVDF membrane was subjected to incubation with the horseradish peroxidase (HRP)-coupled 
secondary antibody (Appendix 5.2, Table 5.1) for 1 h at RT. Residual antibodies were removed 
by rinsing the gel in 4 % SMP in TBST (3 x 10 min) followed by washing in TBST (3 x 5 min). 
Detection of the HRP-coupled secondary antibody was performed using an enhanced 
chemiluminescence (ECL) detection kit according to manufacturer’s instructions. 

2.2.2.4 Density gradient centrifugation 
Density gradient centrifugation in Nycodenz gradients was performed in order to separate 
solubilized or aggregated proteins from proteoliposomes. An aliquot of proteoliposomes was 
covered with a discontinuous Nycodenz gradient (Section 2.3: 0.5 ml 20 %,1 ml 10 %, 1 ml 5 %, 
0.5 ml buffer; Section 3.3: 0.7 ml 40 %, 0.7 ml 20 %, 0.7 ml 10 %, 0.7 ml 5 %, 0.35 ml buffer) in the 
buffer used for reconstitution. The gradients were centrifuged for 1 h at 200,000g using a MLS-
50 rotor and separated into fractions as indicated (Section 2.3: 10 fractions; Section 3.3: 
9 fractions). Subsequently the protein content of the fractions was precipitated with TCA 
(Section 2.2.2.5). The same procedure was applied to detergent-solubilized protein serving as a 
negative control. 

2.2.2.5 Protein precipitation using trichloroacetic acid 
Protein precipitation using trichloroacetic acid (TCA) was used to remove lipids and other 
substances from protein samples while simultaneously allowing the reduction of the volume. 
To induce protein precipitation TCA was added to a final concentration of 20 % and incubated 
on ice for 30 min. 1 mg/ml BSA can be included to facilitate quantitative recovery of less 
concentrated proteins. The precipitate was pelleted for 10 min at 4°C in a benchtop 
microcentrifuge. The pellet was washed with icecold acetone and resuspended in 2 x sample 
application buffer (see Section 2.2.2.1) freshly supplemented with 0.1 M NaOH and if necessary 
30 mg/ml DTT.  
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2.2.2.6 Protein purification 
I performed the protein purification of SecYEG, SecA and proOmpAΔ176 in the lab of Prof. Ian 
Collinson in Bristol (School of Biochemistry, University of Bristol) according to published 
procedures. 

2.2.2.6.1 Purification of the SecYEG complex from Escherichia coli 
Production and purification of the SecYEG complex was performed according to a protocol 
published previously (Collinson et al., 2001). In short, His6-tagged SecE, SecY and SecG were 
overproduced in E. coli strain C43 (DE3) under the control of the araBAD promotor of 
pBAD22. The complex was subsequently purified in the presence of 1 % DDM from a total 
membrane extract by using a Ni2+-chelated Sepharose column. Bound protein was challenged 
with wash buffer (2 % C12E9, 30 mM imidazole in TSG buffer: 20 mM Tris-HCl pH 8.0, 0.3 M 
NaCl, 10 % (v/v) glycerol) and finally eluted in TSG buffer with addition of 2 % C12E9 and 
330 mM imidazole. Further purification in the presence of 0.1 % C12E9 was achieved by gel 
filtration (Superdex 200pg XK 26/60) and anion exchange chromatography (Q-Sepharose HP 
XK 26/20) in flow through mode. The final elution buffer was 20 mM Tris/HCl pH 8.0, 0.1 % 
(v/v) C12E9 and 0.13 M NaCl. To concentrate the protein Centriprep-50 columns were employed 
according to manufacturers’ instructions.   

2.2.2.6.2 Purification of SecA from E. coli 
SecA, was derived from plasmid pT7SecA2 (Rajapandi et al., 1991). It was overexpressed in 
E. coli host cells BL21 (DE3). Purification of SecA using a Ni2+ Sepharose column (Chelating 
Sepharose fast flow), anion exchange chromatography (Mono-Q HR 10/10) and a gel filtration 
column (Superdex 200 HR 26/60) in the given order where performed as described previously 
(Gold et al., 2007b). Purified protein was concentrated using a Centriprep-50 column and stored 
in 20 mM Tris/HCl pH 7.5, 100 mM KCl, 1mM DTT at -80°C. 

2.2.2.6.3 Purification of proOmpA from E. coli 
ProOmpA, the precursor of outer membrane protein A (OmpA), is an ideal substrate for protein 
translocation assays as it can be easily obtained in large amounts. To produce the precursor 
including the signal sequence, the truncated construct proOmpAd176strep (25.4 kDa) was 
expressed from a pET503 vector in the temperature-sensitive E. coli MM52 (Oliver et al., 1981). 
This mutant bears a conditional lethal mutation in the secA gene and therefore accumulates 
precursors of several secretory proteins in the cytoplasm. This construct will be denoted as 
proOmpAΔ176. The purification procedure from inclusion bodies was described before (van der 
Does et al., 2003). In short, inclusion bodies were solubilized in 6 M Urea, 50 mM HEPES/KOH 
pH 7.0, non-soluble material was removed by centrifugation for 1 h at 4°C (100000g/35000 rpm, 
70Ti rotor, Beckman Coulter). From the supernatant, proOmpAΔ176 was purified using an 
anion exchange column (HiTrap Q Sepharose). Purified proOmpAΔ176 in 6 M Urea, 200-
300 mM KCl, 50 mM HEPES/KOH pH 7.0 was concentrated using a Centriprep-10 and stored at 
-80°C. 
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2.2.2.7 Preparation of proteoliposomes for lipid bilayer measurements  

2.2.2.7.1 Lipid handling and preparation of liposomes 
Lipids were stored in methanol/chloroform (1/1) under nitrogen at -20°C. Lipids for bilayer 
preparation were dried under vacuum and dissolved in n-decane to a final concentration of 
60 mg/ml.  

For formation of liposomes lipids were mixed in the desired composition and dried slowly 
under vacuum while seated on an ice bath. After addition of buffer to the final concentration, 
the liquid was covered with nitrogen to prevent oxidation of lipids and vortexed thoroughly 
for 30 min. Finally, liposomes were sonicated for 5-10 min on ice in a bath sonicator. 

2.2.2.7.2 Reconstitution of purified SecYEG into Liposomes 
SecYEG was reconstituted essentially as described previously (Collinson et al., 2001). 
Preformed proteoliposomes (25 mg/ml) in reconstitution buffer (50 mM K-HEPES, 200 mM K-
acetate, 10 mM DTT, 12.5 % glycerol, pH 7.5) were solubilized in 6 % BigCHAP deoxy (BC) by 
sonication on ice for 15 min. The lipid composition of the utilized liposomes mimicked the 
composition of the E. coli total Lipid Extract from Avanti Polar Lipids (PE / PG / PC / CL = 
57.5 % / 15.1 % / 17.6 % / 9.8 %). Purified SecYEG was added to a molar protein to lipid ratio of 
1:40 and incubated for 15 min at RT. The hydrophobic granulate Calbiosorb adsorbent was 
used for detergent removal in a final concentration of 33 % (v/v). The adsorbent was prepared 
by washing it twice for 10-20 min with both ethanol and reconstitution buffer. Subsequently, 
all liquid was removed from the granulate and the reconstitution mixture was added. After 
incubation for 1 h at 4°C (rotating), Calbiosorb adsorbent was topped up to 50 % (v/v) and 
incubation was continued over night at 4°C. After collection of the reconstitution mixture, one 
volume of reconstitution buffer devoid of glycerol was used to wash residual liposomes from 
the Calbiosorb adsorbent and combined with the reconstitution mix. While glycerol stabilizes 
the SecYEG complex during reconstitution it hinders fusion of liposomes with the vertical 
bilayer. For glycerol removal proteoliposomes were centrifuged for 30 min at 45000 rpm (TLA-
55 rotor, Optima Max Ultracentrifuge). The resulting pellet was resolubilized in glycerol-free 
reconstitution buffer. Alternatively, reconstitutions were dialyzed for 2 h at RT against 100-fold 
volume of reconstitution buffer devoid of glycerol. 

2.2.2.7.3 Preparation of Sec61 samples for fusion with the planar lipid bilayer 
Though integrated into the membrane in an active conformation, Sec61 and Sec61p complexes 
provided by the group of Prof. Dr. R. Zimmermann (Section 2.2.1.1) could not be readily fused 
to the planar lipid bilayer. Dilution of the proteoliposomes with additional lipid had been 
shown to increase fusion efficiency (Wirth et al., 2003; Erdmann et al., 2010). Accordingly, 
Sec61 samples were supplemented 3:2 (v/v) with preformed liposomes (egg L-α-PC, 20 mg/ml 
in reconstitution buffer (50 mM KCl, 10 mM MOPS/Tris pH 7.0) and 80 mM Mega9. After 
15 min incubation at RT, detergent was removed by dialysis (3.5 kDa molecular weight cut off) 
against reconstitution buffer (5 l) for 4 h at RT and subsequently over night at 4°C. Aliquots 
(10 µl) of these proteoliposomes were shock frozen in liquid nitrogen and stored at -80°C. 
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2.2.2.8 Translocation assay 
To test the functionality of SecYEG proteoliposomes, the SecA-dependent translocation of the 
preprotein proOmpAΔ176 was followed by a protease-accessibility assay. The assay performed 
in this study employed unlabelled proOmpAΔ176, which was detected by immunoblotting (van 
der Does et al., 2003; Gold et al., 2007b).   
The translocation assay was performed as follows; SecYEG proteoliposomes (5 µl) were mixed 
on ice with 5 mM ATP (in 0.1 M HEPES/KOH pH 7.0), 20 µg/ml purified SecA (Section 2.2.2.6.2) 
and 13 µg/ml proOmpAΔ176 (Section 2.2.2.6.3) in a final volume of 25 µl (50 mM HEPES/KOH 

pH 7.5, 50 mM KCl, 4 mM MgCl2, 1 mM DTT, 0.5 mg/ml BSA, 50 µg/ml creatine kinase, 10 mM 
phosphocreatine). Import was allowed for 15 min at 37°C before residual proOmpAΔ176 was 
digested by incubation with 0.2 mg/ml proteinase K for 45 min at 37°C. It has to be noted, that 
in the original protocol proteolysis was performed on ice (van der Does et al., 2003). Here more 
stringent conditions were applied to achieve complete digestion of non-imported proteins. As 
loading control, one sample without proteinase K treatment was included. Proteinase K 
digestion was stopped by addition of proteinase inhibitor AEBSF for 10 min on ice. 
Subsequently proteins were precipitated using TCA as described in Section 2.2.2.5 and resolved 
in sample application buffer freshly supplemented with 0.1 M NaOH and 30 mg/ml DTT.  
Whole samples, as well as 10% of the non-proteinase K treated control reaction were run on a 
12 % polyacrylamide gel (see Section 2.2.2.1) and subsequently transferred to a PVDF 
membrane. Immunodecoration was performed using sheep anti-proOmpA as primary and 
peroxidase-coupled anti-sheep IgG as secondary antibody (for dilutions see Appendix, Table 
5.1).  

2.2.2.9 Electrophysiological recordings 
The planar lipid bilayer technique is a method to study the electrophysiological properties of 
lipid membranes and membrane proteins (Müller et al., 1962). The exact procedures employed 
in our laboratory are described in extensive detail elsewhere (Hinnah et al., 2002; Bartsch et al., 
in preparation). In short, a typical setup consists of two aqueous compartments which are 
separated by a thin PTFE film. Across an aperture in this film (d ≅ 100 µm), a vertical lipid 
bilayer, also referred to as black lipid membrane (BLM) is established (Figure 2.2A). Except for 
this aperture, the two half-chambers are electrically insulated from each other. In the course of 
this the work presented here, a custom made bilayer chamber made from PTFE or PEEK was 
utilized. The half-chambers are termed cis and trans, with the cis chamber being located closer 
to the operator in the fully assembled setup. The setup is placed on an air-cushioned stage and 
enclosed in a faraday cage to shield the measurement from undesirable electrical noise and 
mechanical disturbance.  
Planar lipid bilayers were produced by a variation of the painting technique (Müller et al., 
1963). To this end, a solution of 60 mg/ml L-α-phosphatidylcholine (type IV-S) in n-decane was 
applied to the aperture. Both chambers (volume 1.2 or 3 ml each) were equipped with magnetic 
stirrers. Through lowering and raising of the solution level, the lipid layer across the aperture 
was gradually thinned out until a bilayer was formed. This development was monitored 
optically.   
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Following the formation of a stable bilayer, fusion of proteoliposomes can be achieved by 
osmotically induced swelling of the liposomes (Figure 2.2B) (Section 2.2.2.10). After insertion of 
a channel protein into the bilayer the electrolytes were changed by perfusion to the final 
composition.  

 

Figure 2.2: Model of the bilayer system and osmotic fusion of proteoliposomes with the bilayer. (A) Model 
of a typical bilayer chamber. Two buffer-filled compartments are separated by a PTFE film. Across an aperture in 
this film, the planar lipid bilayer is painted. As shown in the inset (picture provided by Dr. Roland Hemmler), the 
lipid bilayer appears in transmitted light as a transparent plane surrounded by a ring-shaped annulus. Ion 
channels can be integrated into this bilayer by osmotic fusion (B). This is achieved with the help of an electrolyte 
gradient between the cis and the trans chamber (Section 2.2.2.10). 

In order to allow electrical stimulation and measurements in voltage-clamp mode, Ag/AgCl 
electrodes are introduced into the chambers through 2 M KCl-agarose bridges (1.5% agarose, 
2 M KCl, 10 mM MOPS/Tris pH 7.0). The electrode of the trans compartment was directly 
connected to the CV-5-1GU macro-patch headstage of a Gene Clamp 500 amplifier, while the 
electrode in the cis compartment was connected to the ground input and served as reference 
electrode. Thus, reported membrane potentials are always referred to the trans compartment. 
The built-in 4-pole Bessel low pass filter was used to filter the data with a cut off of 2-5 kHz. 
For data acquisition at a sampling rate of 20-50 kHz a personal computer equipped with a 
DigiData 1200 and Clampex 9 software was used. Voltage ramps were conducted with a rate of 
7.5 or 15 mV/s.  

2.2.2.9.1 Temperature controlled bilayer measurements 
For the temperature controlled bilayer measurements a water cooling unit originally designed 
for central processing units (CPU) in personal computers was introduced beneath the planar 
vertical bilayer chamber, with the metal chassis of the bilayer chamber mounted onto the 
copper plate of the cooling unit. This assembly was fed with pre-heated water by a heat pump 
thermostat. Before and after the measurement, buffer temperature inside the chamber was 
controlled using a digital thermometer. This way the buffer temperature could be adjusted to 
37±2°C. 
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2.2.2.10 Osmotic fusion of proteoliposomes with the planar lipid bilayer 
The fusion of proteoliposomes with the bilayer can be achieved under asymmetric buffer 
conditions (10-fold gradient with ccis > ctrans) by osmotically induced swelling of the liposomes 
(Niles et al., 1987; Woodbury et al., 1988; Cohen et al., 1989). To achieve the initial contact 
between the liposome and the bilayer, proteoliposomes were added to the high salt 
compartment (the cis chamber) directly below the bilayer, causing a slow flow of 
proteoliposomes along the bilayer surface. Once a liposome attaches to the bilayer, water flows 
along the osmotic gradient into the liposome and cause it to swell and fuse with the bilayer. 
The probability that a productive fusion occurs is drastically increased by the presence of open 
channels in the proteoliposomes (Woodbury et al., 1988). Addition of 10-20 mM CaCl to the 
high salt compartment furthermore was shown to facilitate the adhesion of liposomes to the 
bilayer by electrostatic interactions (Cohen et al., 1984). If necessary, the solution was agitated 
with the help of magnetic stirrers.  

2.2.2.11 Preincubation techniques for proteoliposomes containing closed pores 
Proteoliposomes containing protein translocation complexes in their closed state are more 
difficult to fuse with the planar lipid bilayer. Formation of electrophysiologically accessible 
open pores was in some cases reported to be achieved by the incubation with physiologically 
relevant ligands such as specific substrates or components of the translocation machinery 
(Simon et al., 1992; Wirth et al., 2003; Meinecke et al., 2006; Meinecke et al., 2010). Prior to their 
utilization for preincubation, the individual constituents were analyzed for contaminating 
channel activity by application to the lipid bilayer under fusion conditions in the absence of 
proteoliposomes. Only demonstrably pure preparations were used for the following studies. 
Generally the addition of an effector was carried out in either of two different ways.  

2.2.2.11.1 Preincubation 
Effectors that are only available in small amounts or those that interfere with the 
electrophysiological measurements were preferably employed for preincubation with 
proteoliposomes. To this end, effectors were added to aliquots of proteoliposomes (5-20 µl) and 
incubated according to the reaction conditions (37°C, RT or on ice). The pretreated sample was 
then added to the bilayer setup and checked for fusion events for about 30 min with or without 
stirring and with periodic controls of bilayer stability and quality in intervals of 5 min. 
Optionally, low voltages of ±10 mV were applied to facilitate the identification of a fusion 
event. In the case of preincubation, the effector concentration becomes drastically diluted 
inside the measurement chamber. Still, molecules forming a tight interaction with the pore-
forming protein stay bound and conformational changes may persist.  

Specifically in the case of eukaryotic RM preparations, ribosome-nascent chain complexes had 
to be detached from rough microsomal vesicles to yield an open Sec61 channel. This was done 
by incubation with 500 µM puromycin, 300 mM KCl and 1 mM GTP for 15 min at RT. 

Puromycin in the presence of GTP mimics the aminoacyl-tRNA and acts as acceptor of the 
carboxyl-activated peptide. Thus chain elongation is terminated, ribosomal subunits dissociate 
and the polypeptide chain is released. Elevated salt concentrations finally detach the ribosomal 
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subunits from the translocon (Darken, 1964; Nathans, 1964; Adelman et al., 1973). This 
pretreatment was performed before each measurement session.  

2.2.2.11.2 Addition of effectors to the bilayer chamber 
The second mode of effector application used in this study was the direct addition to the 
measurement chamber. In this case effector concentration in the chamber had to be high 
enough to allow efficient interaction. For the SecYEG fusion assays the partners of the 
translocation reaction were available in sufficient amounts and were added to the cis chamber 
in the same concentrations that are used in in vitro protein translocation reactions (Section 
2.2.2.8) (20 µg/ml proOmpAΔ176, 25 µg/ml SecA, 4 mM MgCl2, 5 mM ATP (buffered to pH 7)), 
with the trans chamber containing the usual low ionic strength buffer (see Section 2.2.2.10). 
Thereupon fusion was attempted as described before. 

2.2.2.12 Single channel analysis 
Single channel analysis was essentially performed as summarized previously (Harsman et al., 
2011a; Bartsch et al., in preparation). For this purpose, single channel analysis software 
developed in our laboratory, i.e. Ephys 2010 developed by Dr. Alf Honigmann and Ion Channel 
Master (ICM) developed by B.Sc. David Schmedt, was used in combination with Origin 8.0. 

2.2.2.12.1 Conductance 
In the course of planar lipid bilayer measurements, the passage of ions through a single 
channel is measured. The measured current can, in the simplest case, assume two values. In the 
closed state of the channel, the current is zero, while it assumes its maximum value, when the 
channel resides in the open state. Since most large proteinaceous pores exhibit the 
characteristics of an ohmic resistance, the conductance of such a channel can be calculated 
from the measured current and the applied holding potential using Ohm’s law.  
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R = resistance 
V = voltage 
I = current 
G = conductance 

In the course of this thesis the term conductance state will denote a conformational state of a 
channel protein, sometimes specified as open state or closed state that passes a stable current. 
Discrete current transitions that result from conformational transitions between the open and 
closed state are also called gating events. From their current amplitudes the corresponding 
conductance (values) can be calculated according to Equation 2.2. At this, the amplitude of a 
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gating event equals the difference in current before and after the transition. Conductance 
histograms are used to depict the frequency distribution of current transition amplitudes. Peaks 
in the distribution are fitted with Gaussian curves and for each curve the center of the peak is 
stated as the mean conductance and the half width at half maximum is given as measure of the 
error as it roughly corresponds to the standard deviation (HWHM=1.17741σ).  
The main conductance (value), Gmain, describes the full pore closure from the main open state, 
while smaller changes in the current are called subconductance (values), Gsub, and correspond 
to gating into subconductance states. The total conductance (value), Gtotal, is determined from 
the current passing the channel in its maximally opened state or when all pores of a channel 
unit are opened. 

Using the ICM software for the analysis of conductance values, all current transitions 
exceeding a state-dependent threshold are taken into account. With the Ephys2010 software, 
gating events additionally have to exceed a certain dwell time threshold in order to be 
detected. Hence, the ICM software usually detects more and shorter transitions, thus 
sometimes resulting in a broader distribution of conductance amplitudes. Where indicated, the 
broad distribution was subsequently filtered for dwell times exceeding a defined threshold. 

When the current-voltage relationship of a single channel markedly diverges from the linear 
correlation characteristic of ohmic resistors, this feature is described as rectification. Such non-
linear relationships mostly become apparent at high holding potentials, while the same channel 
might display ohmic behavior at lower voltages (Hille, 2001). 

2.2.2.12.2 Pore diameter 
The conductance values can be used to calculate a pore diameter (dchannel) by using a simplified 
model where the volume in the most constricted region of the pore is approximated by a 
cylindrical shape with a depth of lz = 1 -5 nm (Hille, 2001). 
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 ρ  = resistivity of the solution in the pore  
zl  = length of the constriction zone  

G = channel conductance 

The diffusion coefficient of ions within a confined pore was shown to be markedly reduced in 
comparison to that found in free solution. Accordingly, the actual ion concentration within the 
restriction zone of the pore is much higher than in the bulk, which in turn also drastically 
reduces their mobility. Thus, a fivefold reduced conductivity of the solution within the 
restriction zone of a large pore is assumed (Smart et al., 1997). As no structural information 
was available for the proteins analyzed by these equations, the results are given in the course 
of this thesis as the mean of the pore diameters calculated for five different pore length (1-
5 nm) and their standard deviation.  
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2.2.2.12.3 Mean-variance histogram 
In 1993 Joseph Patlak introduced an alternative representation of single channel current traces 
that enables the observer to immediately evaluate the number and amplitude of conductance 
states, the occurrence of current transitions including poorly resolved flickering as well as 
quality measures like baseline stability and noise levels (Patlak, 1993). For a detailed 
description of the construction and purpose of mean-variance histograms the reader is referred 
to the original publication. In short, data were analyzed using a sliding window of e.g. 25 data 
points. The mean current of each window was plotted against the respective variance. The 
frequency distribution of the mean-variance data pairs is color coded.   
The resulting three-dimensional plots (mean, variance, frequency) depict a complete current 
trace with the data point accumulations at low variances representing stable conductance 
states in which the channel resides for some time. The parabolic connections mark gating 
events between these states. 

2.2.2.12.4 Selectivity 
The selectivity of a channel is a measure of its preferential conductance of either anions or 
cations. It is calculated from the reversal potential (Erev) by using a conversion of the Goldman-
Hodgkin-Katz voltage equation (Hille, 2001).  
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Pc =  permeability coefficient of the cation  
Pa =  permeability coefficient of the anion  
[cx] =  concentration of the cation at the respective side of the membrane  
[ax] =  concentration of the anion at the respective side of the membrane  
Erev = reversal potential  
R = universal gas constant  
F = Faraday constant  
T = temperature 

The reversal potential is defined as the applied transmembrane voltage that yields zero electric 
current when a given activity gradient is established across the channel. Therefore, when 
voltage ramps, during which the holding potential is continuously raised from e.g. -100 mV to 
+100 mV, are recorded it equals the intercept of the current answer with the abscissa. 

2.2.2.12.5 Open probability 
The open probability of a channel describes the extent to which a channel is opened at a given 
holding potential averaged over a defined duration. Single channel current traces with a period 
of 30 s or 60 s were recorded for a set of defined holding potentials. The open probability is 
then calculated as the ratio of the mean current determined for the complete trace and the 
maximum current observed at that holding potential. These values are plotted against the 
applied voltage. 
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2.3 Results 

2.3.1 Analysis of regulatory mechanisms in homologous Sec complexes  
Planar lipid bilayer studies were performed to analyze the conservation of the calcium-
calmodulin (Ca2+-CaM)-dependent gating mechanism between Canis lupus familiaris and 
Saccharomyces cerevisiae. 

2.3.1.1 Single channel characteristics of mammalian and yeast Sec61 
To verify the electrophysiological characteristics of Sec61 complexes from C. familiaris and 
S. cerevisiae, single channel bilayer measurements of rough microsomal vesicle preparations 
from both organisms carrying undefined precursor polypeptides in transit were analyzed as 
described earlier (Erdmann et al., 2010). Before application to bilayer experiments, their 
functionality was confirmed by the group of Prof. R. Zimmermann in the course of protein 
import assays (Erdmann et al., 2010).  

 

Figure 2.3: Conductance histograms and gating behavior of Sec61 complexes from C. familiaris and 
S. cerevisiae in planar lipid bilayers. Frequency distributions of single channel current transitions are 
summarized in conductances histograms for both preparations on the left (n = 5 and n = 4 single channels, 
respectively). Mean gating amplitudes as determined from Gauss fits to the distributions are: 288 ± 75 pS and 
121 ± 35 pS for Sec61 complex from C. familiaris and 296 ± 35 pS and 126 ± 38 pS for Sec61p complex from 
S. cerevisiae. The adjacent single channel current traces depict the characteristic gating behavior of Sec61. Buffer 
conditions were symmetric with 100 mM KCl, 10 mM MOPS/Tris pH  7.0 in cis and trans. 

In accordance with the results published previously, single channel activity could only be 
induced in prediluted microsomal vesicles (Section 2.2.2.7.3) by termination of translocation 
and dissociation of the ribosome nascent chain complexes through incubation with puromycin, 
GTP and 300 mM KCl (Section 2.2.2.11.1). As the respective channels were characterized in 
detail by former coworkers (Wirth, 2003; Wirth et al., 2003; Erdmann et al., 2010; Erdmann et 
al., 2011) these measurements served to reproduce the established properties and to verify their 
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conformity between the mammalian and yeast samples. The channel activities observed with 
both preparations revealed the dynamic gating in between a multitude of different conductance 
states, which is typical for Sec61 (Figure 2.3) (Wirth et al., 2003; Erdmann et al., 2010). The 
conductance amplitudes of the gating events cluster for both preparations in two conductance 
regimes of roughly largeG ≅ 290 pS and smallG   ≅ 120 pS ([KCl] = 100 mM) (Figure 2.3). Selectivity 

and open probability of the channels are also concordant and agree with those observed earlier 
(data not shown) (Erdmann et al., 2010). Untreated microsomes and empty proteoliposomes did 
not contain channel activity (data not shown). 

2.3.1.2 Specific regulation of Sec61 from C. familiaris by Ca2+-CaM 
Erdmann et al. (2011) found that the permeability of the mammalian Sec61 channel is regulated 
by calmodulin in a calcium-dependent manner. In order to validate the specificity of this 
interaction further, specific reversal of the inhibition was assessed using the calmodulin 
antagonist ophiobolin A. This compound had been demonstrated to enhance Sec61-dependent 
calcium leakage from the ER in live cell calcium imaging experiments (Erdmann et al., 2011).  

 

Figure 2.4: The calmodulin antagonist ophiobolin A interferes with calmodulin binding to Sec61 from 
C. familiaris. Single channel current traces at +30 mV holding potential (left) and the corresponding current 
histograms (right) depict effector induced changes in the current passing the Sec61 channel. A control trace was 
recorded in the presence of 10 mM CaCl2 (top). Addition of 0.5 µM CaM leads to a reduction in the single channel 
current level (middle). Subsequent addition of 100 µM ophiobolin A restores the single channel characteristics 
observed in the control trace with regard to the high current level and appearance of dynamic gating transitions 
(bottom). Horizontal dashed lines indicate the open state of the control trace and the closed state after CaM 
addition. CaM, addition of 500 nM CaM, OphA, 100 µM ophiobolin A. Buffer conditions: 100 mM KCl, 10 mM 
Mops/Tris, pH 7.0. 
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Accordingly, after the Sec61 single channel current was almost completely blocked by the 
addition of 0.5 µM calmodulin in the presence of calcium (Figure 2.4), the subsequent addition 
of 100 µM ophiobolin A resulted in a full recovery of the single channel current. Moreover, the 
dynamic gating behavior of the channel was restored (Figure 2.4, lower panel). This effect is 
also obvious from the voltage ramps displayed in Figure 2.5A. They depict a reduction of the 
Sec61 current upon addition of Ca2+-CaM over the whole range of voltages and a recovery of 
the single channel conductance after ophiobolin A addition. The current level after ophiobolin 
A addition was slightly elevated compared to the control trace, due to the presence of calcium. 
In the absence of Ca2+-CaM, ophiobolin A had no impact on the conductance and gating of the 
Sec61 channel (Figure 2.5B). In summary, this experiment confirms that the interaction of Ca2+-
CaM and Sec61 is specific and can be reversed by the CaM antagonist ophiobolin A. 

 

Figure 2.5: Voltage ramps demonstrating the effect of ophiobolin A. (A) Voltage ramps recorded under the 
indicated conditions reveal the same effects of CaM and ophiobolin A over the complete range of voltages. The 
control ramp was recorded before addition of CaCl2. (B) Voltage ramps before and after addition of ophiobiolin A 
in the presence of 10 mM CaCl2 did not reveal any effect of the CaM antagonist alone. Ca2+-CaM, addition of 
10 mM CaCl2 and 500 nM CaM, OphA, 100 µM ophiobolin A. Buffer conditions: 100 mM KCl, 10 mM Mops/Tris, 
pH 7.0. 

 

2.3.1.3 Putative calmodulin-dependent regulation of the Sec61p complex  
As the concordant single channel characteristics of Sec61 from C. familiaris and Sec61p from 
S. cerevisiae suggest a high degree of conservation, the existence of the Ca2+-CaM-dependent 
regulatory mechanism was also examined for yeast Sec61p. To this end, single channel currents 
of Sec61p complexes from rough microsomal vesicles after stripping from RNCs (Section 
2.2.2.7.3) were measured in the absence and presence of Ca2+-CaM (Figure 2.6). The addition of 
calcium and calmodulin has no effect on the current amplitudes or gating behavior of the 
Sec61p channel. Merely, minor random fluctuations from the different conductance states are 
sometimes observed after effector addition, suggesting a destabilization of the incorporated 
channel protein. This might be a consequence of the extended measurement sequence.  
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Figure 2.6: Single channel current traces of Sec61p complexes from S. cerevisiae in the absence and 
presence of Ca2+-CaM. Sec61 channels from S. cerevisiae RM preparations exhibit a similar, highly dynamic 
gating behavior in the absence (control) and presence of Ca2+-CaM at holding potentials of +30 mV and -30 mV, 
respectively. Ca2+-CaM, addition of 10 mM CaCl2 and 500 nM CaM. Buffer conditions were: 100 mM KCl and 
10 mM Mops/Tris, pH 7.0. 

Voltage ramps in the absence and presence of Ca2+-CaM also exhibit indistinguishable overall 
currents and similar gating behavior over the complete range of voltages (Figure 2.7A). In order 
to yield a statistical representation, the dependence of the open probability of different single 
channels (n=3) on Ca2+-CaM was compared. This feature has also been used to analyze the 
Ca2+-CaM-dependent closure of mammalian Sec61 pores (Erdmann et al., 2011). As depicted in 
Figure 2.7B comparable open probabilities can be observed with Sec61p complexes in the 
absence and presence of Ca2+-CaM at all applied membrane potentials. 

 



Results 

37 

 

 

Figure 2.7: The electrophysiological characteristics of Sec61p from S. cerevisiae are not affected by Ca2+-
CaM. (A) Voltage ramp recordings display comparable single channel currents and similar gating behavior over a 
range of different voltages in the absence (control) and presence of Ca2+-CaM. (B) Open probability (Popen) 
analysis of three independent single channel measurements demonstrated Ca2+-CaM-independent, but voltage-
dependent closure of the Sec61p channels from S. cerevisiae. Ca2+-CaM, 10 mM CaCl2 and 500 nM CaM. Buffer 
conditions were: 100 mM KCl and 10 mM Mops/Tris pH 7.0. 

For the mammalian Sec61 complex, the interaction responsible for the CaM-dependent 
regulatory mechanism was mapped to a specialized calmodulin-binding motif, termed IQ motif, 
in the N-terminus of Sec61α (Erdmann et al., 2011). In order to evaluate the conservation of 
this IQ motif, the N-terminal sequences of Sec61α subunits from C. familiaris and S. cerevisiae 
were aligned with a sequence logo generated from 3740 sequences of the Pfam calmodulin-
binding motif family (Accession no. PF00612) (Finn et al., 2010). This comparison reveals only a 
partially conserved IQ motif in the yeast Sec61p sequence, suggesting that calmodulin binding 
to this motif might be impaired (Figure 2.8).   
 

 

Figure 2.8: Alignment of Sec61 N-termini with an IQ motif consensus sequence. The Sec61α IQ motif from 
C. familiaris (C.f.) and the corresponding sequence from S. cerevisiae (S.c.) were aligned with the IQ consensus 
sequence logo. The logo was created for the calmodulin binding motif family (Accession no. PF00612) using the 
webserver http://weblogo.berkeley.edu/logo.cgi (Crooks et al., 2004). Amino acids are colored according to their 
chemical properties: green, polar amino acids (G,S,T,Y,C,Q,N); blue, basic (K,R,H); red, acidic (D,E); and black, 
hydrophobic (A,V,L,I,P,W,F,M). 

http://weblogo.berkeley.edu/logo.cgi
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2.3.2 Investigation of channel formation by the bacterial SecYEG complex  

2.3.2.1 Functional reconstitution of the SecYEG complex from E. coli 
Since pore-formation was demonstrated for Sec61 complexes from C. familiaris and 
S. cerevisiae, the ability of the bacterial Sec complex to form open channels in planar lipid 
bilayers was investigated. For this purpose, recombinantly expressed SecYEG from E. coli was 
purified and reconstituted as described in Sections 2.2.2.6 and 2.2.2.7.2 according to established 
protocols (Collinson et al., 2001; van der Does et al., 2003; Gold et al., 2007b). The only major 
modification was the replacement of E. coli total lipid extract (Avanti) for a mixture of purified 
phospholipids mimicking the composition of the E. coli extract (PE / PG / PC / CL = 57.5 % / 
15.1 % / 17.6 % / 9.8 %). This substitution was essential since E. coli total lipid extract was 
shown to contain impurities that resulted in ion channel activity upon liposome fusion with 
the planar lipid bilayer. 

The reconstitution success of the SecYEG complex was assessed using Nycodenz density 
gradient centrifugation (Section 2.2.2.4), in which reconstituted proteins migrate along with 
liposomes to fractions of higher density whereas dissolved or aggregated proteins stay in the 
bottom of the tube. Accordingly, the reconstituted SecYEG complex was recovered from 
density gradient fractions containing 5 % Nycodenz (Figure 2.9, upper panel), whereas 
solubilized SecYEG was found in the high density fractions of the gradient (Figure 2.9, lower 
panel). In both panels the three subunits of the complex, i.e. SecY, SecE and SecG were present 
in stoichiometric amounts.   
Proteoliposomes that were diluted by the Mega9/dialysis procedure according to the protocol 
used for Sec61 (Section 2.2.2.7.3) were also subjected to density gradient centrifugation. 
Immunodecoration of western blots with SecY antibody still detected most of the SecY protein 
in the low density fractions of the gradient (data not shown). 

 

Figure 2.9: Verfication of SecYEG reconstitution into proteoliposomes by means of density gradient 
centrifugation. SecYEG proteoliposomes (PL) and purified protein in detergent (C12E9) were subjected to 
Nycodenz gradient flotation (Section 2.2.2.4). The fractionated gradient (percentages indicate Nycodenz 
concentration) was subjected to SDS PAGE and protein staining was achieved with colloidal Coomassie. 
Migration positions of the complex subunits SecY, SecE and SecG are labeled. The asterisk indicates the migration 
position of typical cleavage products of SecY (Collinson et al., 2001). Blurred low molecular weight bands arise 
from residual phospholipid contamination that was not completely removed during protein precipitation.   
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Furthermore, the functionality of the reconstituted complexes was analyzed by means of an in 
vitro protein import assay. SecYEG proteoliposomes promote import of the substrate 
proOmpAΔ176 (pro-outer membrane protein A) only in the presence of the active ATPase 
SecA (Section 2.2.2.8). The import efficiency is slightly lower than that observed earlier 
(Collinson et al., 2001; Erdmann et al., 2009) since more stringent proteolysis conditions were 
applied (van der Does et al., 2003). Nevertheless the transport activity can be clearly attributed 
to the presence of the active bacterial Sec complex. 

 

 

Figure 2.10: In vitro assay for import of proOmpAΔ176 into 
SecYEG proteoliposomes. Assays were performed with the 
application of 20 µg/ml of SecA, 5 mM ATP and SecYEG 
proteoliposomes (PL) as indicated for 15 min at 37°C. The right-
hand lane was not subjected to proteolysis and is loaded as a 
measure of 10 % of the total proOmpAΔ176 in each reaction. 
ProOmpAΔ176 was detected by immunodecoration with anti-
proOmpA antibodies. 

 

2.3.2.2 Planar lipid bilayer studies with SecYEG proteoliposomes 
Aliquots of SecYEG proteoliposome preparations (SecYEG samples: 5-20 µl aliquots) that were 
demonstrated to be successfully reconstituted and capable of in vitro protein translocation were 
subjected to lipid bilayer experiments (Section 2.2.2.9) under osmotic fusion conditions (Section 
2.2.2.10). In contrast to reconstituted Sec61 complexes (Sec61 samples: 0.5-2 µl aliquots) (Section 
2.3.1.1), no specific open channel activity was observed during the experiments with SecYEG. 
Table 2.2 summarizes the fusion efficiency of SecYEG proteoliposomes with the planar lipid 
bilayer in comparison with Sec61 complex preparations.  

Table 2.2: Quantification of Sec channel insertion efficiency. Proteoliposomes containing the respective 
protein complexes were added to the bilayer chamber under osmotic fusion conditions and assessed for integration 
of pore-forming proteins. Optionally, proteoliposomes were prediluted using Mega9/dialysis (Section 2.2.2.7.3). 
Sec61αβγ, purified and reconstituted Sec61 heterotrimer; Sec61 complex, RM depleted of RNCs; asterisk, Fusion 
events could not be unambiguously attributed to a channel activity since no distinct gating behavior was 
observed. 

Preparation Mega 9/ 
dialysis Efficiency 

Sec61αβγ + 70 % (n=10) 

Sec61 complex + 61 % (n=31) 

SecYEG - <6 %* (n=34) 

SecYEG + 0 % (n=13) 

 

For each attempt, the samples were incubated under freshly established conditions for about 30 
minutes, with periodic controls of bilayer stability and quality in intervals of 5 min, while the 
recorded currents were analyzed for channel integration. Sec61 fusion efficiency ranged 



Pore formation and regulation of Sec translocons 

40 

between 60-70 % using either rough microsomal vesicles (RM) that were stripped from 
ribosome-nascent chain complexes (Section 2.2.2.11.1) or the heterotrimeric Sec61 complex 
reconstituted into proteoliposomes (Section 2.2.1.1.2). With SecYEG proteoliposomes, 
permeabilization of the membrane was only observed in less than 6 % of the fusion attempts. 
As the current never assumed stable conductance levels and no distinct gating transitions were 
observed, this permeability probably did not arise from the integration of a stable ion channel. 

In the case of Sec61, dilution of the RMs and proteoliposomes with additional lipids by means 
of resolubilization with Mega9 and subsequent detergent removal was identified to be a 
prerequisite for the observed fusion rates (Section 2.3.1.1) (Wirth et al., 2003). Thus, SecYEG 
proteoliposomes subjected to the same treatment were also tested for channel activity. These 
samples also did not exhibit open channel activity (Table 2.2). 

An ion permeable pore is a prerequisite for efficient osmotic fusion of proteoliposomes with the 
lipid bilayer (Woodbury et al., 1988; Cohen et al., 1989). Considering the hypothesis that the 
SecYEG translocation channel might be intrinsically closed in its inactive state, the 
permeability of the translocon after the onset of translocation was examined. Accordingly, in 
order to activate the SecYEG pore, several different fusion conditions in the presence of 
physiologically relevant components were tested following the protocols described in Section 
2.2.2.11. Prior to their utilization for SecYEG fusion assays the individual constituents were 
checked for contaminating channel activity. To this end, the substances were applied to the 
lipid bilayer under fusion conditions in the absence of proteoliposomes. Only demonstrably 
pure preparations were used for the following studies. 

First, synthetic peptides representing the signal sequences of genuine SecYEG substrates were 
used in an attempt to stimulate channel activity. The LamB signal sequence was most recently 
shown by cryo-electron microscopy to induce an unlocked state of the translocon (Hizlan et al., 
2012) and to induce channel activity in bilayer measurements of E. coli membrane preparations 
(Simon et al., 1992). When this peptide was added to the planar lipid bilayer in concentrations 
of up to 1 µM, perturbation of the bilayer integrity was observed in the absence of 
proteoliposomes. This is consistent with the high affinity of the LamB signal sequence for lipid 
monolayers that was observed using surface tensiometry (McKnight et al., 1989). Hence this 
peptide could not be employed for SecYEG fusion assays.   
In contrast the synthetic pOmpA signal peptide did not induce bilayer perturbation during the 
pretests at concentrations of up to 20 µM. Thus, preincubation of proteoliposomes with the 
peptide (5-15 µM) was tested (Section 2.2.2.11.1). In none of these experiments channel activity 
was observed (Table 2.3). Also in the majority of attempts, the incubation with highly 
concentrated pOmpA signal sequence in the measurement chamber (Section 2.2.2.11.2) did not 
induce any channel activity upon addition of SecYEG proteoliposomes (Table 2.3). Only in two 
cases permeabilization of the membrane was observed, but the absence of distinct gating 
transitions and the inconsistence of the current level (shifting) led to the conclusion that this 
permeability did not arise from the integration of a stable ion channel. 
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Furthermore, activation of SecYEG by incubation with essential translocation assay 
components (Gold et al., 2007b), namely the substrate proOmpAΔ176 (20 µg/ml), the soluble 
motor protein SecA (25 µg/ml) as well as 4 mM MgCl2 and 5 mM ATP was assessed. Following 
preincubation under these in vitro translocation conditions proteoliposomes were added to the 
cis chamber, but no channel activity could be observed (Table 2.3).   

Table 2.3: Fusion assays of SecYEG proteoliposomes in the presence of physiologically relevant ligands. 
Fusion of SecYEG proteoliposomes with the lipid bilayer was assessed either after preincubation of the vesicles 
under the respective conditions or in the presence of these substances in the measurement chamber. The indicated 
temperature specifies the temperature inside the bilayer chamber during fusion assays. Translocation assay, 
incubation at 37°C with proOmpAΔ176 (20 µg/ml), SecA (25 µg/ml), 4 mM MgCl2, 5 mM ATP; pOmpA, synthetic 
peptide representing the signal sequence of OmpA; asterisk, Fusion events could not be attributed to channel 
activity since no distinct gating behavior was observed. 

Effector Preincubation of 
proteoliposomes 

Addition to 
chamber Temperature Efficiency 

     
pOmpA +  RT 0 % (n=4) 
  + RT <22 % (n=9)* 
     
     
translocation +  RT 0 % (n=7) 
assay +  37°C 0 % (n=3) 
  + 37°C 0 % (n=4) 
     

 

In vitro protein import into proteoliposomes was demonstrated to be most efficient at 37°C 
(Nishiyama et al., 1994). To rule out that the absence of open pores in the previous experiments 
was a result of insufficient activation of SecYEG pores, the same experiments were performed 
at 37°C using a planar lipid bilayer setup modified for temperature controlled measurements as 
described in Section 2.2.2.9.1. Again, neither after preincubation under in vitro translocation 
conditions, nor when the respective components were added in the corresponding amounts to 
the cis chamber, channel activity could be observed (Table 2.3). 

In summary, no integration of open SecYEG pores into the planar lipid bilayer could be 
achieved under the various conditions tested. 
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2.4 Discussion 
The studies presented in this chapter aimed at the comparison of Sec translocons from 
C. familiaris, S. cerevisiae and E. coli with regard to their ability to form and regulate ion-
permeable pores in planar lipid bilayers.  

2.4.1 Conservation of regulatory mechanisms in Sec complexes from 
C. familiaris and S. cerevisiae 

2.4.1.1 Canine Sec61 is specifically regulated by Ca2+-CaM 
Pore formation by the Sec61 complex, the mammalian ER protein translocase, was established 
long ago (Simon et al., 1991) and has since been studied in extensive detail. Similarly, the 
Sec61p translocon from the yeast S. cerevisiae was shown to form ion permeable channels in 
planar lipid bilayers with nearly identical single channel features (Section 2.3.1.1). The 
electrophysiological characteristics determined in the course of this thesis agree with those 
determined previously (Erdmann, 2009; Erdmann et al., 2010). However, many physiological 
processes in mammalian cells, such as muscle contraction, exocytosis and apoptosis, are 
regulated by the spatially and temporally coordinated release of free calcium from the ER 
(Berridge, 2006). Thus, uncontrolled permeability of large conductance pores like the Sec61 
complex would interfere with the maintenance of steep calcium gradients of 3-4 orders of 
magnitude ([Ca2+]cyt = 0.05-0.1 µM; [Ca2+]ER = 100-800 µM) and the tightly controlled patterns 
of calcium release.  

One mechanism regulating the ion conductance of the translocon from C. familiaris is the 
calcium-dependent binding of calmodulin to an IQ motif in the N-terminus of Sec61α 
(Erdmann et al., 2011). Following Ca2+-CaM induced inhibition of Sec61 conductance, the 
original current amplitude as well as the dynamic gating behavior of the channel could be 
specifically recovered by the application of the calmodulin antagonist ophiobolin A (Section 
2.3.1.2). This is consistent with the calmodulin antagonist-induced increase in calcium leakage 
from mammalian ER that was previously observed in live cell calcium imaging experiments 
(Lang et al., 2011). As ophiobolin A binding interferes with substrate binding to calmodulin 
(Au et al., 2000), these presented experiments confirm that the inhibition of Sec61 conductance 
by Ca2+-CaM results from a specific interaction.  

2.4.1.2 Ca2+-CaM regulation of the Sec61p conductance is absent in S. cerevisiae 
In CaM-binding assays Martin Jung and colleagues (Harsman et al., 2011b) observed that 
mammalian calmodulin as well as its yeast homolog were able to bind the IQ motif of Sec61α 
from C. familiaris. This binding mechanism seems to be functionally conserved even though 
yeast CaM possesses only three functional calcium binding sites (Luan et al., 1987; Davis et al., 
1989; Cyert, 2001). Nevertheless, the planar lipid bilayer measurements performed with Sec61p 
in the absence and presence of Ca2+-CaM did not reveal any changes in the conductance or 
gating behavior of Sec61p (Section 2.3.1.3). This suggests that the calmodulin-dependent 
regulatory mechanism of Sec61 conductance (Erdmann et al., 2011) is not conserved in the 
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yeast ER, as under identical conditions the Sec61 channel activity of canine microsomal 
vesicles was demonstrably changed (Section 2.3.1.2).  

Interestingly, sequence alignments revealed that the IQ motif, responsible for CaM binding in 
mammalian Sec61α, is only partially conserved in Sec61p from S. cerevisiae (Section 2.3.1.3). 
By a combination of assays assessing CaM-binding to yeast RM and synthetic peptides 
mimicking the N-terminus of Sec61p, respectively, Martin Jung and colleagues confirmed that 
the divergent IQ-like motif of Sec61p was impaired in calmodulin binding (Harsman et al., 
2011b). Moreover, their results indicated that the exchange of either amino acid 6 or 11 of the 
mammalian IQ motif (Figure 2.8) to alanine is sufficient to abolish calmodulin binding in dot-
blot experiments. In contrast, the exchange of the virtually invariant glutamine in position 2 
could be tolerated (Erdmann et al., 2011; Harsman et al., 2011b). Interestingly, the otherwise 
highly conserved lysine in position 11 of the S. cerevisiae IQ-like motif (Figure 2.8) is replaced 
by asparagine. In summary, the presented data reveal, that calmodulin-dependent regulation of 
the Sec61p channel conductance is absent in S. cerevisiae due to a critical variation in the 
primary structure of its N-terminus. 

This poses the question, how the absence of this regulatory mechanism can be reconciled with 
calcium homeostasis in yeast. Similar to mammalian cells, S. cerevisiae and other budding 
yeasts possess the ability to control their free cytosolic calcium concentration and thereby 
regulate downstream signaling pathways. However, yeast cells seem to respond more slowly to 
changes in the extracellular calcium concentrations. They use to a large extent slow 
calcineurin-dependent gene expression control pathways in order to regulate their long-term 
calcium homeostasis (Cui et al., 2009; Cunningham, 2011). ER resident IP3 receptors or 
ryanodine receptors, which are responsible for rapid calcium release from the ER in vertebrate 
cells, are not known to be present in S. cerevisiae or other budding yeasts. Furthermore, yeast 
cells lack core components of the SOCE mechanisms known to operate in the ER of animal 
cells, including a specialized SERCA pump (Wuytack et al., 2002; Cunningham, 2011; Lewis, 
2011). This, might account for the low levels of free Calcium in the ER lumen (<10 µM) and 
thus limits its impact on intracellular calcium signaling (Strayle et al., 1999).  
However, the majority of Ca2+ and Mn2+ ions needed to ensure normal processing functions in 
the secretory system of S. cerevisiae seems to be supplied by the SPCA-family type pump Pmr1, 
which is mainly expressed in the Golgi (Strayle et al., 1999; Cunningham, 2011). On the other 
hand, in S. cerevisiae many homologs of ER luminal Ca2+-dependent enzymes that are involved 
in various aspects of protein secretion in mammalia, no longer retain their ability to bind 
calcium. Thus, yeast may have a secretory machinery that is less calcium dependent than the 
mammalian one (Cunningham, 2011). 

Recently, Schäuble et al. (2012), confirmed by siRNA induced silencing of BIP and SEC61A1 in 
Hela cells, that the ER luminal chaperone BiP reduces the calcium leakage through the Sec61 
complex in the ER membrane. BiP was shown to bind to loop 7 of the Sec61α subunit. This 
interaction was suggested to influence gating of the channel in a dynamic fashion. As the BiP 
homolog Kar2p has been shown to be unable to seal the mammalian translocon (Alder et al., 
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2005) and to rescue the phenotype induced by BiP knockdown (Schäuble et al., 2012), this 
mechanism also seems to be diverged in the yeast translocon,. 

Despite otherwise similar electrophysiological characteristics of the unoccupied complex, the 
lack of Ca2+-CaM-dependent as well as Kar2p-dependent regulation of the Sec61p conductance 
in the yeast S. cerevisiae suggests a generally impaired regulation of calcium efflux from the 
yeast ER. These findings are in line with the fact that in yeast the vacuole rather than the ER 
serves as the main calcium signaling organelle. It provides a storage site for calcium 
([Ca2+]Vac_free = 30 µM, [Ca2+]Vac_total = 2-4 mM), acts as a buffering system to maintain the 
calcium concentration within the cytosol ([Ca2+]cyt = 0.05-0.2 µM) and is able to release its free 
calcium in a regulated manner (Dunn et al., 1994; Denis et al., 2002; Cui et al., 2009; 
Cunningham, 2011). Moreover, the fluctuations in cytosolic calcium concentrations in yeast are 
much slower than those observed for example in cardiac myocytes. Simple diffusion through 
the crowded cytosol in yeast cells is drastically limited in contrast to the rapid propagation of 
calcium waves along the membrane of the cell-spanning ER tubule network in animals 
(Berridge, 2006; Case et al., 2007; Clapham, 2007; Cui et al., 2009). Thus, a calcium leak in the 
yeast ER membrane, even if it increases to a local steep calcium gradient or calcium 
microdomain, would not activate downstream pathways. In summary, S. cerevisiae has no 
obvious need for a fast ER calcium efflux response to prevent erroneous calcium signaling. This 
is concordant with the presented finding, that the yeast Sec61p complex is not regulated by 
Ca2+-CaM. 
According to Cunningham (2011) the differences between the mammalian and yeast calcium-
homeostasis mechanisms may be adaptations to the lack of a SERCA pump in the yeast ER and 
thus Ca2+-CaM-dependent regulation might have been present in the last common ancestor of 
fungi and animals. 

2.4.2 Investigation of channel formation by the bacterial SecYEG complex 

2.4.2.1 Analysis of SecYEG in the resting state 
When this project was started in 2007 very few experimental clues were available regarding 
the question whether the bacterial Sec complex at some point in its duty-cycle also forms ion-
permeable channels. While Simon et al. (1992) had suggested enhanced opening of the SecYEG 
pore in planar lipid bilayers in response to signal sequence peptides, Saparov et al. (2007) only 
observed ion-conducting pores upon artificial destabilization of the closed state. Structural 
studies and MD simulations had suggested a destabilization of the closed state of the Sec pore 
by incoming signal sequences and translocon binding partners such as SecA (Tian et al., 2006; 
Tsukazaki et al., 2008). Hence, this study focused on the potential pore formation of SecYEG 
from E. coli at the onset of translocation. 

To this end, recombinant SecYEG was successfully reconstituted into proteoliposomes and 
shown to be competent to perform in vitro import of proOmpAΔ176 (Section 2.3.2.1). In 
accordance with the results of Saparov et al. (2007), direct application of the proteoliposomes to 
the measurement system did not result in integration of open pores into the bilayer (Section 
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2.3.2.2). Pore formation also could not be observed after predilution of the SecYEG 
proteoliposomes by a procedure that had been shown to be essential for effective open pore 
formation by Sec61 from C. familiaris and S. cerevisiae (Section 2.2.2.7.3) (Wirth et al., 2003; 
Erdmann et al., 2010). Thus, in contrast to its eukaryotic homologs, E. coli SecYEG seems to be 
intrinsically closed in its resting state.   
This finding nicely corroborates molecular dynamics simulations based on the crystal structure 
of M. jannaschii SecYEβ, which suggested an ion-tight sealing by the combination of pore ring 
and plug (Gumbart et al., 2006). Only recently, two sets of experiments provided further 
support for this model. First, small or organic ions only marginally affected the electrochemical 
potential established across inverted membrane vesicles (IMV) from E. coli cells overexpressing 
the wildtype SecY complex (Dalal et al., 2009). Second, osmotic swelling experiments using 
intact E. coli cells or spheroblasts prepared from cells expressing wildtype SecYEG revealed, 
that the resting channels were impermeable for large molecules and even ions (Park et al., 
2011).  
However, the same studies indicated increased permeability of the channels when the stability 
of the closed state was affected by mutations in the pore ring, deletion of the plug or when 
SecY was locked open by introduction of a disulfide bridge between the plug and SecE (Dalal et 
al., 2009; Park et al., 2011). Thus, they were able to reproduce the observations of lipid bilayer 
studies with the respective SecY complexes (Saparov et al., 2007). Interestingly, the 
conductance of the modified SecY channels exhibited a strong selectivity for monovalent 
anions, especially chloride ions. As a result, they still provided a barrier for the passage of 
cations, e.g. protons (Dalal et al., 2009; Park et al., 2011). This might explain why E. coli strains 
expressing some of these mutants experienced only minor growth defects. Plug deletions and 
single amino acid exchanges in the pore ring were tolerated, while locking the plug away from 
the pore by a disulfide bridge, or combinations of several mutations were lethal (Harris et al., 
1999; Smith et al., 2005; Dalal et al., 2009; Park et al., 2011). As proposed by Gumbart et 
al. (2008), upon deletion of the plug, the selectivity and thus the permeability barrier for 
protons is maintained by means of the pore ring, which presents the primary barrier for water 
and ion permeation. Only if the modifications affect the stability of the channel more 
drastically, permeability increases and results in cell death. Astonishingly, equivalent 
mutations in yeast Sec61p, even the exchange of all hydrophobic pore ring residues for polar 
amino acids, was tolerated and had only minor influence on cell viability (Junne et al., 2006; 
Junne et al., 2010). Suggesting that the maintenance of the permeability barrier of the Sec61p 
translocon is not essential for yeast, these findings corroborate the argumentation presented in 
Section on Sec61p (2.4.1.2). 

2.4.2.2 Activation of SecYEG by natural ligands does not induce pore formation 
Next, the permeability of SecYEG complexes upon activation by natural interaction partners 
was assessed. In contrast to previously published experiments (Simon et al., 1992), the LamB 
signal sequence could not be employed for these studies, as its addition to the measurement 
chamber led to bilayer permeabilization in the absence of proteoliposomes (Section 2.3.2.2). The 
typical three domain structure of signal sequences from secretory proteins, with a hydrophobic 
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core of 7-15 residues (von Heijne, 1990) was shown in several studies to result in association of 
these peptides with the bilayer and can in higher concentrations (µM) lead to perturbation of 
the membrane integrity (Batenburg et al., 1988; McKnight et al., 1989; Hoyt et al., 1991). In 
previous experiments with LamB, the permeabilization might have been prevented by the 
utilized lipid composition of the bilayer (Simon et al., 1992).   
As the signal sequence of proOmpA was only reported to induce vesicle leakage in 
concentrations beyond 15 µM (Hoyt et al., 1991), it was applied for the presented 
proteoliposome fusion assays. However, in the presence of this peptide no SecYEG channel 
activity was observed (Section 2.3.2.2).   
Recently, co-reconstitution of the SecYEG complex with the LamB signal sequence was used to 
obtain 2D crystals of the membrane integrated, transactivated SecYEG dimer (Gouridis et al., 
2009; Hizlan et al., 2012). 3D reconstructions of these complexes revealed one of the two 
monomers to contain the preprotein mimic at a position close to the lateral gate. The resulting 
structural changes were suggested to represent the conformation of the translocon unlocked for 
protein translocation. Even though the results presented here were not obtained by co-
recostitution, the absence of open pores in the presence of signal sequence peptides suggests in 
accordance with MD simulations (Gumbart et al., 2006), that the SecYEG complex primed for 
translocation is still impermeable to ions. 

Finally, the SecYEG complex was assessed for formation of ion-permeable channels in planar 
lipid bilayer studies after the onset of translocation. To this end, the essential translocation 
assay components SecA, ATP, MgCl2 and proOmpAΔ176 (Gold et al., 2007b) were applied to 
SecYEG proteoliposomes either under preincubation conditions or directly in the measurement 
chamber. Under all conditions tested, no SecYEG channel activity was observed (Section 
2.3.2.2). This contrasts with the reported anion and even proton permeability found with 
inverted membrane vesicles (Schiebel et al., 1992; Kawasaki et al., 1993). Similarly, Dalal et al. 
(2009) observed in recent studies a specific permeabilization of the complex for chloride ions, 
but not for protons, after the onset of SecA-dependent translocation in inverted vesicles. On 
the contrary, recent in vivo studies revealed that SecYEG is tightly sealed against permeation 
of a cysteine-modification reagent, even after the onset of posttranslational translocation (Park 
et al., 2011). Moreover, the same publication stated that the translocon engaged in 
cotranslational translocation is not permeable for ions. The authors (Park et al., 2011) reasoned 
that the chloride conductance observed in earlier studies might be an artifact of the inverted 
vesicle preparation or that the interaction of SecA renders the channel more leaky. The 
experiments presented in this thesis favor the first hypothesis, as no channel activity was 
observed in planar lipid bilayers in the presence of SecA nor any other condition. 

By using the planar lipid bilayer technique one cannot differentiate whether integration of a 
closed channel occurred or whether no liposome fusion was achieved due to the absence of an 
open channel. In both cases however, the absence of channel activity in the bilayer argues 
indirectly that the investigated channel remains closed.   
Insertion of closed channels into the bilayer may be achieved by the assisted fusion of 
proteoliposomes in the presence of nystatin and ergosterol (Woodbury et al., 1990; Zagnoni et 
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al., 2007). Preliminary studies in cooperation with Malayko Montilla-Martinez (University of 
Osnabrück) also did not reveal any SecYEG channel activity (data not shown).  

Thus, the electrophysiological studies presented here suggest that the SecYEG channel from 
E. coli is tightly sealed against ion permeation in the resting as well as in the translocationally 
active state. As no other components were present in the bilayer setup, this implies, that the 
intrinsic gating mechanisms of the pore by means of the pore ring, the plug and probably also 
the translocation substrate, ensure maintenance of a permeability barrier at all stages of the 
SecYEG duty-cycle.  

2.4.3 Regulatory mechanisms affecting the conductance of Sec translocons 
Based on the degree of sequence conservation between eukaryotic and prokaryotic Sec 
subunits it was proposed that the intrinsic sealing would be conserved in eukaryotes (Park et 
al., 2012b). By contrast, as discussed earlier (Section 2.4.1), the Sec61 complexes of C. familiaris 
and S. cerevisiae resided in an intrinsically open state after removal on RNCs, suggesting a 
weaker intrinsic permeability barrier that needs to be supported by accessory subunits. Thus, 
the work presented here reveals a considerably different regulation of the aqueous conduits for 
newly synthesized polypeptide chains and ions in the Sec translocons of eukaryotes and 
bacteria.  
One potential explanation might come from the frequently cited group of prl mutations in the 
bacterial Sec complex. These mutations, situated mostly in SecY or SecE, allow the export of 
secretory proteins with defective signal sequences by destabilization of the closed state of the 
channel or stabilization of its open form (Osborne et al., 1993; Flower et al., 1994; van der Wolk 
et al., 1998; Smith et al., 2005). As a result, they decrease the energetic barrier required to 
activate the translocon. Interestingly, the enhanced in vitro translocation efficiency observed 
with these and other mutations correlates with their permeability for anions (Dalal et al., 2009 
2010). This evokes the speculation, that in the course of evolution, eukaryotic Sec complexes 
may have been selected for higher efficiency, thereby accepting that the maintenance of the 
permeability barrier and substrate recognition had to be supported by accessory proteins. 

2.4.4 Conclusions 
Sec61 and Sec61p complexes from mammalian and yeast rough microsomal vesicles form ion 
channels of large conductance in planar lipid bilayer membranes. Ca2+-CaM-dependent 
negative feedback regulation of canine Sec61 permeability was shown to limit Ca2+-efflux from 
the ER (Erdmann et al., 2011). The specificity of this mechanism could be further substantiated 
in the course of this project, as the calmodulin antagonist ophiobolin A reverted the effect. 
Furthermore, the presented electrophysiological measurements revealed, that the calmodulin-
dependent regulatory mechanism is not conserved in S. cerevisiae. A critical variation in the 
primary structure of the Sec61p N-terminus is suggested to be responsible for the impaired 
calmodulin-binding. 
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In contrast, the presented extensive series of experiments, in which the same protocols and 
procedures were applied as for the canine and yeast Sec61 complexes, revealed substantially 
different properties of the bacterial translocon. The reconstituted E. coli SecYEG complex 
proved to be competent in in vitro proOmpA translocation, but neither in the resting state nor 
in the preactivated or the actively translocating state, open pores could be integrated into the 
lipid bilayer. This discloses an intrinsic, tight seal against ion permeation by means of the plug 
and the pore ring of SecYEG. 

As neither pore formation nor regulation seem to be conserved across Sec complexes of 
bacteria, fungi and mammals, it becomes clear, that individual experimental findings 
concerning these translocons are not unambiguously conferrable between different organisms. 
Thus, detailed structural and functional explanations of these variations are crucially 
important. 
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2.5 Zusammenfassung 
Die Sec61/Sec61p Komplexe aus rauen Mikrosomen von Canis familiaris und Saccharomyces 
cerevisiae bilden ionenpermeable Poren mit einer hohen Leitfähigkeit in planaren 
Lipidmembranen. Eine Ca2+-CaM-vermittelte negative Feedback-Regulation der Permeabilität 
des Sec Komplexes sorgt in Säugerzellen für die Limitierung des Calcium-Ausstroms aus dem 
ER (Erdmann et al., 2011). Im Rahmen dieser Arbeit konnte die Spezifität der 
zugrundeliegenden Interaktion von Ca2+-CaM mit der α-Untereinheit des Sec61 Komplexes 
zusätzlich belegt werden. Es wurde gezeigt, dass der Calmodulin Antagonist Ophiobolin A in 
der Lage ist, die Inhibition der Ionenpermeation durch Sec61 aufzuheben. Des Weiteren konnte 
anhand elektrophysiologischer Messungen nachgewiesen werden, dass dieser Ca2+-CaM-
vermittelte Regulationsmechanismus in der Hefe S. cerevisiae nicht vorhanden ist. Dies wird 
auf eine kritische Variation in der Primärstruktur des Hefe-Proteins zurückgeführt, welche die 
Bindung von Calmodulin an den N-Terminus von Sec61p verhindert. 

Im Rahmen umfangreicher elektrophysiologischer Studien des bakteriellen SecYEG 
Translokons, bei denen dieselben Verfahren angewendet wurden wie für die eukaryotischen 
Komplexe, konnten gravierende funktionelle Unterschiede zwischen den homologen Proteinen 
festgestellt werden. Nach erfolgreicher Rekonstitution des SecYEG Komplexes aus E. coli 
wurde die Funktionalität des Translokons in in vitro proOmpA Importexperimenten 
nachgewiesen. Mittels dieser Proteoliposomen sollten SecYEG Poren in den planaren Bilayer 
integriert werden. Sowohl für den inaktiven als auch für den durch die Anwesenheit von 
Substraten oder Bindepartnern aktivierten Komplex konnten keine ionenpermeablen Poren in 
der Membran nachgewiesen werden. Dies lässt darauf schließen, dass im Gegensatz zu den 
homologen Komplexen in Eukaryoten, der bakterielle Sec Komplex durch strukturelle 
Elemente wie den Ring aus hydrophoben Aminosäuren im Porenbereich oder die plug-Domäne 
(TM2a) intrinsisch die Permeabilitätsbarriere für Ionen aufrechterhält. 

Die vorliegenden Ergebnisse legen nahe, dass weder die Ausbildung ionenpermeabler Poren, 
noch deren Regulation zwischen den Sec Komplexen von Bakterien, Hefen und Säugern 
vollständig konserviert ist. Daher können experimentelle Erkenntnisse über diese 
Translokationsapparate nicht ohne weiteres auf die Situation in anderen Organismen 
übertragen werden.  
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3 Electrophysiological characterization of the mitochondrial 
outer membrane proteins TbSam50 and ATOM from T. brucei 

3.1 Introduction  
Mitochondria descended through endosymbiosis from an α-proteobacterium that was 
assimilated by its host more than 1.5 billion years ago. They were converted over time to 
nucleus-controlled organelles serving as specialized respiratory and metabolic compartments 
and have to import most of their proteins from the cytosol. The proteinaceous pore forming the 
mitochondrial entry gate for nuclear-encoded proteins is usually formed by Tom40, a β-barrel 
protein conserved in mitochondria of almost all eukaryotes (Hill et al., 1998; Dolezal et al., 
2006; Hewitt et al., 2011).  

3.1.1 Trypanosoma brucei 
Trypanosoma brucei (class: Kinetoplastida; genus: Trypanosoma) is a unicellular, flagellate 
protozoon that is known as the etiologic agent of African trypanosomiasis (sleeping sickness) 
in humans and nagana in cattle. It is transmitted from host to host via the saliva of the blood-
sucking tsetse fly (Glossina spec.). The main stages in the lifecycle of T. brucei are the 
procyclic form, living in the midgut of the fly, and the bloodstream form populating the 
bloodstream of the vertebrate host (Clayton et al., 1995).  

Some peculiarities clearly distinguish Trypanosomatids, especially their mitochondria, from 
those of other eukaryotic cells. T. brucei contains a single mitochondrion, which is physically 
linked to the basal body of its flagellum. Close to this connection, the mitochondrial DNA is 
concentrated into a complex network of mini- and maxicircles called the kinetoplast (Simpson, 
1972; Clayton et al., 1995). Similar to the situation in other eukaryotes only about 13-18 
mitochondrial proteins are encoded by the mitochondrial DNA (Schneider, 2001). For the 
translation of these mitochondrially encoded proteins extensive post-transcriptional editing is 
necessary and as no tRNAs are encoded in the mitochondrial genome, all tRNAs are of 
eukaryotic-type and have to be imported along with all other mitochondrial proteins from the 
cytosol (Hancock et al., 1990; Stuart, 1991; Nabholz et al., 1999; Niemann et al., 2011; Schneider, 
2011). 

Trypanosoma brucei is not only of medical interest, but has also attracted attention from an 
evolutionary point of view as it is one of the oldest eukaryotic lineages. Several of its 
mitochondrial proteins including a cardiolipin synthase, a mitochondrial calcium uniporter and 
a β-hydroxybutyrate dehydrogenase are more closely related to their bacterial ancestors than 
to their eukaryotic counterparts (Shah et al., 2011; Bick et al., 2012; Serricchio et al., 2012). This 
supports the proposed basal position of T. brucei at the root of phylogenetic tree of eukaryotes 
(Cavalier-Smith, 2010).  

http://en.wikipedia.org/wiki/African_trypanosomiasis
http://en.wikipedia.org/wiki/Nagana
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3.1.2 Protein import in mitochondria of T. brucei 
In general, kinetoplastid protozoa possess protein-trafficking mechanisms that are in many 
aspects very similar to those found in higher eukaryotes (Clayton et al., 1995). Precursor import 
into isolated mitochondria of T. brucei has readily been demonstrated (Hauser et al., 1996). The 
presequences responsible for mitochondrial targeting are exceptionally short (8-9 amino acids), 
but nevertheless partially interchangeable with those from S. cerevisiae (Hauser et al., 1996; 
Häusler et al., 1997). However, when the genomes of T. brucei and two other trypanosomatids, 
Trypanosoma cruzi and Leishmania major, were completely sequenced, only a few highly-
conserved subunits of their mitochondrial protein import machinery were directly annotated 
(Berriman et al., 2005; El-Sayed et al., 2005; Ivens et al., 2005). Further homology searches based 
on these sequencing studies and the analysis of the mitochondrial proteome revealed, that 
homologs of the core components of the import machineries are encoded in the T. brucei 
genome (Schneider et al., 2008; Acestor et al., 2009; Panigrahi et al., 2009). Additionally, the 
development of RNA interference (RNAi) techniques has enormously facilitated the analysis of 
gene functions in T. brucei (Kolev et al., 2011).   
Accordingly, one of the first identified components of the protein import machinery in 
T. brucei, TbTim17, was functionally characterized by such a genetic approach combined with 
in vitro protein import. The essential inner membrane protein TbTim17 seems to be the single 
trypanosomal homolog of the Tim23/17/22 family of proteins (Gentle et al., 2007; Schneider et 
al., 2008; Singha et al., 2008). RNAi induced knockdown of TbTim17 reduced in vivo and in 
vitro import of nuclear-encoded mitochondrial precursor proteins. Interestingly, also the steady 
state protein level of the inner membrane ATP/ADP carrier protein (AAC) was affected, thus 
suggesting that TbTim17 might be part of a single trypanosomal complex mediating the tasks 
of both TIM23 and TIM22 in yeast (see Section 1.4.2.2) (Singha et al., 2008). Indeed, TbTim17 
was recently shown to be part of a multi-protein complex (Singha et al., 2012). No similarity for 
any of the newly proposed complex components to known Tim proteins in other eukaryotes 
could be detected. However, two of them, TbTim54 and TbTim62, interact with TbTim17 and 
play critical roles in mitochondrial protein import in T. brucei both in vitro and in vivo, while 
TbTim47 probably provides auxiliary functions (Singha et al., 2012). 

As indicated in Table 3.1, core components of nearly all mitochondrial protein import 
complexes (Section 1.4.2) are meanwhile identified in T. brucei and many of them could be 
traced back to a bacterial origin as predicted by Cavalier-Smith (Cavalier-Smith, 2006). 
However, all attempts to identify a Tom40 homologue in the parasitic protozoan T. brucei 
initially failed. In contrast, the other member of the porin-3 family, VDAC (Pusnik et al., 2009) 
as well as two highly diverged VDAC-like proteins were readily identified (Flinner et al., 2012).  
The first component of the outer mitochondrial membrane in T. brucei identified to be 
responsible for mitochondrial protein biogenesis was TbSam50/TbTob55, a member of the 
Omp85 family of proteins (Schneider et al., 2008; Sharma et al., 2010). In analogy to its 
homologs Sam50 and BamA in higher eukaryotes and bacteria, it mediates the assembly of 
β-barrel proteins like VDAC into the outer membrane of T. brucei. Other conserved features 
are found on the structural level, as TbSam50 was proposed to possess a C-terminal β-barrel 
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structure and characteristic N-terminal α-helices as well as a β-barrel-type sorting signal in its 
last C-terminal β-strand (compare Section 1.4.2.1) (Sharma et al., 2010). Additionally, several 
proteins with sequence similarity to the peripheral eukaryotic Sam/metaxin subunits were 
identified in the trypanosomal genome (Schneider et al., 2008). 

Table 3.1: Components of mitochondrial protein transport complexes presently identified in T. brucei. 
The core proteins of most mitochondrial protein transport complexes are conserved in T. brucei and as indicated 
on the right-hand side, were in part proposed to originate from bacterial proteins. ATOM was not identified at the 
beginning of this study. It is set into brackets as its homology with the common eukaryotic TOM complex has not 
been shown unambiguously. IMP, inner membrane-associated protease; MPP, mitochondrial processing peptidase.  

eukaryotic 
complex 

identified 
subunits in 
T. brucei 

reference 
proposed 
bacterial 
homolog 

reference 

(ATOM) 
 

ATOM 
pATOM36 

(Pusnik et al., 2011), 
(Pusnik et al., 2012a) 

YtfM/TamA 
 

(Pusnik et al., 2011), 
(Pusnik et al., 2012b) 

SAM 
 

TbSam50 
metaxins 

(Schneider et al., 2008), 
(Sharma et al., 2010) 

BamA 
 

(Gentle et al., 2004), 
(Paschen et al., 2003) 

MIA 
 

Erv1 
 

(Allen et al., 2008) 
 

no structural  
homolog 

(Herrmann et al., 2012), 
(Hewitt et al., 2011) 

small TIMs 
 
 

Tim9 
Tim10 
Tim8-Tim13 

(Gentle et al., 2007), 
(Schneider et al., 2008). 

 
none 
 

 
(Gentle et al., 2007) 
 

TIM 
 
 
 

TbTim17 
TbTim54 
TbTim62 
TbTim47 

(Gentle et al., 2007), 
(Singha et al., 2008), 
(Schneider et al., 2008), 
(Singha et al., 2012) 

LivH? 
 
 
 

(Rassow et al., 1999) 
 
 
 

PAM 
 
 

Pam18 
Tim44 
mtHsp70 

(Schneider et al., 2008) 
TimB 
TimA 
DnaK-type Hsp70 

(Clements et al., 2009), 
(Boorstein 1994} 

OXA 
 

Oxa1 
Oxa2 (Schneider et al., 2008) YidC 

YidC 
(Preuss et al., 2005), 
(Funes et al., 2011) 

IMP Imp (Schneider et al., 2008) leader peptidase (Mossmann et al., 2012) 

MPP 
 

α-MPP 
β-MPP (Desy et al., 2012) RPP 

RPP (Kitada et al., 2007) 

 

The enigma of the seeming absence of a general protein import pore in T. brucei mitochondria 
led to the suggestion that either such a specialized protein was in fact absent or highly derived 
in trypanosomes. Accordingly, it was proposed that TbSam50 might provide dual functionality 
to the outer mitochondrial membrane by mediating both, β-barrel assembly and precursor 
protein import (Figure 3.1). This suggestion was supported by the fact that yeast Sam50 was 
capable of forming a transmembrane pore in artificial lipid bilayers, whose characteristics were 
comparable with those of Tom40 (Hill et al., 1998; Becker et al., 2005; Kutik et al., 2008). Even 
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though, the necessity for pore formation during β-barrel insertion is still under discussion for 
the eukaryotic as well as the prokaryotic system (Ryan, 2004; Tommassen, 2007; Kutik et al., 
2008; Hagan et al., 2010; Kim et al., 2012). Interestingly, RNAi induced knockdown of TbSam50 
indeed impaired the import of several nuclear encoded, non-β-barrel proteins in vivo and in 
vitro (Sharma et al., 2010). However, the import inhibition for these proteins was significantly 
delayed compared to the effect observed after TbTim17 knockdown (Singha et al., 2008). 
Moreover, the impact was less drastic than inhibition of VDAC assembly upon TbSam50 
knockdown. Thus, reduced precursor import was suggested to be a secondary effect resulting 
from the inhibited biogenesis of another outer membrane β-barrel protein, which like Tom40 in 
yeast would be assembled by the SAM machinery (Sharma et al., 2010). 

 

Figure 3.1: Hypothetical protein import pathways in T. brucei. Overview of the functionally characterized 
components of the T. brucei protein import machinery at the beginning of this project. As no Tom40 homolog was 
identified at that time, alternative pathways were discussed (Schneider et al., 2008). 

Most recently, some light was shed on the matter, when the first component of the elusive 
trypanosomal outer membrane protein import machinery, termed archaic translocase of the 
outer mitochondrial membrane (ATOM), was identified by a biochemical approach (Pusnik et 
al., 2011). The protein is essential for cell viability and mediates import of nuclear-encoded 
proteins into trypanosomal mitochondria both in vivo and in vitro. As suggested for the elusive 
mitochondrial import pore in T. brucei (Sharma et al., 2010), ATOM assembly was shown to be 
dependent on TbSam50, thus suggesting that it forms a β-barrel pore in the outer mitochondrial 
membrane (Pusnik et al., 2011). Accordingly, a β-signal-like sequence was identified in its last 
predicted β-strand (Zarsky et al., 2012). Reciprocal PSI-BLAST searches using the ATOM 
sequence of several trypanosomatid species revealed a similarity to the bacterial Omp85-family 
protein YtfM/TamA which was recently shown to be involved in protein translocation across 
the outer membrane of proteobacteria (Pusnik et al., 2011; Selkrig et al., 2012). After its 
identification, ATOM was also reported to have some similarity to the canonical Tom40 that 
initially was missed (Zarsky et al., 2012). This raised the interesting possibility that ATOM 
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might be an evolutionary intermediate that shares sequence similarity with both bacterial 
YtfM/TamA and mitochondrial Tom40, respectively.  

3.1.3 Objectives of this project 
Two different candidates for the pore-forming core subunit of translocase of the outer 
mitochondrial membrane in T. brucei, TbSam50 and ATOM, have emerged successively from 
biochemical and genetic studies. Thus, in order to identify the general import pore of 
trypanosomal mitochondria, the capability of TbSam50 and ATOM to form a hydrophilic 
conduit for unfolded preproteins is investigated by use of the planar lipid bilayer technique. To 
this end, purification and reconstitution procedures are adjusted to allow reproducible and 
unambiguous examination of pore formation by the recombinantly produced proteins. In-depth 
single channel analyses are then performed to allow the comparison of the electrophysiological 
characteristics of the two trypanosomal outer membrane proteins with those of bona fide 
protein translocation channels. Correlations of these findings with the proposed tasks of the 
two proteins in vivo will allow conclusions about the identity of the translocation pore as well 
as the conservation of its electrophysiological features in the course of evolution. 
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3.2 Materials and Methods  

3.2.1 Materials 
Unless stated otherwise (Appendix 5.2) chemicals were purchased from standard commercial 
sources in analytical grade and used without further purification. Aqueous solutions were 
prepared with ultrapure deionized water (18 MΩ at 25°C). A list of the utilized laboratory 
equipment is provided in the Appendix (5.2). 

This section only comprises the methods that were exclusively used for the following 
experiments. For further methods, the reader is referred to Section 2.2 where the common 
methods are described. 

3.2.1.1 Protein samples and synthetic peptides 
Cloning, expression and initial purification of trypanosomal proteins were performed by the 
groups of Prof. Dr. André Schneider (University of Bern, Switzerland) and Prof. Dr. Chris 
Meisinger (University of Freiburg, Germany). Unless stated otherwise, Dr. Mascha Pusnik, Dr. 
Moritz Niemann (both University of Bern) and Dr. Oliver Schmidt (University of Freiburg) 
performed the purification and characterization and kindly provided the samples for this study. 
Additional samples of recombinantly expressed ATOM protein were a courtesy of Dr. Björn 
Burmann from the group of Prof. Dr. Sebastian Hiller (University of Basel, Switzerland).  

3.2.1.1.1 DLDH Peptid 
The DLDH peptide representing the N-terminal 9 amino acids (MFRRCFPIF) of T. brucei 
dihydrolipoamide dehydrogenase (DLDH) was purchased from GenScript (USA) and dissolved 
in 10 mM MOPS/Tris pH 7.0. 

3.2.1.1.2 ATOM 
ATOM including a C-terminal his6-tag was recombinantly produced in E. coli. To this end, the 
sequence of ATOM (TriTrypDB: Tb09.211.1240) was amplified from genomic DNA by PCR 
using primers CCGCTCGAGATGCTGAAGGAATGGCTTCG and CGCGGATCCTTAGGCAG 
TGAATACCACAC. The PCR product was cloned into pET15b and transformed into E. coli 
strain XL-1blue. Positive clones were verified by DNA sequencing. The plasmid DNA was 
transformed into E. coli strain BL21 (DE3) for expression. For protein purification, bacteria 
were grown in 1 l cultures, induced with 1 mM isopropylthiogalactosid (IPTG) at OD600 ≈ 0.6 
and harvested after 4 h. The ATOM protein was purified from inclusion bodies (IB). Briefly, 
cells were lysed by sonication in 50 ml extraction buffer (EB; 20 mM Tris/HCl pH 8.0, 4 mM 
MgCl2, 0.5 mM PMSF) per liter of the original culture. DNaseI (0.08 mg/ml) was added in the 
presence of 0.5 % (v/v) Triton X-100 for 10 min. IB were sedimented and washed consecutively 
in 20 ml 0.5 % (v/v) Triton X-100; 50 ml TEND (TEND: 50 mM Tris/HCL pH 8.0, 100 mM NaCl, 
1 mM EDTA, 10 mM DTT) containing 2 % (v/v) Triton X-100; 100 ml TEND/no Triton X-100 
and finally in 20 ml TN (TN: 50 mM Tris/HCL pH 8.0, 100 mM NaCl). The purified IB were 
solubilized in a buffer containing 8 M urea; 10 mM Tris/HCl pH 8.0, 100 mM NaH2PO4, 400 mM 
NaCl and 20 mM imidazol. The solubilized protein was subjected to immobilized metal ion 
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affinity chromatography (IMAC) using Ni2+. To minimize potential contaminations in the 
IMAC, bound protein was challenged with each 10 column volumes of wash buffer 1 (8 M 
urea, 10 mM Tris pH 6.3, 100 mM NaH2PO4, 400 mM NaCl, 100 mM imidazole) and wash 
buffer 2 (8 M urea, 10 mM Tris pH 5.9, 100 mM NaH2PO4, 400 mM NaCl). The protein was 
eluted at pH 4.2 (elution buffer: 8 M urea, 10 mM Tris pH 4.2, 100 mM NaH2PO4, 400 mM 
NaCl). 

3.2.1.1.3 TbSam50 
The sequence of TbSAM50 (TriTrypDB: Tb927.3.4380) extended by a C-terminal his6-tag was 
cloned and expressed in E. coli as described for ATOM. The Ni-NTA affinity chromatography 
protocol used to extract the protein from inclusion bodies was also analogous to the procedure 
applied to ATOM. Additionally, the TbSam50 protein was purified in a second step using a 
ResourceS cation exchange column. The final elution buffer was 8 M Urea, 20 mM Tris pH 8.0, 
300-500 mM NaCl.  

3.2.1.1.4 Tom40 
Tom40 from S. cerevisiae was recombinantly produced in E. coli and purified by the group of 
Chris Meisinger in Freiburg as described previously (Hill et al., 1998). The reconstitution 
procedure was the same as applied for ATOM (Section 3.2.2.1). 

3.2.1.1.5 DLDH-DHFR  
A construct consisting of the first 150 amino acids of T. brucei DLDH linked to dihydrofolate 
reductase (DHFR) and extended by a C-terminal his6-tag was isolated from E. coli inclusion 
bodies by the method described for ATOM (Section 3.2.1.1.2). 

3.2.2 Methods 

3.2.2.1 Reconstitution of trypanosomal proteins 
For reconstitution the protein solution was – if necessary – supplemented with 2 % SDS. 
Preformed liposomes (50 mg/ml; L-α-phosphatidylcholine from egg in 100 mM NaCl, 10 mM 
MOPS/Tris pH 7.0) (compare Section 2.2.2.7.1) were solubilized with 80 mM Mega9 and added 
to a protein/lipid ratio between 1/500 and 1/2500 (mol/mol). Detergent and urea were then 
removed by dialysis initially for 2 h at RT and subsequently over night at 4°C with the 
inclusion of Calbiosorb adsorbent into the dialysis cup for efficient SDS removal.  

3.2.2.2 Mass spectrometry 
In order to verify a possible contamination of the ATOM protein samples with residual 
bacterial pore forming proteins after Ni-NTA-affinity purification, the protein preparation was 
subjected to mass spectrometric analysis. In preparation for this, the ATOM protein sample (see 
Section 3.2.1.1.2) was separated on a 12 % SDS gel (Section 2.2.2.1). Following Coomassie-
staining, gel slices containing the ATOM band were excised in the molecular weight range of 
approximately 35-45 kDa and destained using 30 % acetonitrile. All solutions used in the 
following steps were prepared with 100 mM NH4HCO3 pH 8.5 unless specified differently. 
Proteins in the dried gel pieces were reduced (10 mM DTT), alkylated (54 mM iodoacetamide) 
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and finally digested overnight with 0.01 mg/ml trypsin (in 5 % acetonitrile, 50 mM NH4HCO3 
pH 8.5) similar to published standard procedures (Shevchenko et al., 1996). The next day the 
peptide solution was extracted from the gel pieces and remaining particles were carefully 
removed by centrifugation.  
Separation of the peptides according to their hydrophobicity was performed prior to mass 
spectrometric analysis using a C18 reversed-phase HPLC column. The mobile phase was varied 
from 0 % to 80 % acetonitrile at a flow rate of 50 µl/min. An Esquire HCT mass spectrometer 
was subsequently utilized for electrospray ionization ion trap tandem mass spectrometry. 
Herein the peptides were ionized, transferred to the gas phase and electrophoretically driven 
into an ion trap for mass detection (MS). Subsequent collision induced decay (CDI) of the 
peptides by collision with neutral gas atoms resulted in fragment ions (MS/MS). Using the 
software Biotools 3.1 in combination with the Mascot search engine (www.matrixscience.com) 
the detected peptide/fragment ion masses were compared to theoretical peptide/fragment ion 
mass values of the entries in a database (NCBInr) obtained by in silico digestion.  
The following parameters were applied for the analysis: MS tolerance = 0.1%, MS/MS tolerance 
= 0.5 Da, charge state = 2+/3+, Global modification = Carbamidomethyl (C), Enzyme = Trypsin, 
Partials ≤ 1. 

3.2.2.3 Cell free expression of ATOMwg 
The primary template was generated from trypanosomal genomic DNA with primers 
CTTTAAGAAGGAGATATACCATGCTGAAGGAATGGCTTCG and TGATGATGAGAACC 
CCCCCCGGCAGTGAATACCACACC using KOD polymerase according to manufacturer’s 
instructions. The purified PCR product was kindly provided by Dr. O. Schmidt (University of 
Freiburg) and used as template for the RTS Wheat Germ Linear Template Generation Set to 
introduce flanking regions as well as a C-terminal his6-tag by use of Phusion High-Fidelity 
DNA polymerase.  

Table 3.2: Composition and thermo cycler protocol for the second PCR reaction for linear template 
generation. Boxed steps of the PCR protocol were repeated 35 times. asterisk, provided with the RTS Wheat 
Germ LinTempGenSet, His6-tag 

The PCR product was purified using a PCR clean-up kit according to manufacturer’s 
instructions. Subsequent cell-free expression was performed using the RTS Wheat Germ CECF 
system according to manufacturer’s instructions. The in vitro translation products (ATOMwg) 
from four 50 µl reactions were pooled, mixed with lysis buffer (0.5 % SDS, 30 mM Tris/HCl pH 

2.PCR PCR Mix  Temperature Time 
     
5 x Phusion HF Buffer 10 µl  98°C 30‘‘ 
dNTPs 1 µl  98°C 10‘‘ 
Phusion Polymerase 0.5 µl (add last)  50°C   35 cycles 30‘‘ 
Primer 1*  4 µl  72°C 45’’ 
Primer 2* 4 µl  72°C 10‘ 
C-term tag vector* 1 µl  4°C  pause  
Template PCR1 1µl (150-300 ng)    
H2O 28.5 µl    
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7.9, 300 mM NaCl, 5 mM imidazole) to a final volume of 1.5 ml, solubilized for 3 min at 55°C, 
and bound to Ni-NTA agarose beads (200 µl; equilibrated with lysis buffer) for 1 hour at RT. 
After 8 washing steps with wash buffer (0.5 % SDS, 30 mM Tris/HCl pH 7.9, 300 mM NaCl, 10 
mM imidazole), elution was accomplished with the buffer as above including 300 mM 
imidazole. Expression and purification were monitored by SDS PAGE (10 % (w/v) 
polyacrylamide Tris/glycine gels) and immunoblotting using an HRP-coupled penta-His 
antibody (for dilution see Appendix, Table 5.1). 

3.2.2.4 Protein purification 

3.2.2.4.1 Protein elution from SDS gels 
Protein samples (e.g. TbSam50) were purified from residual bacterial contaminants by elution 
from polyacrylamide gels after molecular weight-dependent separation via SDS PAGE. For 
this, 1-2 µg protein/lane were supplemented with sample application buffer, heated for 5-
10 min at a maximum of 60°C and loaded onto a 10 % SDS gel (Section 2.2.2.1). After 
completion of the gel run, two narrow slices (∼5 mm) where cut from either side of the gel and 
stained as described previously (Section 2.2.2.2) till the protein bands started to appear (10-
20 min). In the meantime, the rest of the gel was stored in water. Subsequently, the stained gel 
slices were fitted to the sides of the unstained gel serving as a marker to excise the protein 
band without previous staining. Optionally additional bands were cut out above or below the 
desired protein band. The slices were minced, transferred to reaction tubes and covered with 
elution buffer (2 % SDS, 50 mM Tris pH 8, 150 mM NaCl). For elution of proteins from the gel 
slices incubation was performed over night at RT in a test tube rotor. The next day, the 
supernatant could be carefully separated from the gel pieces and applied for analysis or 
reconstitution. 

3.2.2.4.2 Ion exchange chromatography in flow-through mode 
Further purification of the protein samples (e.g. ATOM) was achieved using anion exchange 
chromatography in flow through mode (Q Sepharose fastflow). The protein was loaded to the 
column in start buffer (8 M Urea, 10 mM NaCl, 50 mM Tris/HCl pH 8.1) containing protease 
inhibitors (cOmplete mini). It was collected from the flow through while washing the column 
with five volumes of start buffer without protease inhibitors. Optionally, proteins bound to the 
matrix could be eluted with 8 M Urea, 1 M NaCl, 10 mM NaCl, 50 mM Tris/HCl pH 8.1 if 
necessary. 

3.2.2.4.3 Immobilized metal affinity chromatography (Ni-NTA) 
In order to separate it from the other components of the cell-free expression system the in vitro 
translation products (e.g. ATOMwg) of two 50 µl reactions (Section 3.2.2.3) were pooled, 
solubilized for 3 min at 55°C in lysis buffer (0.5 % SDS, 30 mM Tris/HCl pH 7.9, 300 mM NaCl, 
5 mM imidazole), and bound to Ni-NTA agarose beads (100 µl; equilibrated with lysis buffer) 
for 1 hour at RT. After 8 washing steps with wash buffer (0.5 % SDS, 30 mM Tris/HCl pH 7.9, 
300 mM NaCl, 10 mM imidazole), elution was accomplished with the buffer as above including 
300 mM imidazole.  
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3.2.2.5 Single channel recordings from planar lipid bilayers 
Planar lipid bilayer measurements were performed as described previously (Section 2.2.2.9). 
With the trypanosomal proteins, channel insertion into the bilayer occurred mostly 
unidirectionally as deduced from asymmetric single channel characteristics. Those channels 
integrated in reverse orientation were replotted for analysis with inverted holding potential. 
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3.3 Results 
In order to identify the mitochondrial outer membrane protein import pore in Trypanosoma 
brucei, two trypanosomal proteins, TbSam50 and the most recently identified ATOM, were 
studied by use of the planar lipid bilayer technique.  

3.3.1 TbSam50 
3.3.1.1 Purification and reconstitution of recombinant TbSam50 
TbSam50 including a C-terminal his6-tag was expressed in E. coli and purified from inclusion 
bodies via Ni-NTA affinity chromatography and additional cation exchange chromatography. 
Reconstitution of the recombinantly produced protein at this stage of purification mostly 
resulted in the integration of several different channel activities, with respect to conductance, 
gating patterns and selectivity (data not shown). Only with one batch of purified sample an 
individual single channel activity could be observed. Negative controls for the detergents, 
buffers and lipids used during reconstitution and bilayer preparation were shown to be free 
from contamination. Hence, impurities resulted from the recombinantly produced protein 
sample.   
In the case of protein preparations expressed in E. coli followed by purification via a poly-
histidine-tag, the contamination with bacterial outer membrane porins poses a serious problem 
for single channel lipid bilayer measurements. Already in concentrations below the detection 
limit of common gel staining techniques, these porins may hamper unambiguous identification 
of pore forming proteins (Harsman et al., 2011a). Since many of them range in the size of ∼30-
40 kDa (Molloy et al., 2000) and the substantially bigger TbSam50 (53.5 kDa) protein was stable 
in SDS, elution from SDS PAGE was chosen for further purification (Section 3.2.2.4.1).  

 

Figure 3.2: Purification and reconstitution of TbSam50. (A) Colloidal Coomassie stained SDS PAGE of 
TbSam50 samples after different purification steps. TbSam50 protein was initially purified via its C-terminal his6-
tag using Ni-NTA resin (lane 1). In order to remove remaining protein contaminants of different molecular 
weight, TbSam50 was eluted from gel slices (lane 2). (B) Nycodenz gradient flotation of TbSam50 proteoliposomes 
(tbSam50 PL) and purified protein in detergent (tbSam50 SDS). Fractionated gradients (percentages indicate 
Nycodenz content) were separated by SDS PAGE, transferred to PVDF membranes and detected by 
immunodecoration with anti-His-HRP antibodies. Several bands are detected in the western blot, with the highest 
band corresponding to the full length protein (53.5 kDa), while smaller fragments probably represent degradation 
products. 

As depicted in Figure 3.2, the TbSam50 protein could be eluted from the SDS gel slices. 
Subsequently, it was refolded into proteoliposomes using a reconstitution procedure (Section 
3.2.2.1) that had been successfully applied to yeast Sam50 (Kutik et al., 2008). In order to 
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analyze whether TbSam50 was efficiently integrated into proteoliposomes Nycodenz density 
gradient centrifugation was performed (Figure 3.2B). In the course of this equilibrium 
centrifugation proteins reconstituted into proteoliposomes migrate to fractions of lower 
density, while soluble or aggregated proteins sediment to the bottom of the tube. Accordingly, 
reconstituted TbSam50 was detected in the fractions that represent the interface of the 5 % and 
10 % Nycodenz layers, while TbSam50 in SDS elution buffer was found in the bottom fractions 
(20-40 %).  
For the gel pieces that were excised around a molecular weight of 50-60 kDa protein elution 
and reconstitution resulted in proteoliposomes that contained a consistent single channel 
activity, which is characterized below. Interestingly, reconstitution of proteins eluted from gel 
slices that were cut from the same gel around a molecular weight of about 35-50 kDa resulted 
in proteoliposomes containing at least one of the channel activities observed before additional 
purification (data not shown). Furthermore, when a non-pore-forming protein produced in 
E. coli, DLDH-DHFR, was run on an SDS gel and proteins were eluted from gel slices excised 
around 35-50 kDa, a similar single channel activity could be observed after fusion of 
reconstituted proteoliposomes to the bilayer. Conversely, with these preparations the 
reconstituted extract of the 50-60 kDa fraction was free from pore-forming proteins (data not 
shown). 

3.3.1.2 TbSam50 single channel characteristics 
The consistent single channel activity observed with highly purified recombinant TbSam50 
reconstituted into proteoliposomes was characterized in detail. 

3.3.1.2.1 Conductance and gating behavior of pores formed by recombinant TbSam50 
TbSam50 single channel current traces (Figure 3.3A) exhibit two preferential gating modes that 
consist of bursts, i.e. periods of fast repetitive current transitions between several conductance 
states (zoom plot 1) and periods of less activity characterized by few but more defined gating 
events (zoom plot 2). Current traces at positive and negative voltages reveal only minor 
differences; At positive voltages TbSam50 shows frequent gating events beyond the main open 
state (O  O*) and sparse gating to the closed state (C). At negative voltages the prevalent 
gating mode is flickering from the main open state (O) to the closed state (C). The term 
flickering describes gating events which are too fast to be fully resolved at the applied 
sampling rate.   
This gating behavior is also reflected in the statistic representation of the current traces by 
mean-variance histograms (MV-histograms) calculated according to Patlak (Patlak, 1993) 
(Figure 3.3B). These three-dimensional plots depict a complete current trace of 30 s with the 
data point accumulations at low variances representing stable conductance states in which the 
channel resides for some time. The parabolic connections mark gating events between these 
states. In MV-histograms of TbSam50 single channels, two clearly defined as well as two less 
defined low variance regions and their interconnections can be distinguished at positive 
voltages. These include transitions to the maximum open state (O*). However, the MV-
histograms at negative voltages are dominated by incomplete transitions from the main open 
state to more closed states, represented by scattered data points in the high variance region. 
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Figure 3.3: Gating behavior of pores formed by recombinant TbSam50. (A) Single channel current traces 
depict the characteristic gating behavior of TbSam50. Sections of current traces highlighted in grey are represented 
in the zoom plots. They illustrate the preferential gating modes: bursts (1) and less active periods featuring few but 
more defined gating transitions (2). (B) Mean-variance histograms of the same traces shown in A. Single channel 
current traces with a total duration of 30 s were analyzed using a sliding window of 50 data points. Horizontal 
dashed lines mark the main open state (O), the closed state (C) and short openings beyond the main open state 
(O*). Buffer conditions were symmetric with 250 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis and trans. 
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The frequency distribution of gating transition amplitudes was analyzed using the ICM 
software (Section 2.2.2.12). The completely resolved gating transitions of the channels were 
superimposed with extensive flickering. Since neither amplitude nor dwell time of these short 
gating events can be reliably determined, the gating events were filtered for dwell times 
exceeding 0.5 ms (10 x sampling interval 50 µS) (McManus et al., 1987; Colquhoun et al., 1995). 
The resulting conductance histograms also reveal slightly asymmetric channel properties 
(Figure 3.4A). At positive holding potentials, mostly small conductance changes in the range of 

+
subG  ≅ 100-200 pS are observed ([KCl] = 250 mM). Larger transitions are broadly scattered 

between about +
mainG  ≅ 200-600 pS. Frequent small conductance changes are also observed upon 

application of negative voltages and range between −
subG   ≅ 30-250 pS. Larger gating transitions 

in the range of −
mainG   ≅ 300-500 pS are more frequently observed than at positive holding 

potentials.   

 

Figure 3.4: Single channel characteristics of recombinant TbSam50. (A) Single channel conductance 
histograms determined at positive and negative holding potentials (τ > 0.5 ms; n=6 single channels). Mean 
conductance values as determined from Gauss fits to the distributions are: 143 ± 55 pS, 274 ± 35 pS, 405 ± 110 pS at 
positive voltages and 60 ± 30 pS, 180 ± 65 pS, 400 ± 100 pS at negative voltages. (B) The voltage dependent current 
of a single channel indicates rectification for the maximum open state (O*), but not the main open state (O), with 
higher conductivity at positive potentials. Horizontal dashed lines mark the different open states. (C) The open 
probability (Popen) of single channels (n=6) reveals a roughly bell-shaped voltage-dependence. Error bars, indicate 
standard deviation; arb.unit, arbitrary units. Buffer conditions were symmetric with 250 mM KCl, 10 mM 
MOPS/Tris pH 7.0 in cis and trans. 
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Using a simplified model that approximates the volume of the constricted region inside the 
pore by a cylinder, a theoretical pore diameter can be calculated (Equation 2.3) based on 
measured conductance values (Hille, 2001). Assuming a pore depth of 1-5 nm and a 5-fold 
reduced bulk conductivity of the solution within the restriction zone (Smart et al., 1997), the 
single pore conductance of maxG  ≅ 600 pS corresponds to a pore diameter of d ≅ 2.6 ± 0.5 nm. 
This would be large enough to accommodate an extended peptide chain or an α-helix. 

The asymmetric gating behavior described for the current traces and MV-histograms is also 
observable in voltage ramps (Figure 3.4B). While the main open state (O) exhibits a constant 
conductance over the whole range of voltages applied, the maximum open state (O*) reveals a 

rectification with higher conductance at positive potentials ( total totalG G/+ − ≅ 1.4). Additionally, 
more frequent gating events beyond the main open state can be observed at positive potentials. 

The voltage dependent open probability of TbSam50 single channels is depicted in Figure 3.4C. 
The maximum open probability is ∼70% at voltages between -40 mV and +40 mV. With 
increasing holding potentials of either polarity a higher frequency of gating events could be 
observed. Accordingly, the open probability is reduced in a voltage-dependent manner 
symmetrically to ∼15 % at ±140 mV. 

3.3.1.2.2 Reversal potential and selectivity of TbSam50 single channels 
Voltage ramps measured in the presence of asymmetric electrolyte conditions 
([KCl]cis/trans = 250/20 mM) reveal a mean reversal potential of Erev = 53.2 ± 1 mV (Figure 
3.5). Using a transformation of the Goldman-Hodgkin-Katz voltage equation (Equation 2.4) the 
permeability ratio corresponding to this reversal potential was calculated to be + −:K ClP P ≅ 22:1. 

This denotes a marked selectivity for potassium over chloride. 

 

Figure 3.5: Reversal potential of TbSam50 single channels. A mean reversal potential of Erev = 53.2 ± 1 mV 
(n=6 single channels) is determined for TbSam50 by voltage ramps under asymmetric electrolyte conditions. 
Buffer conditions: 250/20 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis/trans. 
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3.3.1.3 Influence of a trypanosomal signal sequence on TbSam50 single channels 
Analyzing specific interactions of natural substrates with the respective channel proteins has 
helped to identify and characterize the pore forming subunits of several protein import 
complexes (Hill et al., 1998; Hinnah et al., 2002; Becker et al., 2005).  

 

Figure 3.6: TbSam50 single channels respond to a genuine mitochondrial presequence from T. brucei in a 
side specific manner. (A) Current traces of a single channel depict increased frequency of current transitions 
upon addition of 0.1 µM DLDH peptide and prolonged channel closure in the presence of 0.5 µM DLDH peptide. 
Horizontal dashed lines mark the main open state, the closed state and the maximum open state as introduced in 
Figure 3.3. (B) Frequency analysis of current transitions in the presence of increasing peptide concentrations (n≥1; 
3 single channels). Error bars, indicate standard deviation. Buffer conditions were symmetric with 250 mM KCl, 
10 mM MOPS/Tris pH 7.0 in cis and trans.   
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Accordingly, it was investigated whether the channel formed by recombinant TbSam50 
responded to the presence of a peptide representing the N-terminal mitochondrial targeting 
sequence of the trypanosomal dihydrolipoamide dehydrogenase (DLDH), which is a natural 
substrate of the protein import machinery in T. brucei (Hauser et al., 1996; Häusler et al., 1997). 
This peptide is hereinafter designated as DLDH peptide.   
Addition of the DLDH peptide to both sides of the channel resulted in an increased frequency 
of current transitions at very low concentrations of 0.1 µM (Figure 3.6A). At slightly higher 
concentrations (0.5 µM) the channels resided mostly in the closed state and opened only for 
very short periods. The effect could be reversed by extensive perfusion of the bilayer chambers.  

A detailed analysis of the frequency of current transitions of three single channels at increasing 
peptide concentrations reveals an asymmetric response for positive and negative holding 
potentials (Figure 3.6B). For the description of the voltage dependent response to the 
application of peptides during single channel measurements it has to be taken into account that 
the DLDH peptide is positively charged (z = +2 at pH 7) and was simultaneously applied to both 
sides of the bilayer. Thus, positive voltages directed peptides from the trans to the cis 
compartment and vice versa. At positive potentials the observed current transition frequency 
increases in the presence of 0.1 µM DLDH peptide, but with further increasing peptide 
concentration the frequency is drastically reduced below the initially observed values. At 
negative potentials this effect is less pronounced. The observed frequency increases 
asymptotically when DLDH peptide is added up to a concentration of 0.5 µM, but is also 
drastically reduced with 1 µM DLDH peptide.  

3.3.2 ATOM  
As introduced earlier, the ATOM protein of T. brucei was shown to mediate preprotein import 
into mitochondria (Pusnik et al., 2011). To investigate its ability to form an aqueous conduit for 
nuclear-encoded proteins, it was subjected to planar lipid bilayer measurements. 

3.3.2.1 Purification, reconstitution and channel formation of recombinant ATOM 
T. brucei ATOM extended with a C-terminal his6-tag was expressed in E. coli, isolated from 
inclusion bodies and purified via Ni-NTA affinity chromatography to high purity as judged 
from Coomassie-stained SDS PAGE (Figure 3.7). To determine whether ATOM forms an ion-
conducting channel these extracts were reconstituted into proteoliposomes and subjected to 
electrophysiological studies. The proteoliposomes were readily fused with the planar lipid 
bilayer, but fusion events resulted in rather heterogeneous channel activities with respect to 
conductance, gating patterns and selectivity. At least two different channel populations could 
be distinguished. This was similar to the situation observed with the TbSam50 samples (Section 
3.3.1.1). But, in this particular case further purification by elution from SDS PAGE as described 
for TbSam50 (Section 3.2.2.4.1) failed to achieve higher purity of the preparation. Moreover, the 
most prominent contaminating channel activity found in ATOM samples resembled the 
activity recovered from the 35-50 kDa fractions of SDS gels which were loaded with either 
TbSam50 or DLDH-DHFR produced in E. coli (data not shown). To further elucidate whether 
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the sample was contaminated by a bacterial porin, the ATOM protein band (∼38 kDa) was 
excised from an SDS gel and subjected to mass spectrometry (Section 3.2.2.1). Besides ATOM 
(sequence coverage 70.4%, Mascot score: 1180) two peptides corresponding to the bacterial 
outer membrane porin OmpF (sequence coverage 7.7 %; Mascot Score: 102) could be detected. 
This clearly demonstrates that the recombinant protein purified by Ni-NTA affinity 
chromatography was contaminated with at least one bacterial porin. Thus further purification 
based on size separation was not feasible because of the similar molecular mass of ATOM and 
the contaminating bacterial protein.  

 

Figure 3.7: ATOM from T. brucei was produced in E. coli, purified and reconstitution into 
proteoliposomes. (A) Purification of ATOM from E. coli whole cell lysate (WCL) via IMAC. This image is a 
courtesy of Dr. Moritz Niemann (University of Bern), who performed the initial purification. (B) Nycodenz 
gradient flotation of ATOM proteoliposomes (ATOM PL) and purified protein in 2 % SDS (ATOM SDS). 
Fractionated gradients (percentages indicate Nycodenz content) were separated by SDS PAGE, transferred to 
PVDF membranes and detected by immunodecoration with anti-His-HRP antibodies.  

Further purification of the ATOM protein was then achieved by anion exchange 
chromatography in flow through mode, taking advantage of the fact that bacterial proteins 
(e.g. OmpFE.coli pI = 4.8; ProtParam (Gasteiger E., 2005)) are on average more acidic than 
eukaryotic – especially mitochondrial – proteins such as ATOM (theoretical pI = 8.8) (O'Farrell 
et al., 1977; Hartmann et al., 1991). Following the second purification step ATOM was 
reconstituted into liposomes (Section 3.2.2.1) and subjected to Nycodenz density gradient 
flotation (Section 2.2.2.4) to assess whether it was properly integrated into proteoliposomes 
(Figure 3.7). While ATOM solubilized in SDS was detected in the high-density fractions of the 
gradient, reconstituted ATOM migrated to fractions of lower density, thus indicating the 
successful formation of proteoliposomes.  

3.3.2.2 Single channel characteristics of recombinant ATOM  
Using the proteoliposomes containing highly purified recombinant ATOM for 
electrophysiological studies a consistent single channel activity was obtained. 

3.3.2.2.1 Conductance and gating behaviour of ATOM single channels 
The presented current traces display single channels with a total conductance of Gtotal ≅ 1.2-
1.7 nS ([KCl] = 250 mM) that mainly reside in an open conformation with infrequent short 
gating transitions to several subconductance states (Figure 3.8). After a single proteoliposome 
fusion event with the bilayer, complete channel closure at membrane potentials > ±120 mV 
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always occurred in three or multiple of three distinct steps (O3, O2, O1, C; Figure 3.8A, upper 
panel).   

 

Figure 3.8: Single channel gating behavior of reconstituted ATOM produced in E. coli. (A) Single channel 
traces exhibit three equally sized pores, marked by horizontal dashed lines, O3, O2, and O1 for the number of 
open pores and C for the closed state of the complete trimeric channel unit. Similar but less frequent tripartite 
closure can be observed at negative voltages (data not shown). Magnified stretches of the traces are shown in the 
right panel to visualize the short gating events with voltage-dependent features. (B) Mean-variance plots 
represent the same traces (total duration 30 s) analyzed with a sliding window of 25 data points. Buffer conditions 
were symmetric with 250 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis and trans.  

At lower voltages the gating behavior depends on the direction of the transmembrane electric 
field (Figure 3.8A, lower panels). Fast gating events to several distinct conductance states with 
amplitudes of up to ∼400 pS can be observed at positive voltages. In contrast, at negative 
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voltages, closing events are even shorter but more frequent. Additionally very small gating 
events to a state slightly beyond open state O3 occur (Figure 3.8A, lower right panel).   
This becomes even more obvious from MV-histograms calculated according to (Patlak, 1993). 
At positive voltages a single pore exhibits infrequent short current transitions between at least 
four distinct conductance states. At negative voltages small amplitude flickering distorts the 
low variance region that corresponds to the open state towards higher variances, additional 
conductance states are less defined (Figure 3.8B).   

 

Figure 3.9: Single channel characteristics of purified ATOM produced in E. coli. (A) Conductance 
histograms displaying the frequency distribution of single channel gating transitions at positive and negative 
holding potentials, respectively (n=8 single channels). Mean conductance values are (τ > 0.1 ms): 110 ± 20 pS, 
170 ± 30 pS, 340 ± 80 pS, 440 ± 30 pS, 495 ± 25 pS at positive potentials and 130 ± 35 pS, 210 ± 55 pS, 340 ± 20 pS at 
negative potentials. All conductance peaks can be mapped to transitions in the according MV histogram in (Figure 
3.8). (B) The voltage dependent current of a trimeric channel unit indicates rectification with higher conductivity 
at positive potentials + − ≈(  / 1.45)total totalG G . (C) The open probability (Popen) of single channels (n=8) is close to 
100 % over a broad range of voltages, decreasing to about 50 % and 80 % at positive and negative voltages, 
respectively. Error bars, indicate standard deviation; arb.unit, arbitrary units. Buffer conditions were symmetric 
with 250 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis and trans. 

The analysis of the current transition amplitudes confirmed these asymmetric channel 
properties (Figure 3.9A). As described previously the results of the ICM analysis were filtered 
for dwell times exceeding 0.1 ms (5 x sampling rate) to exclude incomplete gating events 
(Section 3.3.1.2.1). Conductance histograms exhibit different frequency distributions of 
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conductance values at positive and negative applied voltages, with the largest conductances 
observed in the range of +

mainG  ≅ 400-500 pS at positive potentials and −
mainG   ≅ 300-400 pS at 

negative potentials ([KCl] = 250 mM). These current transitions correspond to the closure of a 
single pore in the trimeric channel unit. Amplitudes of gating to subconductance levels at 
positive potentials cluster around +

subG   ≅ 100-200 pS, while at negative potentials a broad 
distribution of −

subG   ≅ 50-250 pS is observed. The broader distribution at negative voltages 
indicates high frequency flickering that could not be completely excluded by filtering for dwell 
times with τ > 0.1 ms.  

Assuming the narrowest part of the pore is cylindrically shaped and 1-5 nm deep (lz), an 
approximate pore diameter of d ≅ 2.0 ± 0.4 nm can be calculated from the single pore 
conductance of maxG ≅ 400 pS (Equation 2.3) (Smart et al., 1997; Hille, 2001). A pore of these 
dimensions would allow the accommodation of an extended peptide chain or an α-helix.  

In agreement with the asymmetric conductance distribution single trimeric channel units 
exhibit a voltage dependent current with higher total conductance at positive voltages 

total total(G / G 1.45)+ − ≅  (Figure 3.9B). Furthermore, the voltage dependence of the channel open 

probability shown in Figure 3.9C reveals that the channel mostly resides in an open 
conformation with the open probability only decreasing at voltages exceeding ±120 mV to 
about 50 % and 80 % at positive and negative voltages, respectively. 

3.3.2.2.2 Selectivity of ATOM single channels 
The reversal potential of ATOM single channels was determined from voltage ramps measured 
under asymmetric electrolyte conditions. As depicted in Figure 3.10 the reversal potential 
depends on the direction of the concentration gradient with Erev = 48.4 mV in 
[KCl]cis/trans = 250/20 mM and Erev = -41.7 mV when the high salt buffer is applied to the 
trans chamber ([KCl]cis/trans = 20/250 mM).  

From these values the permeability ratio for potassium to chloride can be deduced using the 
transformed Goldman-Hodgkin-Katz voltage equation (Equation 2.4). In both cases a marked 
selectivity for potassium over chloride of K ClP P  : 14 : 1+ − ≅  and K ClP P  : 8 : 1+ − ≅ , respectively, 

was calculated.   
To visualize the asymmetry in the reversal potential with respect to the orientation of the 
concentration gradient, the current answer to the voltage ramp measured in 
[KCl]cis/trans = 20/250 mM is reflected through the origin (Figure 3.10). 
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Figure 3.10: Reversal potential of ATOM single channels. Under asymmetric electrolyte conditions with 
[KCl]cis/trans = 250/20 mM (black) a reversal potential of Erev = 48.4 ± 0.8 mV can be determined (n=3 single 
channels). With the reversed gradient ([KCl]cis/trans = 20/250 mM, grey) the reversal potential is 
Erev = -41.7 ± 0.1 mV (n=2 single channels). To visualize the asymmetry in the reversal potential with respect to 
the orientation of the concentration gradient, the current ramp measured at [KCl]cis/trans = 20/250 mM is 
reflected through the origin (light grey, 20/250*). Buffer conditions were asymmetric with 20 mM KCl, 10 mM 
MOPS/Tris, pH 7.0 or 250 mM KCl, 10 mM MOPS/Tris, pH 7.0 in cis and trans as indicated. 

3.3.2.3 Cell-free expression of ATOMwg in wheat germ lysate 
To further corroborate that the observed channels (Section 1.2.2) are formed by ATOM, the 
trypanosomal protein was produced in a cell-free wheat germ expression system and purified 
from the translation mix via Ni-NTA (Figure 3.11A). This in vitro translation product is herein 
after referred to as ATOMwg. As additional control glucuronidase (GUS) was analogously 
expressed from a control vector provided with the wheat germ kit and purified accordingly 
(Figure 3.11B). The proteins were reconstituted into proteoliposomes according to the protocol 
developed for the E. coli produced protein (Section 3.2.2.1).  

 

Figure 3.11: ATOMwg was produced by cell-free expression in a wheat germ system. (A) ATOMwg was 
purified via its C-terminal his6-tag using Ni-NTA. Total translation reaction (T), unbound fraction (U) and two-
fold concentrated eluate (E) were analyzed by SDS PAGE (top) and immunoblotting using anti-His-HRP 
antibodies (bottom). (B) The same procedure was applied to GUS, which is provided as control vector with the 
RTS Wheat Germ LinTempGenSet. The impurity (∼50 kDa) marked with an asterisk is a constituent of the wheat 
germ extract known to be co-purified by Ni-NTA. Arrow heads indicate the cell-free expression product. 
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3.3.2.4 Single channel characteristics of ATOMwg 
While addition of GUS proteoliposomes to the bilayer chamber did not generate ATOM-like 
channel activity, fusion of the ATOMwg proteoliposomes with the planar lipid bilayer resulted 
in the integration of ion permeable channels with single channel characteristics matching those 
observed for ATOM produced in E. coli.  

 

Figure 3.12: Single channel characteristics of ATOMwg. (A) Single channel current traces reveal complete 
channel closure in three distinct steps marked by horizontal dashed lines designated with O3, O2, and O1 for the 
number of open pores and C for the closed state of the complete trimeric channel unit. Gating at lower voltages 
depends on the direction of the transmembrane electric field. The right panel depicts magnified stretches of the 
traces to the left to visualize the extremely short gating transitions. (B) Voltage-dependent gating behavior is 
reflected in the conductance histograms (n = 3 single channels; τ > 0.1 ms): 110 ± 20 pS, 180 ± 15 pS, 380 ± 100 pS, 
475 ± 25 pS, 570 ± 20 pS at positive voltages and 130 ± 35 pS, 245 ± 30 pS, 330 ± 20 pS at negative voltages. Buffer 
conditions were symmetric with 250 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis and trans. 
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Occasionally, with both preparations another channel activity could be observed that was 
characterized by an extremely high single pore conductance of around mainG  ≅ 1 nS and an open 
state dependent reversal potential switching between cationic and anionic selectivity. This 
activity has also been observed when only the wheat germ lysate in the absence of an 
expression product was reconstituted (data not shown). Since this pore-forming activity was 
found in the ATOMwg as well as control samples and since its characteristic features could be 
clearly distinguished from those observed with ATOM, this minor contamination did not pose 
a problem for the following measurements as long as only single channels were included in the 
analysis. 

The characteristic features observed with ATOMwg single channels are as follows: (i) Channel 
closure occurs in three distinct steps, preferably at high voltages (O3, O2, O1, C; Figure 3.12A). 
(ii) Single channel current traces (Figure 3.12A) depict the same gating behavior as described 
for ATOM produced in E. coli (compare Figure 3.3A). (iii) Conductance histograms revealed a 
voltage-dependent pattern of current transition amplitudes. At positive voltages small 
conductance values cluster around +

subG  ≅ 100-200 pS and larger conductances are within the 
range of +

mainG  ≅ 400-600 pS, whereas at negative voltages, a broad distribution of frequent, 
small conductance values is observed ( −

subG  ≅ 50-250 pS) and the largest conductances range 
around −

mainG  ≅ 300-400 pS (Figure 3.12B). (iv) The selectivity is + −:
K Cl

P P ≅ 12:1 (Figure 3.13). 

 

Figure 3.13: Reversal potential of ATOMwg single channels. A mean reversal potential of 
Erev = 46.8 ± 1.3 mV (n=2 single channels) was determined from voltage ramps measured under asymmetric 
electrolyte conditions. Buffer conditions: 250/20 mM KCl, 10 mM MOPS/Tris pH7.0 in cis/trans. 

3.3.2.5 ATOM interacts with genuine mitochondrial presequences 
To further substantiate that the pores formed by ATOM are compatible with the translocation 
of mitochondrial precursors, it was analyzed whether the channel formed by reconstituted 
ATOM responds to the presence of the DLDH peptide. This peptide corresponds to the 
presequence of a genuine substrate of the trypanosomal ATOM translocase (Section 3.2.1.1.1). 
The addition of the presequence peptide even at low concentration (0.5 µM) to both sides of the 
channel resulted in an increased frequency of current transitions (Figure 3.14A). The effect 
could be reversed by removing the peptide through perfusion of the bilayer chambers. 
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As in the absence of peptides, the channels intrinsically exhibit more frequent gating events at 
negative than at positive voltages (Figure 3.8 and Figure 3.14) the relative change at increasing 
peptide concentrations was analyzed in detail. Figure 3.14C displays an increased frequency of 
current transitions after peptide addition at positive voltages, whereas the frequency at 
negative voltages hardly changes. Because the DLDH peptide is positively charged (z=+2 at 
pH 7.0), the application of positive voltage with the simultaneous addition of the DLDH 
peptide to both sides of the membrane directs peptides from the trans to the cis compartment 
and vice versa. Consequently, the interaction of the peptide with the ATOM channel is 
enhanced from one side of the channel, which remarkably corresponds to the large 
conductance side of ATOM (Figure 3.9 and Figure 3.14). 

 

Figure 3.14: ATOM single channels respond to a genuine mitochondrial presequence from T. brucei in a 
side specific manner. (A) Current traces of a single channel depict increased frequency of current transitions 
upon addition of 2 µM DLDH peptide. (B) The peptide dependent frequency of current transitions was analyzed 
using the ICM software at -80 mV and +80 mV (n ≥ 2; 4 single channels). (C) In order to visualize the side 
dependence of the effect, the current transition frequency in the presence of increasing peptide concentrations was 
normalized with respect to the frequency in the absence of peptide (Norm. frequency). In the presence of 5 µM 
peptide the current transition frequency could only be measured for one channel. Error bars, indicate standard 
deviation. Buffer conditions were symmetric with 250 mM KCl, 10 mM MOPS/Tris pH 7.0 in cis and trans.  
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3.3.2.5.1 Peptide interaction with ATOM differs from that observed with TbSam50 
When comparing the changes in gating behavior observed in the presence of the mitochondrial 
presequence (DLDH) for TbSam50 and ATOM (Figure 3.6 and Figure 3.14), one difference that 
immediately stands out is the concentration range necessary to observe the described effects. 
On the other hand the two peptide effects feature completely different characteristics. In the 
case of TbSam50, the frequency of current transitions increases drastically at very low 
concentrations (0.1 µM), but leads to a permanent closure of the channel at about 1 µM DLDH 
peptide (Figure 3.6). In contrast, the effect observed with ATOM is characterized by a 
continuous increase of the current transition frequency up to peptide concentrations of 5 µM 
without compromising the conductivity of the channel (Figure 3.14).   
These differences were further examined by the comparison of MV-histograms at different 
peptide concentrations. Besides the fundamentally different gating behavior, it becomes 
obvious that ATOM in the presence of increasing peptide concentrations more frequently 
switches from the main open state (O3), to one subconductance state (O2) corresponding to the 
closure of one pore. But even in the presence of 2 µM DLDH peptide, the channel resides most 
of the time in the main open state. This can be deduced from the color-coded frequency of the 
mean-variance pairs (Figure 3.15).  

 

Figure 3.15: Two mitochondrial outer membrane proteins from T. brucei, ATOM and TbSam50 respond 
differently to the presence of the mitochondrial presequence peptide DLDH. Upper panel: ATOM MV-
histograms were calculated from single channel current traces with a duration of 30 s measured at 100 mV. 
Horizontal dashed lines mark the open state of three (O3) and two (O2) individual pores of the trimeric channel 
unit. Lower panel: For TbSam50 MV-histograms were calculated from 30 s single channel current traces measured 
at 80 mV. With TbSam50 complete single channel closure occurs in one step. Thus, horizontal dashed lines in this 
case mark the main open state (O) and the closed state (C) as well as the maximum open state (O*).  
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In contrast, the TbSam50 single channel not only displays higher frequencies of current 
transitions from the main open state (O) to the closed state (C), but also spends increasingly 
more time in the closed state when the peptide concentration is raised to 5 µM. The slight 
decrease of the overall current observed with both membrane proteins is probably an artifact 
that resulted from the extremely long series of measurement the single channels were 
subjected to. The current remained at those lower levels when the peptide was removed by 
perfusion after completion of the measurements. 

3.3.2.6 Comparative single channel measurements of ATOM and Tom40  
Finally, the single channel activity of ATOM was compared with the one of Tom40 (Figure 
3.16). To that end, the Tom40 protein from S. cerevisiae was recombinantly expressed, purified, 
and reconstituted into proteoliposomes. For better comparability, the same reconstitution 
protocol was used as for ATOM (Section 3.2.2.1). The observed Tom40 single channels 
exhibited the same characteristics as published previously (Hill et al., 1998; Becker et al., 2005). 
In short, these are: (i) a single channel conductance of ∼400 pS ([KCl] = 250 mM); 
(ii) integration into the membrane in the form of a single pore, which is able to close in one 
step at voltages beyond ± 80 mV; and (iii) a gating behavior that is dominated by fast flickering 
into a prominent subconductance state. This contrasted with the tripartite channel closure and 
otherwise low frequency gating observed for ATOM (Figure 3.16).  
 

 

Figure 3.16: Recombinant ATOM forms a high conductance channel with a characteristic gating behavior 
setting it apart from Tom40. A current trace of a lipid bilayer containing a single ATOM channel is displayed 
(left panel; same as in Figure 3.8A). As indicated by dashed lines, complete closure of the channel occurs in three 
distinct steps, each representing an independent pore. In the case of recombinant Tom40 (right panel), an active 
single channel unit consists of one pore (dashed lines), closing for longer periods in one step at voltages above 
±80 mV. Apart from that Tom40 displays fast flickering into a subconductance state or the closed state. The lower 
panels illustrate the gating behavior of a single pore from each preparation by an enlargement of the section 
highlighted in grey in the upper current traces. Buffer conditions were symmetric with 250 mM KCl, 10 mM 
MOPS/Tris pH 7.0 in cis and trans. 
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3.4 Discussion  
The aim of this study was to identify the pore forming subunit mediating the mitochondrial 
protein import in Trypanosoma brucei. For a long time TbSam50/tbTob55 was the only 
identified component of the protein translocation machinery in the outer membrane of this 
deep-branching eukaryote (Schneider et al., 2008; Pusnik et al., 2009; Sharma et al., 2010). 
Hence, besides the possibility of a highly diverged protein translocase that had been missed by 
several sequence analysis tools searching for a Tom40 homolog, the possibility of a completely 
different protein import machinery was discussed (Schneider et al., 2008). In line with this, the 
first part of the experiments presented in this chapter (Section 3.3.1) dealt with the question 
whether TbSam50 forms a pore in artificial lipid bilayers that would allow for protein 
translocation as well as β-barrel insertion.  
At the same time the search for the trypanosomal outer membrane protein translocase 
continued and finally revealed the presence of the essential protein ATOM (archaic translocase 
of the outer mitochondrial membrane) that was shown to mediate translocation of nuclear-
encoded proteins into mitochondria (Pusnik et al., 2011). Thus, additional experiments were 
performed to investigate the ability of ATOM to form protein translocation competent pores in 
the lipid bilayer. 

3.4.1 Unambiguous identification of protein translocation pores by the lipid 
bilayer technique 

During the past two decades, the planar lipid bilayer technique was frequently used to identify 
and characterize the pore forming components of the protein translocation machineries that 
mediate the proper localization of nuclear-encoded proteins (Harsman et al., 2010; Harsman et 
al., 2011a). The most critical step in these studies is the correct identification of the pore 
forming protein. Due to the relative ease in preparation, target proteins are preferably 
expressed in E. coli and purified via appended poly-histidine-tags. Unfortunately, planar lipid 
bilayer measurements using these proteins are complicated by the fact that these samples are 
often contaminated with bacterial proteins which unspecifically adhere to the immobilized 
metal ions or the column resin (Block et al., 2009; Bolanos-Garcia and Davies, 2006; Graslund et 
al., 2008; Howell et al., 2006). Due to their exceptional stability under a variety of conditions, 
e.g. solubilization in SDS (Nakae et al., 1979) and their ability to integrate spontaneously into 
planar lipid bilayers (Tamm et al., 2004; Kozjak-Pavlovic et al., 2009), bacterial outer membrane 
porins are currently considered most fatal for single channel lipid bilayer measurements. 
Already in concentrations below the detection limit of common gel staining techniques, these 
porins may hamper unambiguous identification of pore forming proteins.  
Hence, in the beginning of this project, much attention was devoted to the elimination of 
contaminations and the verification of the results obtained with trypanosomal proteins 
produced in E. coli using different approaches. 

3.4.1.1 Identification of TbSam50 channel activity 
Since in most attempts, the recombinantly expressed TbSam50 protein after the initial 
purification steps still contained contaminations as deduced from planar lipid bilayer 
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experiments, an additional purification step was successfully applied to obtain homogeneous 
single channel activity (Section 3.3.1.1). Size-dependent separation using SDS PAGE followed 
by elution of the proteins from a narrow molecular weight range was utilized to remove 
residual bacterial contaminants. This protocol yielded a single, reproducible channel activity. 
Further negative controls, such as the application of another recombinantly expressed protein, 
DLDH-DHFR, to the SDS PAGE elution procedure corroborated the correct identification of 
the TbSam50 single channel activity (Section 3.3.1.1). Additional confidence gave the fact, that 
one batch of initially purified sample also contained no other channel activity besides the one 
identified as TbSam50.  

3.4.1.2 Identification of ATOM channel activity 
Similar to the TbSam50 samples, ATOM protein purified from E. coli inclusion bodies by the 
use of metal affinity chromatography resulted in inhomogeneous single channel activity when 
reconstituted into proteoliposomes. Since the bacterial contamination could not be removed by 
size-dependent separation, anion exchange chromatography was used in flow-through mode 
for further purification (Section 3.3.2.1). This procedure took advantage of the fact that 
bacterial outer membrane porins are on average more acidic than mitochondrial proteins such 
as ATOM (O'Farrell et al., 1977; Hartmann et al., 1991). The consistent single channel activity 
observed with these samples could be confirmed to result from ATOM by expression of the 
protein in a cell-free system (Section 3.3.2.4). The in vitro translation system utilized in this 
study is based on eukaryotic cell lysates and is therefore devoid of bacterial outer membrane 
porins. Thus, the consistent results obtained by these two methods confirm the identification of 
ATOM as a pore-forming protein. 

3.4.2 General comparability of single channel characteristics 
In the following discussion, the single channel characteristics of TbSam50 and ATOM will be 
compared with those of other pore forming proteins implied in protein translocation. It has to 
be taken into account, that single channel characteristics like conductance and selectivity are 
largely dependent on the activity of the electrolyte solutions in the presence of which they are 
measured. The conductance values stated in this chapter were determined at symmetric salt 
concentrations with [KCl] = 250 mM and the selectivity was measured using asymmetric 
electrolytes with [KCl]cis/trans = 250/20 mM. For large multiionic channels at low and 
moderate concentrations (0.05-1 M) of monovalent (1:1) salts, especially potassium chloride 
(KCl), there is an almost linear correlation between the effective electrolyte concentration and 
the channel conductance (Garcia-Gimenez et al., 2011). Thus in order to compare the values 
determined in the course of this thesis with published data, the latter were normalized to 
[KCl] = 250 mM if necessary. For this purpose the effective activities of the utilized solutions 
were calculated by use of the activity coefficients stated in (Weast, 1979). The ratio of this 
activity and the activity of a solution with [KCl] = 250 mM was then used to calculate the 
normalized conductance by dividing the measured value by this ratio.  
Besides the activity of the solutions the measurement and analysis methods may have an effect 
on the resulting values. Analysis of the channel conductance by the size of the current shift 
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resulting from fusion events may be erroneous since multiple channels residing in one 
proteoliposome or detergent micelle can be simultaneously inserted into the bilayer. Usually 
the evaluation of single channel gating events gives more reliable results and provides 
additional information such as subconductance values. Sometimes however, the maximum 
single channel conductance is hard to determine, if e.g. the channel mostly resides in an open 
conformation or does not close completely leaving a stray conductance.  

The selectivity of the large porin OmpF has been shown to depend not only on the 
concentration ratio, but also on the absolute salt concentrations used during reversal potential 
measurements (Alcaraz et al., 2009). Hence, the relative permeability of anions and cations 
cannot be easily normalized for large pores with respect to the salt concentration and is stated 
together with the applied solutions if they differ from the usual asymmetric electrolytes 
([KCl]cis/trans = 250/20 mM).  

3.4.3 TbSam50 

3.4.3.1 TbSam50 forms an aqueous pore in planar lipid bilayer measurements 
TbSam50 was predicted to form a β-barrel pore in the outer mitochondrial membrane (Sharma 
et al., 2010). Following the purification as detailed in Section 3.3.1.1, the TbSam50 protein could 
be effectively refolded into proteoliposomes using the same reconstitution strategy (Section 
3.2.2.1) that was applied to other mitochondrial proteins of proposed β-barrel like Sam50 from 
H. sapiens and S. cerevisiae (Becker, 2008). Upon osmotic fusion of these vesicles with the 
planar lipid bilayer consistent single channel activity could be observed, thus showing that 
recombinant TbSam50 like its homologs in higher eukaryotes (Becker, 2008) forms an ion 
permeable pore. 

3.4.3.1.1 Conductance and gating behavior of TbSam50 single channels 
The TbSam50 protein formed large channels in artificial lipid bilayers that revealed single 
pores with a maximum conductance of Gtotal ≅ 600-850 pS (Section 3.3.1.2.1). The gating 
behavior of these channels was shown to depend on the direction of the transmembrane 
electric field, with more frequent gating events to the closed state at negative holding 
potentials. However, the main conductance values determined from these transitions were 
rather similar for both directions and broadly distributed around Gmain ≅ 200-600 pS. Frequently 
occurring subconductance values of Gsub ≅ 30-250 pS were also found at negative and positive 
potentials, but their distribution over two distinct subconductance amplitudes differed 
considerably.   
The large conductance values agree well with those observed for other members of the Omp85 
family of proteins (Table 3.3). The recombinantly expressed Sam50 homologs from Homo 
sapiens and S. cerevisiae exhibit main conductances of 675 pS and 400 pS, respectively (Becker, 
2008). Interestingly, pairwise sequence alignments revealed a higher sequence similarity of 
TbSam50 with H. sapiens Sam50 than with the yeast protein (Sharma et al., 2010). Together 
with the more similar conductance range this might suggest that TbSam50 might share higher 
similarity, on a structural as well as a functional level, with the human β-barrel insertase. 
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However, for the SAM complex purified from native S. cerevisiae membranes gating 
amplitudes of up to 640 pS could be observed in the presence of a signal peptide (Kutik et al., 
2008).   

Table 3.3: Single channel properties of Omp85 family proteins. For comparability reasons only 
recombinantly produced full length proteins were taken into account. Since the selectivity cannot be easily 
normalized, it is stated together with the applied solutions (Alcaraz et al., 2009). Gmain* denotes main conductance 
values normalized to [KCl] = 250 mM; n.D., not determined; B. pertussis, Bordetella pertussis; P. sativum, Pisum 
sativum; N. crassa, Neurospora crassa; 1, marks conductance values determined from fusion events; 2, marks 
values determined from multichannel experiments.  

 organism Gmain
* + −  

:
K Cl

P P  [KCl]cis/trans reference 

TbSam50 T. brucei 200-600 pS 22 250/20 mM this thesis 

ATOM T. brucei 400 pS 8-14 250/20 mM this thesis 

Sam50 S. cerevisiae 0.4-1.11 nS 4-6.7 250/20 mM (Paschen et al., 2003) 
(Becker, 2008)  
(Kutik et al., 2008) H. sapiens 675 pS 6.5 250/20 mM 

BamA E. coli 0.11-1.751 nS 5.7-11 300/30 mM (Robert et al., 2006) 
(Stegmeier et al., 2006) 
(Bredemeier et al., 2007) 

FhaC B. pertussis 350 pS n.D.  (Jacob-Dubuisson et al., 
1999) (Meli et al., 2006) 

HMW1B H. influenza 410 pS 11.3 1.5/0.5 nM (Duret et al., 2008) 

YtfM/TamA E. coli >5801 pS 0.352 100/500 mM (Stegmeier et al., 2007) 

Omp85/Toc75 
/synToc75 

Nostoc   520 pS 2.2 250/20 mM (Ertel et al., 2005) 
(Bredemeier et al., 2007) 
(Hinnah, 1999)  
(Hinnah et al., 2002) 
(Bölter et al., 1998) 

P. sativum 390-500 pS 14.3 250/20 mM 

Synechocystis  410 pS 11.1 250/20 mM 

Tom40 S. cerevisiae 370 pS 8-10 250/20 mM (Hill et al., 1998) 
(Becker et al., 2005) 
(Künkele et al., 1998a) N. crassa 390-500 pS 3-9 250/20 mM 

 

The observed voltage dependent gating behavior was also similar to that shown for Sam50 
from H. sapiens and S. cerevisiae. With both preparations the main conductance amplitude was 
mostly observed at negative holding potentials, while at positive holding potentials transitions 
in the subconductance regime prevailed (Becker, 2008). As the orientation of the channel in the 
lipid bilayer is not known and some channels had to be replotted in an arbitrarily chosen 
orientation due to irregular insertion direction, this only suggests that the TbSam50 channels 
as well as those formed by its homologs are asymmetrically constructed. The protein 
translocase of the outer mitochondrial membrane, Tom40, was shown to exhibit a 
characteristic gating behavior with a main conductance of 370 pS, that was rather independent 
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of the direction of the transmembrane field (Hill et al., 1998; Becker et al., 2005) (Figure 3.16). In 
summary, the gating behavior of TbSam50 exhibits closer similarity to that observed with 
other Sam50 proteins than with the translocase of the outer mitochondrial membrane, Tom40. 
 However, taking the conductance of a single channel as a measure of the pore size, the 
calculated diameter of the TbSam50 channels is d ≅ 2.6 nm. This would in principle be large 
enough to allow for protein translocation. 

3.4.3.1.2 Voltage-dependent open probability of TbSam50 single channels 
A common feature of many large pores including the outer mitochondrial membrane proteins 
Sam50 and Tom40 is a bell-shaped voltage dependence of the open probability (Bainbridge et 
al., 1998; Hill et al., 1998; Paschen et al., 2003; Becker, 2008). Such an increasing propensity to 
close with increasing holding potential was also observed with channels formed by the 
recombinant TbSam50 protein (Section 3.3.1.2.1). The physiological relevance of this 
phenomenon is subject of ongoing discussion, since the mitochondrial as well as the bacterial 
outer membrane exhibit a high permeability for small solutes and thereby limit the appearance 
of large transmembrane potentials. However, model calculations taking into account the 
restricted passage of multivalent metabolites across the outer membrane predicted the 
existence of metabolism dependent potentials from a few millivolts up to 30 mV (Stock et al., 
1977; Lemeshko et al., 2000). If ATP generated in the mitochondrial matrix would be directly 
transported across both the inner and the outer membrane by functional interactions of the 
adenine nucleotide transporter (ANT), VDAC and kinases at the contact sites of the 
mitochondrial membranes, the outer membrane potential might even reach up to 60 mV 
(Lemeshko, 2002). Experimental evidence for such potentials is still scarce. However, a pH 
difference of up to 0.7 pH units across the outer mitochondrial membrane that was suggested to 
be maintained by a potential difference could be determined using pH-sensitive green 
fluorescent protein. From this, the authors estimated an outer membrane potential of 43 mV 
(Porcelli et al., 2005). Considering the voltage dependence of the open probability observed for 
TbSam50 single channels, it is questionable whether the channels would reside in an open 
conformation in their native environment.   

3.4.3.1.3 Selectivity of TbSam50 single channels 
The permeability ratio of + −  :K ClP P ≅ 22:1 determined for TbSam50 is in accordance with the 

preference for cations observed for Sam50 in higher eukaryotes. However, with the yeast and 
human proteins, the selectivity was less pronounced + −  :K ClP P ≅ 4-6:1 under the same 

conditions (Becker, 2008; Kutik et al., 2008). More pronounced preferences for cations could be 
determined for other proteins belonging to the Omp85 family of proteins (Table 3.3), such as 
the Toc75 protein from P. sativum, which exhibits a cation selectivity of + −  :K ClP P ≅ 14:1 

(Hinnah et al., 2002) or the E. coli β-barrel insertase BamA (Robert et al., 2006; Stegmeier et al., 
2006; Bredemeier et al., 2007). 

In contrast to ion channels with a tight selectivity filter the selectivity of large pores like 
TbSam50 results from different trajectories that are followed by anions and cations, due to the 
segregation of basic and acidic protein residues inside the pore (Schirmer et al., 1999; Im et al., 
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2002b; Im et al., 2002a). While the in vivo function of the cation selectivity is not established for 
the β-barrel insertases Sam50 and BamA, the higher permeability for cations that was observed 
with the protein translocases of the outer envelope of chloroplasts (Toc75-III) and of the outer 
mitochondrial membrane (Tom40) probably enhances the recognition and translocation of 
positively charged signal sequences (Hill et al., 1998; Hinnah et al., 2002). Thus, the channels 
formed by TbSam50 would be likewise suited to attract proteins with positively charged 
presequences.  

3.4.3.1.4 Response of TbSam50 channels to a trypanosomal presequence peptide 
In order to further elucidate the ability of TbSam50 to serve as translocation channel for 
mitochondrial precursor proteins in T. brucei outer mitochondrial membranes, its response to a 
peptide representing a genuine trypanosomal presequence was assessed. Specific interactions 
with natural substrates were shown for the pore forming subunits of several protein import 
complexes (Hill et al., 1998; Hinnah et al., 2002; Becker et al., 2005).   
The DLDH peptide represents the N-terminal signal sequence of the trypanosomal 
dihydrolipoamide dehydrogenase, which is a natural substrate of the mitochondrial protein 
import machinery in T. brucei (Hauser et al., 1996; Häusler et al., 1997). Upon addition of the 
nonapeptide to the bilayer chamber, TbSam50 single channels exhibited a drastic change in 
their gating behavior. The observed biphasic response to the peptide (Section 3.3.1.3) is 
probably best explained by two superimposing effects. At very low peptide concentrations, the 
frequency of short current transitions increased, whereas at higher concentrations a second 
effect namely prolonged residence in the closed state, came into play and obscured potential 
further transition frequency increases. At negative holding potentials, that cause the peptides 
to enter from the opposite side, the effect is less pronounced and the frequency increases over a 
broader range of peptide concentrations. In contrast, the yeast protein translocase of the outer 
mitochondrial membrane, Tom40, exhibits a constant increase in its response to a 
mitochondrial presequence peptide up to a concentration of 20 µM (Hill, 2001; Mahendran et 
al., 2012).  
With classical ion channels, at least two different mechanisms of pore blocking are 
distinguished (Laver et al., 1997; Hille, 2001): (i) Binding of a molecule within the pore, which 
obstructs further passage of ions (Woodhull, 1973) and (ii) binding to a site outside the pore 
that induces conformational changes which stabilize the closed state of the pore (Lamy et al., 
2010).   
The first theory was shown to be also applicable to the interaction of the large β-barrel pore α-
hemolysin (αHL) with several polypeptides (Movileanu et al., 2005; Mohammad et al., 2008). 
For several positively charged peptides with a length of ∼25 amino acids short blocks of the 
ionic current through αHL were observed and ascribed to the passage or transient binding of 
peptides inside the pore. While the frequency of these blocking events was shown to depend on 
the peptide concentration applied, their duration which ranged from microseconds to 
milliseconds was not (Mohammad et al., 2008). Recently, analogous studies targeting the 
interaction of the Tom40 protein translocase with genuine mitochondrial presequences 
revealed similar features (Romero-Ruiz et al., 2010; Schmedt, 2010; Mahendran et al., 2012). 
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Even though the DLDH peptide concentrations used in the measurements presented in Figure 
3.6 were 1-2 orders of magnitude lower than those used for the aforementioned studies, the 
dwell times of the blocking events apparently increased with the peptide concentration and 
were in the range of several seconds. Similarly long dwell times had only been reported for 
interactions of αHL with folded proteins and were attributed to very high energetic barriers for 
the folded protein to traverse the channel (Mohammad et al., 2008). This suggests that although 
the response of TbSam50 to the short DLDH peptide is remarkably sensitive, the observed 
features are inconsistent with a function as preprotein translocase, since the pore is persistently 
blocked in the presence of short peptides. Whether this results from very tight binding of the 
peptides to the pore or an allosteric regulatory mechanism cannot be judged from the present 
data.   

3.4.3.2 On the function of TbSam50 
Judging from the general electrophysiological characteristics like conductance, selectivity and 
open probability, the TbSam50 channels might well be suited for protein translocation (Section 
3.3.1). However, the observed response to a mitochondrial presequence clearly refutes this 
hypothesis (Section 3.4.3.1.4). Thus, the electrophysiological studies presented here disclose a 
strong functional homology with the human and yeast Sam50 proteins. This notion agrees with 
functional studies based on RNAi induced knockdown of TbSam50 (Sharma et al., 2010). The 
primary effect observed within 48 h after TbSam50 ablation was a reduction of the steady state 
level of the β-barrel protein VDAC. Prolonged knockdown of TbSam50 also decreased the 
levels of several nucleus-encoded mitochondrial proteins destined for the inner membrane, the 
intermembrane space or the mitochondrial matrix (Sharma et al., 2010). However, in vitro 
protein import into isolated TbSam50 knockdown mitochondria disclosed, that the reduction in 
mitochondrial inner membrane proteins could probably be explained by a secondary effect 
resulting from the decreased insertion of an at that time unknown β-barrel protein translocase 
into the outer membrane (Sharma et al., 2010). Finally, the archaic translocase of the outer 
mitochondrial membrane (ATOM), an essential membrane protein mediating protein import 
across in trypanosomal mitochondria was identified (Pusnik et al., 2011). Taken together, these 
results confirm that, just like in yeast, TbSam50 functions as β-barrel insertase and does not 
translocated preproteins.   
Further electrophysiological studies will deal with the question whether TbSam50 single 
channels respond to peptides representing the β-barrel recognition signal. This C-terminal 
sorting signal is conserved from bacteria to higher eukaryotes (Walther et al., 2009) and could 
readily be identified in trypanosomal VDAC, TbSam50 (Sharma et al., 2010) and ATOM 
(Zarsky et al., 2012). For yeast Sam50 an interaction with the β-signal peptide could only be 
observed, when the Sam50 channel was introduced into the bilayer in the form of the SAM 
complex including the essential receptor subunit Sam35 (Tob38/Tom38), which was shown to 
be responsible for signal recognition (Kutik et al., 2008). In T. brucei several proteins sharing 
sequence similarity with metaxins, the peripheral SAM subunits, were already found, but 
experimental proof of their identity and function is lacking to date (Schneider et al., 2008). 
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3.4.4 ATOM 

3.4.4.1 ATOM forms an aqueous pore in planar lipid bilayer measurements 
Like the TbSam50 protein, highly purified recombinant ATOM was reconstituted into 
liposomes using a reconstitution procedure based on the detergents SDS and Mega9 (Section 
3.2.2.1). After successful reconstitution (Section 3.3.2.1), the fusion of these proteoliposomes 
with the planar lipid bilayer resulted in the integration of consistent single channel activity. 
Hence, the recombinant ATOM protein forms an ion permeable pore. As discussed above 
(Section 3.4.1.2), the identity of the channel was confirmed by measurements with ATOMwg 
that was produced using a cell free in vitro translation system. Since the single channel 
characteristics of both proteins are virtually identical (Section 3.3.2.4), the following section 
only refers to the measurements taken with ATOM produced in E. coli. 

3.4.4.1.1 Conductance and gating behavior of ATOM single channels 
Recombinantly produced ATOM protein was shown to constitute a hydrophilic channel of 
large conductance (Gtotal ≅ 1.2-1.7 nS). At holding potentials exceeding ±120 mV, these channels 
closed in three or multiple of three equally sized steps of Gmain ≅ 400 pS. A similar feature is 
commonly observed with homotrimeric bacterial porins in which each monomer forms a 
separate pore (Engel et al., 1985; Dargent et al., 1986; Mauro et al., 1988; Delcour, 2002; Kozjak-
Pavlovic et al., 2009). This tripartite closure as well as the exceptional stability of the protein in 
SDS suggests that ATOM also possesses a β-barrel structure and probably self-assembles into 
trimers.   
Online bioinformatics tools including TMBETA-NET (Gromiha et al., 2005), Transfold 
(Waldispühl et al., 2006) and BOCTOPUS (Hayat et al., 2012) predicted 12-19 transmembrane β-
strands based on the amino acid sequence of ATOM (TriTrypDB: Tb09.211.1240), with the 
highest propensity of β-strands in the C-terminal region from amio acid 50 to 351. This 
prediction sets ATOM exactly in the range of bacterial and eukaryotic β-barrel proteins (Zeth 
et al., 2010) and supports the aforementioned hypothesis, that ATOM possesses a β-barrel 
structure.  

The single pore conductance observed with ATOM channels also matches that observed with 
protein translocation channels from the outer mitochondrial membrane of yeast and the outer 
envelope of chloroplasts (see Table 3.3 and references therein). Assuming the constricted region 
inside the ATOM pore is cylindrical, a mean pore diameter of d ≈ 2 nm could be calculated 
from the main conductance value of Gmax ≅ 400 pS (Section 2.2.2.12.2). This would be large 
enough to allow the translocation of polypeptide chains that might even retain some secondary 
structure like an α-helix.  

As shown in section 3.3.2.2 only very short and infrequent gating events to subconductance 
states and the closed states of individual pores were observed with ATOM single channels at 
holding potentials of up to ±120 mV. The more persistent closure of one or more pores at 
higher voltages resulted in the slightly voltage dependent open probability depicted in Figure 
3.9. As discussed above (Section 3.4.3.1.2), this is a typical feature of β-barrel proteins, but 
neither the mechanism nor the physiological relevance are completely understood. Since the 
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open probability is close to 100 % at holding potentials ranging from -100 to +100 mV, the 
ATOM channels will most likely reside in an open conformation in the outer mitochondrial 
membrane, even if the transmembrane potential predictions of up to 60 mV proved true 
(Lemeshko, 2002). 

3.4.4.1.2 Selectivity of ATOM single channels 
The ATOM single channels exhibited a pronounced selectivity for cations. A permeability ratio 
of + −  :K ClP P ≅ 14:1 (Erev = 48.4 mV) for potassium to chloride was determined in [KCl]cis/trans 

= 250/20 mM. Interestingly, the reversal potential was shown to be sensitive to the direction of 
the salt concentration gradient and accordingly the permeability ratio measured in 
[KCl]cis/trans = 20/250 mM is only + −  :K ClP P ≅ 8:1 (Erev = -41.7 mV). A similar asymmetric 

selectivity has been observed for the bacterial porin OmpF. Based on the OmpF crystal 
structure and an in-depth analysis of the reversal potential under various salt and pH 
conditions, this asymmetry could be attributed to an asymmetric distribution of the fixed 
charges of residues lining the pore (Alcaraz et al., 2004). Thus, the effective fixed charge 
distribution in the pores formed by ATOM is expected to be different in both vestibules. 
Similarly, a slight rectification with higher conductance at positive voltages 

+ − ≈max max( / 1.45)G G  has been observed for both the single pores as well as the trimeric channel 

unit. Theoretical calculations based on Brownian dynamics, molecular dynamics and Poisson-
Nernst-Planck simulations of OmpF proposed that such an asymmetric conductance results 
from the distribution of permanent charges inside the channel (Schirmer et al., 1999; Im et al., 
2002a) and thus suggests an asymmetric topology of the ATOM channel.  

The overall preference for the passage of positively charged molecules is of physiological 
importance since the classical N-terminal presequences in mitochondria are amphipathic α-
helices containing several positive charges (von Heijne, 1986; Chacinska et al., 2009). This is 
also true for trypanosomal presequences. Accordingly, they were shown to be functional in 
yeast and vice versa (Hauser et al., 1996; Häusler et al., 1997). Thus, a large pore lined with 
charged residues that promote the translocation of cationic molecules is perfectly suited for the 
translocation of unfolded or partially folded proteins, which mostly contain positively charged 
N-terminal presequences. Moreover, the values obtained with ATOM agree nicely with the 
selectivity observed with the protein translocases of the outer envelope of chloroplasts, 
Toc75-III, and of the outer mitochondrial membrane,Tom40 (Hill et al., 1998; Hinnah et al., 
2002). 

3.4.4.1.3 ATOM interacts with N-terminal mitochondrial presequences 
Furthermore, the channel formed by ATOM was shown to specifically interact with the 
genuine mitochondrial presequence from trypanosomal DLDH in low micromolar 
concentrations (≥0.5 µM). The reversible interaction between the peptide and the channel 
transiently blocks the passage of ions through the ATOM pore and was shown to be dependent 
on the side from which the peptides approached the channel (Section 3.3.2.5).   
Using a specific mitochondrial presequence peptide in a concentration range of 1-20 µM a 
similar effect could be observed earlier with the protein translocase of the outer mitochondrial 
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membrane in yeast, Tom40 (Hill et al., 1998; Becker et al., 2005; Harsman et al., 2010; 
Mahendran et al., 2012). Interactions of peptides with protein translocases at lower 
concentrations (20 nM) were only observed with Toc75, in the presence of considerably lower 
salt concentrations, where reduced screening of charges allowed for stronger electrostatic 
interactions (Hinnah et al., 2002). Furthermore, the concentration range necessary to induce an 
electrophysiologically detectable effect with ATOM matches that required for protein import 
inhibition into isolated yeast mitochondria by CoxIV presequence peptides (Glaser et al., 1990).  

The side specificity of the effect demonstrated in Section 3.3.2.5 revealed that the DLDH 
peptide induces more pronounced changes in the current transition frequency, when it was 
driven into the pore from the trans side of the bilayer. Interestingly, this is the same side of the 
ATOM channel for which a higher conductance was found (Section 3.3.2.2.1). Taking also into 
account the asymmetric selectivity and the rectification, this clearly demonstrates that the 
ATOM channel has an asymmetric topology, probably in terms of charge distribution 
(Schirmer et al., 1999; Im et al., 2002a; Alcaraz et al., 2004). In the light of this, the observed side 
specificity could be explained by a specific interaction of the peptides with one vestibule, while 
the opposite vestibule is only occasionally blocked in an unspecific fashion by peptides that are 
randomly driven into the pore by electrophoretic movement. This property might help to 
impose directionality of preprotein transport from the cytoplasmic to the intermembrane space 
side of the outer mitochondrial membrane independent of further receptor subunits. 

The significance of such peptide interactions with protein translocation channels was 
repeatedly demonstrated by the comparison with measurements in the presence of artificial 
peptides lacking the characteristic features of native targeting signals such as sequence motifs, 
secondary structure and charge (Bölter et al., 1998; Hinnah et al., 2002; Kutik et al., 2008). 
However, for mitochondrial N-terminal presequences no specific sequence motifs are known 
and recognition at least at the level of the import receptors is based on the hydrophobic and the 
charged surface of the amphipathic α-helix (Brix et al., 1997; Moberg et al., 2004; Saitoh et al., 
2007). Thus, carefully designed peptides will be needed to study the determinants of peptide 
effects with the ATOM channel.  
The question whether in artificial bilayer systems the peptides are actually translocated 
through the channel or only transiently enter the vestibules and leave to the same side cannot 
be answered based on the current data set. In a series of elegant model studies using the stable 
β-barrel pore of the staphylococcal α-hemolysin (α-HL) it has been shown that transient 
blockades and peptide translocation can be told apart by a thorough dwell time analysis of the 
voltage and concentration dependent peptide-induced current transitions (Wolfe et al., 2007; 
Mohammad et al., 2008). Similar studies were also performed with the yeast mitochondrial 
protein translocase Tom40 (Harsman et al., 2010; Romero-Ruiz et al., 2010; Schmedt, 2010; 
Mahendran et al., 2012). In principle, analog studies with ATOM would also be feasible and 
could provide further information concerning the specificity of translocation and the necessity 
for receptor subunits and driving forces, but the analysis is complicated by the fact, that the 
ATOM channel is composed of three independent pores whose signals would overlap.  
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In conclusion, the low peptide concentrations used in our experiments as well as the 
pronounced side specificity are solid indicators for a specific interaction between the ATOM 
channel and the trypanosomal presequences peptide. This further corroborates that ATOM 
could serve as the protein translocation pore in the outer membrane of trypanosomal 
mitochondria. 

3.4.4.2 ATOM provides an aqueous pore for mitochondrial protein import in T. brucei 
Functional studies have shown that the essential ATOM protein mediates import of nuclear-
encoded proteins into the mitochondrion of T. brucei both in vivo and in vitro (Pusnik et al., 
2011). The presented electrophysiological studies using proteoliposomes with reconstituted 
ATOM protein purified from bacterial as well as cell-free eukaryotic expression systems clearly 
suggest that ATOM is the central pore-forming subunit of the mitochondrial outer membrane 
protein import machinery in T. brucei. All single channel characteristics presented here 
including the large conductance and high open probability of the pores as well as the 
preference for the translocation of cationic molecules agree well with the translocation of 
mitochondrial precursors.   
Concordant with the results from RNA interference studies on ATOM and TbSam50 (Sharma 
et al., 2010; Pusnik et al., 2011) the presented results favor ATOM over TbSam50 as general 
import pore. Besides the comparably low open probability of TbSam50 in the presence of 
voltages close to the predicted mitochondrial outer membrane potential, the different peptide 
effects clearly support this theory. While the channels formed by TbSam50 seemed to be more 
sensitive to the applied peptides, the outcome was quite different from that observed with 
ATOM. In the presence of the presequence peptides, the TbSam50 channels mostly resided in a 
closed conformation and would therefore be incapable of further protein translocation. The 
ATOM channels on the other hand allowed a side specific interaction with the DLDH peptide 
without obstructing the pore permanently (Figure 3.15).   
In consideration of the observation that TbSam50 formed even larger channels than those 
observed with ATOM and in addition to it also displayed a pronounced preference for cations, 
the kind of effect observed with recombinant TbSam50 in the presence of a presequence 
peptide might make sense. Such peptide-induced pore closure would restrict unregulated 
passage of preproteins either into or out of the mitochondrial inter membrane space if similar 
encounters occurred in vivo. Furthermore, the passage of metabolites through the TbSam50 
channel should also be limited in its native environment either by the low open probability of 
the channel or by other currently unrevealed mechanisms.  

Finally, this results in the conclusion that just like in yeast precursor import and β-barrel 
insertion in T. brucei are functionally separated and mediated by two specialized proteinaceous 
pores, namely the archaic translocase of the outer mitochondrial membrane (ATOM) and the 
sorting and assembly machinery (TbSam50).  

3.4.4.3 Bacterial origin of the mitochondrial protein import pore from T. brucei 
While the general characteristics of the pores formed by ATOM are consistent with basic 
features observed for protein translocases of different origin (mitochondrial/chloroplast), i.e. 
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Tom40 and Toc75-III, the detailed analysis of single channel properties revealed a pronounced 
disparity between the channels formed by ATOM and Tom40. As illustrated in Figure 3.16 the 
gating behavior of recombinant Tom40 single channels was dominated by fast flickering into a 
prominent subconductance state and full pore closure of the recombinantly produced protein 
occurred in a single step (Hill et al., 1998; Becker et al., 2005). This contrasts with the tripartite 
channel closure and low frequency gating that was observed for recombinant ATOM. 
Certainly, the oligomeric assembly observed for the recombinant proteins reflects the number 
of β-barrels required for stable integration into the bilayer in the absence of accessory proteins 
(Naveed et al., 2009). However, it does not necessarily represent the number of pores found in 
vivo in the respective heterooligomeric protein translocation complexes. Native TOM 
complexes purified from mitochondrial outer membranes of S. cerevisiae and N. crassa, for 
example, were shown to contain two identical Tom40 pores (Künkele et al., 1998b; Becker et 
al., 2005). 

Interestingly, the comparison of electrophysiological characteristics (Table 3.3) however 
revealed common properties of recombinant ATOM and recombinant Toc75 homologs from 
plastids and cyanobacteria (Bölter et al., 1998; Hinnah et al., 2002). These are: (i) a similar 
single channel conductance, (ii) conformable selectivity for cations and most importantly (iii) a 
homotrimeric assembly, which for recombinant Toc75 was confirmed by cryo-electron 
microscopy, cross-linking, and other methods (Schleiff et al., 2003; Bredemeier et al., 2007) as 
well as (iv) a gating behavior that is characterized by infrequent, short gating events between 
several conductance states (Hinnah et al., 2002). The concordant single channel characteristics 
of Toc75 and its distant homolog synToc75 from the cyanobacterium Synechocystis sp. 
PCC6803 suggested the development of the chloroplast protein import pore from a preexisting 
bacterial Omp85-like porin (Bölter et al., 1998). In summary, these common features might 
indicate that Toc75 as well as ATOM are both derived from bacterial ancestors, which probably 
were outer membrane porins as predicted earlier (Figure 3.17) (Gabriel et al., 2001; Herrmann, 
2003; Cavalier-Smith, 2006; Gross et al., 2009).  

 

 

 

 

Figure 3.17: Model for the evolution of the 
mitochondrial outer membrane protein 
translocase. This model was derived from the one 
presented by Pusnik et al. (2011). The ancestor of 
ATOM, presumably TamA or a similar Omp85 
family protein, was either acquired from the 
endosymbiont constituting the ancestor of 
mitochondria or by horizontal gene transfer. It 
evolved into Tom40 after branching of the 
trypanosomatids from all other eukaryotes. Red and 
blue indicate bacterial and eukaryotic origins, 
respectively.
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The presented results are thus consistent with the previously suggested similarity between 
ATOM and a bacterial member of the Omp85 family, YtfM/TamA, which was recently shown 
to promote efficient translocation of several bacterial proteins (Pusnik et al., 2011; Selkrig et al., 
2012). Electrophysiological data available for bacterial Omp85 family members that were 
implicated in protein translocation revealed similar general characteristics (Table 3.3). 
However, in-depth single channel analyses (i.e. conductance states, gating, selectivity, 
interaction with natural substrates) that would allow for a detailed comparison with our 
ATOM measurements are lacking (Jacob-Dubuisson et al., 1999; Ertel et al., 2005; Meli et al., 
2006; Clantin et al., 2007; Stegmeier et al., 2007; Duret et al., 2008). 

3.4.5 Conclusions 
Two candidates for the protein import pore of the outer mitochondrial membrane in T. brucei 
were compared in the course of this project by means of electrophysiological studies. With both 
proteins formation of hydrophilic pores in planar lipid bilayers were observed. Their 
electrophysiological characteristics such as a large conductance, selectivity for cations and the 
capability to interact with a mitochondrial presequence meet all requirements of a protein 
translocation pore. 

The electrophysiological study of TbSam50 revealed extensive similarity of its single channel 
characteristics with those of its homologs in yeast and human mitochondria. This supports its 
identification as core of the trypanosomal β-barrel assembly machinery. The peculiarities 
observed for the interaction of TbSam50 with a genuine mitochondrial presequence from 
T. brucei argued against a dual function in β-barrel assembly and general protein import. Thus, 
the presented results in consensus with published functional studies allow the conclusion, that 
TbSam50 has no primary role in mitochondrial protein import in T. brucei.  

A detailed analysis of the single channel properties of ATOM, including the gating behavior, 
response to channel specific substrates and the number of pores per active unit provided 
defining features allowing the identification of ATOM as the pore-forming core of the 
translocase in the outer mitochondrial membrane of T. brucei. Furthermore, the comparison of 
these characteristics with those of Tom40 and bacterial-type protein translocases provided 
support for the model that ATOM represents an evolutionary relic, in which the origin of the 
mitochondrial outer membrane translocase from a bacterial Omp85-type protein export 
machinery is still detectable on both the sequence as well as on the functional level.  
 



Zusammenfassung 

91 

3.5 Zusammenfassung 
Auf der Suche nach der zentralen Proteinimportpore in der äußeren Mitochondrienmembran 
von Trypanosoma brucei wurden zwei mögliche Kandidaten, TbSam50 und ATOM, anhand 
elektrophysiologischer Untersuchungen verglichen. Beide waren in der Lage in planaren 
Bilayern ionenpermeable Poren auszubilden, deren elektrophysiologische Grundcharak-
teristika, wie der hohe Leitwert und die Selektivität für Kationen sowie die beobachtete 
Interaktion mit mitochondrialen Präsequenzen, gut mit einer potentiellen Funktion als 
Proteinimportpore übereinstimmen.   
Eine detaillierte Untersuchung der Einzelkanaleigenschaften zeigte, dass TbSam50 beträcht-
liche Ähnlichkeiten zu homologen Proteinen in Hefen und menschlichen Zellen aufweist. 
Somit bestätigen die hier präsentierten Ergebnisse die Identifikation von TbSam50 als Kern der 
trypanosomalen Assemblierungsmaschinerie für β-barrel Proteine in der äußeren 
Mitochondrienmembran. Besonderheiten in der Beeinflussung der Kanaleigenschaften durch 
mitochondriale Präpeptide, insbesondere die erhöhte Verweildauer des Kanals im 
geschlossenen Zustand, weisen darauf hin, dass TbSam50 keine duale Funktion als β-barrel 
Insertase und Proteintranslokase besitzt.   
Hingegen lieferte die elektrophysiologische Charakterisierung von ATOM Hinweise, welche 
die Identifikation dieses Proteins als porenbildende Untereinheit des mitochondrialen 
Proteinimportapparates in T. brucei bestätigen. Darüber hinaus zeigten Vergleiche der 
elektrophysiologischen Charakteristika, insbesondere des Schaltverhaltens und der Anzahl 
porenbildender Untereinheiten pro aktiver Einheit im artifiziellen Bilayer, dass ATOM stärkere 
Ähnlichkeiten zu Proteintranslokasen bakterieller Abstammung aufweist, als zu Tom40, der 
generellen Importpore der Eukaryoten. Dies unterstützt das auf Sequenzvergleichen basierende 
Model, dass ATOM ein evolutives Relikt repräsentiert, anhand dessen die Entwicklung der 
mitochondrialen Proteinimportmaschinerie aus einer bakteriellen, Omp85-artigen Protein-
exportpore abgeleitet werden kann.  
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5.2 Materials and laboratory equipment 

AEBSF (Sigma Aldrich, Germany) 
70Ti rotor (Beckman Coulter, Germany) 
Acrylamid/Bis 40%, 37,5:1 (Roth, Germany) 
Agarose NEEO Ultra-Qualität (Roth, Germany) 
Antibodies (compare Table 5.1) 
Biotools 3.1 (Bruker Daltronics, Germany) 
Calbiosorb adsorbent (Merck, Germany) 
Calmodulin, bovine brain (Calbiochem, Germany) 
Cardiolipin (CL), bovine (Larodan, Sweden) 
Centriprep-10 or -50; Centrifugal Filter Unit with Ultracel-10 or -50 membrane (Millipore, UK) 
Chelating Sepharose fast flow (GE Healthcare, UK) 
Clampex 9 software (Molecular Devices, USA) 
CV-5-1GU macro-patch headstage (Molecular Devices, USA) 
Dialysis membrane Spectra/Pro 3 (Spectrum Laboratories Inc, USA) 
DigiData 1200 (Molecular Devices, USA)  
Esquire HCT mass spectrometer (Bruker Daltronics, Germany) 
Gene Clamp 500b (Molecular Devices, USA) 
Heat pump thermostat, WK-3 (Colora Messtechnik GmbH, Germany) 
HiTrap Q Sepharose (GE Healthcare, UK) 
L-alpha-Phosphatidylcholine (PC), egg (Larodan, Sweden) 
L-alpha-Phosphatidylethanolamine (PE), egg (Larodan, Sweden) 
L-alpha-Phosphatidylglycerol (PG), egg (Larodan, Sweden) 
L-alpha-Phosphatidylinositol (PI), soya (Larodan, Sweden) 
L-alpha-Phosphatidylserine (PS), bovine brain (Larodan, Sweden) 
L-α-phosphatidylcholine (type IV-S) (Sigma Aldrich) 
magnetic stirrer, Variomag (Thermo Fischer Scientific, Germany) 
MLS50 rotor (Beckman Coulter, Germany) 
Mono-Q HR 10/10 (GE Healthcare, UK) 
Ni-NTA agarose beads (Qiagen, Germany) 
Mega9, synthesized by Dr. S. Korneev, University of Osnabrück 
Nycodenz (Axis Shield, Norway) 
Ophiobolin A (Alexis Biochemicals, USA) 
Optima Max Ultracentrifuge (Beckman Coulter, Germany) 
Origin 8.0 Software (OriginLab Corporation, USA) 
PageRulerTM Prestained Protein Ladder (Fermentas, Germany) 
PCR clean-up kit, NucleoSpin Extract II (Macherey-Nagel, Germany) 
Phusion High-Fidelity DNA polymerase (New England Biolabs) 
Polyvinylidene fluoride (PVDF) membrane (GE Healthcare, Germany) 
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protease inhibitors, cOmplete mini (Roche, Germany) 
Q Sepharose fastflow (GE Healthcare, Germany) 
Q-Sepharose HP XK 26/20 (GE Healthcare, UK) 
ResourceS cation exchange column (Amersham Biosciences, Germany) 
RTS Wheat Germ CECF system (5 Prime, Germany) 
RTS Wheat Germ LinTempGenSet His6-tag (5 Prime, Germany) 
Semi-dry blot chamber (Biometra, Germany)  
Superdex 200 HR 26/60 (GE Healthcare, UK) 
Superdex 200pg XK 26/60 (GE Healthcare, UK) 
TLA-55 rotor (Beckman Coulter, Germany) 
Trypsin, Proteomics Grade recombinant enzyme, Pichia pastoris (Roche, Germany) 
vertical electrophoresis unit, dual mini, (Sigma-Aldrich, Germany)  
Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Inc., Germany) 
 
Table 5.1: Antibodies. Utilized antibodies are stated with the dilution and the solution used for 
immunoblotting. ab, antibody. 

 host, type and usage dilution   solution  source  

anti-proOmpA sheep 
polyclonal 
primary ab 

1:5000 4% SMP-TBST provided by Dr. 
Ian Collinson 

anti-SecY mouse 
monoclonal 
primary ab 

1:5000 4% SMP-TBST provided by Dr. 
Ian Collinson 

anti-sheep IgG; 
HRP-coupled 

donkey 
polyclonal 
secondary ab 

1:5000 0.4 % SMP-TBST Sigma-Aldrich, 
Germany 

anti-mouse IgG; 
HRP-coupled 

rabbit 
polyclonal 
secondary ab 

1:2000  0.4 % SMP-TBST Sigma-Aldrich, 
Germany 

anti-His IgG; 
HRP-coupled 

mouse 
monoclonal 
primary ab 
(no secondary) 

1:3000 0.4 % SMP-TBST Qiagen, 
Germany 
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5.3 Abbreviations 

ΔΨ Membrane potential 
(v/v)   Volume/volume  
(w/v)   Weight/volume   
AEBSF  4-(2-Aminoethyl)benzenesulfonyl fluoride 
APS   Ammonium persulfate 
arb. unit  Arbitrary units  
ATOM  Archaic translocase of the outer mitochondrial membrane 
BiP  Binding immunoglobulin protein 
BSA  Bovine serum albumin 
Ca2+-CaM  Calcium-calmodulin 
CL  Cardiolipin  
CoxIV  Cytochrome c oxidase subunit IV 
C-term  Carboxy-terminus 
DHFR  Dihydrofolate reductase 
DLDH  Dihydrolipoamide dehydrogenase 
DNA  Desoxyribonucleic acid 
DTT  Dithiothreitol 
ECL   Enhanced chemiluminescence  
EDTA  Ethylendiaminotetra acetic acid 
ER  Endoplasmic reticulum 
Ffh  SRP Fifty-four homolog; bacterial SRP homolog 
FtsY   Filamentous temperature sensitive Y; bacterial SRP receptor 
g gravitational acceleration 
GET  Guided entry of tail anchor proteins 
HRP  Horseraddish peroxidase  
IB  Inclusion bodies  
IMC  Ion channel master (software) 
IgG   Immunoglobulin G 
IMAC  Immobilized metal affinity chromatography 
IMS  Intermembrane space 
IMP  Inner membrane-associated protease 
IP3   Inositol trisphosphate 
IP3R  Inositol 1,4,5-trisphosphate receptor 
IPTG   Isopropylthiogalactosid 
LamB  (signal sequence of) maltose outer membrane porin 
MD  Molecular dynamics (simulations) 
Mega9  Nonanoyl-N-methylglucamide  
Mia/MIA  Mitochondrial intermembrane space import and assembly 
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Mops   3-(N-morpholino)propanesulfonic acid  
MPP  Mitochondrial (matrix) processing peptidase 
MV  Mean-variance 
NAC  Nascent polypeptide-associated complex 
NiNTA  Ni2+-conjugated NTA 
NTA  Nitrilotriacetic acid 
N-term   Amino-terminus   
OD  Optical density 
OmpA  Outer membrane protein A 
PAGE   Polyacrylamide gel electrophoresis  
Pam/PAM  Presequence translocase-associated import motor 
PC  Phosphatidylcholine 
PCR   Polymerase chain reaction  
PE   Phosphatidylethanolamine 
PEEK  Polyetheretherketone 
PG  Phosphatidylglycerol 
PI   Phosphatidylinositol 
pmf  Proton motif force  
POTRA  Polypeptide translocation associated 
PRAT  Preprotein and amino acid transporter family 
proOmpAΔ176  Pro-outer membrane protein A (truncated after amino acid 176, strep tag) 
PS   Phosphatidylserine 
PTFE   Polytetrafluorothene; Teflon 
RM  rough microsomal vesicles 
RNA  Ribonucleic acid 
RNAi  RNA interference 
RNC   Ribosome-nascent chain complex  
RT  Room temperature 
RYR  Ryanodine receptor  
Sam/SAM  Sorting and assembly machinery  
SDS   Sodium dodecyl sulfate  
SERCA  Sarcoplasmic/endoplasmic reticulum calcium ATPases 
siRNA  Small interfering RNA 
SMP   Skimmed milk powder 
SOCE  Store-operated calcium entry 
SR  Signal recognition particle receptor 
SRP  Signal recognition particle 
TA  Tail anchored 
Tat  Twin arginine translocation (pathway) 
Tb  Trypanosoma brucei 
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TBST  Tris-buffered saline/Tween 
TCA   Trichloroacetic acid 
TEMED   Tetramethylethylenediamine  
TF  Trigger factor 
Tim/TIM  Translocase of the inner mitochondrial membrane 
TM  Transmembrane helix 
Tob/TOB  Topogenesis of outer-membrane-β-barrel proteins 
Toc/TOC  Translocase of the outer envelope of choloroplasts 
Tom/TOM  Translocase of the outer mitochondrial membrane 
TRAM  Translocating chain-associated membrane protein 
tRNA  transfer-RNA 
Tris   Tris(hydroxymethyl)aminomethane 
VDAC  Voltage dependent anion channel 
WCL  Whole cell lysate 
 
Einheiten 
Å  Ångström  
A  Ampere  
°C  Grad Celsius 
Da  Dalton  
kDa kilodalton 

g  Gramm  
h  Stunde 
l  Liter  
m  Meter  
M  molar, mol/l 

min  Minute  
S  Siemens  
s  Sekunde 
V  Volt

 
 
Amino acids 
Alanine   Ala A 
Arginine   Arg R 
Asparagine   Asn N 
Aspartic acid  Asp D 
Cysteine   Cys C 
Glutamic acid  Glu E 
Glutamine   Gln Q 
Glycine   Gly G 
Histidine   His H 
Isoleucine   Ile I 

Leucine   Leu L 
Lysine   Lys K 
Methionine   Met M 
Phenylalanine  Phe F 
Proline   Pro P 
Serine   Ser S 
Threonine   Thr T 
Tryptophan   Trp W 
Tyrosine   Tyr Y 
Valine   Val V 
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