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Summary

The correct localization of proteins is essential for cell viability. In order to achieve 
correct protein localization to cellular membranes, conserved membrane targeting and 
translocation mechanisms have evolved. The focus of this work was membrane targeting 
and translocation of a group of proteins that circumvent the known targeting and 
translocation mechanisms, the C-tail anchored protein family. Members of this protein 
family carry out a wide range of functions, from protein translocation and recognition 
events preceding membrane fusion, to the regulation of programmed cell death.  

In this work, the mechanisms of membrane insertion and targeting of two C-tail 
anchored proteins were studied utilizing in vivo and in vitro methods, in yeast and 
mammalian cell systems. The proteins studied were cytochrome b(5), a well characterized 
C-tail anchored model protein, and N-Bak, a novel member of the Bcl-2 family of 
regulators of programmed cell death. Membrane insertion of cytochrome b(5) into 
the endoplasmic reticulum membrane was found to occur independently of the known 
protein conducting channels, through which signal peptide-containing polypeptides are 
translocated. In fact, the membrane insertion process was independent of any protein 
components and did not require energy. Instead membrane insertion was observed 
to be dependent on the lipid composition of the membrane. The targeting of N-Bak 
was found to depend on the cellular context. Either the mitochondrial or endoplasmic 
reticulum membranes were targeted, which resulted in morphological changes of the 
target membranes.

These fi ndings indicate the existence of a novel membrane insertion mechanism for 
C-tail anchored proteins, in which membrane integration of the transmembrane domain, 
and the translocation of C-terminal fragments, appears to be spontaneous. This mode 
of membrane insertion is regulated by the target membrane fl uidity, which depends on 
the lipid composition of the bilayer, the hydrophobicity of the transmembrane domain 
of the C-tail anchored protein, as well as by the availability of the C-tail for membrane 
integration. Together these mechanisms enable the cell to achieve spatial and temporal 
regulation of sub-cellular localization of C-tail anchored proteins. 



Abbreviations

ATP  adenine triphosphate
ER  endoplasmic reticulum
GEF  guanine nucleotide exchange factor
GIP  general import pore
GTP  guanine triphosphate
IMS  intermembrane space
MOM  mitochondrial outer membrane
MIM  mitochondrial inner membrane
NAC  nascent-chain associated complex
PC  phosphotidylcholine
PCC  protein conducting channel
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Review of the literature

In eukaryotic cells, where several 
cellular compartments have evolved 
to carry out specialized functions, the 
correct localization of their resident 
proteins is essential for cell viability. For 
example, in yeast, of the 6604 proteins 
encoded by the genome, an estimated 
16% are transmembrane proteins, and 
approximately half of the proteome is 
targeted to specific cellular organelles 
(Kumar et al., 2002). To localize a specifi c 
protein to the correct destination, targeting 
and transport mechanisms have evolved.  
These conserved protein translocation 
mechanisms, such as the Sec61 protein 
conducting channel (PCC) of the ER 
membrane and the general import 
pore (GIP) of the mitochondrial outer 
membrane, are capable of transporting 
proteins across membranes without 
compromising membrane integrity (Schatz 
and Dobberstein, 1996).

1 Protein targeting from the cytosol to 
the target membrane

1.1 Signal peptide-dependent targeting 
to the endoplasmic reticulum 
membrane

1.1.2 The signal peptides
The signal hypothesis for protein transport 
across the endoplasmic reticulum (ER) 
membrane was put forward in the 1970s, 
and has been subsequently proven correct 
(Blobel and Dobberstein, 1975). Most 
nascent proteins destined for the ER are 
targeted to the membrane by a signal 
peptide, usually located at the N-terminus 
of the polypeptide. Signal peptides are 
about 20 amino acid residues long. Though 
they do not share sequence homology they 
have several common features: A central 

hydrophobic (h-) domain flanked by a 
positively charged N-terminal (n-domain) 
and a polar C-terminal (c-domain) region, 
that often terminates in a cleavage site for 
the signal peptidase (von Heijne, 1985). 
The n-domain has been observed to have 
a helical structure within a membrane 
mimetic environment (Chupin et al., 
1995). For co-translational translocation of 
nascent polypeptides (Figure 1A), the only 
prerequisites for a functional signal peptide 
are a certain level of hydrophobicity and 
the ability to form an alpha-helix (Valent 
et al., 1995).

1.1.3 Co-translational targeting

1.1.3.1 The signal (peptide) recognition 
particle 

After emerging from the ribosome, the 
signal peptide is recognized by the signal 
recognition particle (SRP). SRP-dependent 
protein targeting is highly conserved and 
has been found to occur in all cells studied 
so far (Keenan et al., 2001). Mammalian 
SRP comprises six polypeptides (SRP9, 
SRP14, SRP19, SRP54, SRP68, and 
SRP72), and one RNA subunit (7SL 
RNA/SRP RNA) (Walter and Blobel, 
1980; Walter and Blobel, 1982). The 
SRP54 subunit, a GTPase that also binds 
directly to the SRP RNA (Bernstein et 
al., 1989;Romisch et al., 1989), binds 
the emerging signal peptide (Figure 1A) 
(Krieg et al., 1986;Kurzchalia et al., 
1986). 

Signal peptides are recognized by 
the M-domain of SRP54. This domain, 
which has a high methionine content, is 
hydrophobic and fl exible, which facilitates 
its binding to a wide range of signal 
peptides (Gellman, 1991;Romisch et al., 
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1990;Zopf et al., 1990). The prokaryotic 
SRP54 homolog Fth/P48 is also a GTPase. 
It binds to the signal peptide and the SRP 
RNA (4.5S RNA in Escherichia coli). 
Together, Fth and SRP RNA form the SRP 
in bacterial cytosol (Poritz et al., 1990). 
Deletion of either of these components 
leads to severe defects in membrane 
insertion of integral membrane proteins 
(Tian et al., 2000; Ulbrandt et al., 1997). 

In eukaryotic cells, when the signal 
peptide is bound to SRP. Polypeptide 
synthesis slows down (Walter and Blobel, 
1981). This elongation arrest is mediated 
by the Alu domain of eukaryotic SRP 
(consisting of SRP9, SRP14 and SRP 
RNA subunits) and is necessary for 
correct coupling of protein translation and 
translocation (Mason et al., 2000). 

Figure 1. Signal peptide-dependent translocation through the Sec61 complex, in eukaryotic 
cells. 
A) SRP-mediated co-translational translocation. The N-terminal signal peptide (box) is 
recognized by the signal recognition particle (SRP) upon exiting a translating ribosome, resulting 
in a translation halt. SRP targets the ribosome to the ER membrane by binding to its receptor, SR. 
The nascent polypeptide is transferred to the Sec61 complex and translocated into the ER lumen. 
Thereafter the chaperone Kar2p, in the ADP from, binds to the polypeptide emerging into the ER 
lumen. Concomitantly, the polypeptide looses its signal peptide. 
B)Post-translational translocation. The fully translated polypeptide released from the ribosome 
is kept in a loosely folded state by cytosolic chaperones of the Hsp70 family within the cytosol. 
The signal peptide is recognized by the Sec62/63 complex. Polypeptide binding induces 
interactions between the J-domain of Sec63 and Kar2p. The signal peptide is then transferred to 
the Sec61 complex and is inserted into the protein channel. In the ER lumen, Kar2p binds to the 
translocating polypeptide and prevents it from slipping back out into the cytosol. 
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In addition to their role in protein 
targeting, signal peptides also affect the 
gating of the gap between the translating 
ribosome and the protein conducting 
channel (PCC)(Kim et al., 2002;Rutkowski 
et al., 2001). Heterogeneity in signal 
peptides is also currently thought to play 
specifi c roles in the biogenesis of nascent 
polypeptides: The hydrophobicity of the 
signal peptide determines the mode of 
translocation taken by the polypeptide (co- 
or post-translational translocation) (Ng et 
al., 1996; Wittke et al., 2002), as well as 
the maturation pathway (signal peptide 
cleavage and initiation of glycosylation) 
(Rutkowski et al., 2003). Signal peptides 
also play a role in modulating the diversity 
of protein functions by regulating the 
amount of polypeptide that is translocated 
into the ER compartment (Shaffer et al., 
2005): An example is the signal peptide of 
the ER chaperone calreticulin. In the ER 
lumen calreticulin is involved in protein 
quality control and calcium homeostasis 
(Ellgaard and Helenius, 2003), whereas 
in the cytosol it infl uences gene activation 
(Shaffer et al., 2005). The localization of 
the small proportion of calreticulin in the 
cytosol is regulated by the signal peptide.

1.1.3.2 The SRP receptor 
The ER membrane contains a SRP 
receptor (SR) consisting of the subunits 
SR-α and SR-β (Tajima et al., 1986). Both 
subunits are GTPases with GTP binding 
domains unique to the protein targeting 
pathway; SR-α is structurally related to 
SRP54, whereas SR-β is related to the Arf 
subfamily of GTPases (Miller et al., 1995). 
SR-β is an integral membrane protein 
with a single transmembrane domain 
that mediates membrane association 
of the α-subunit (Miller et al., 1995). 
In prokaryotes, the SR comprises only 
the SR-α homolog FtsY (Luirink et al., 
1994). 

The unidi rec t ional i ty  of  the 
recognition and targeting process at the 
ER membrane is regulated by the SRP 
and SR GTPases: SRP and SR need to be 
in their GTP-bound form for binding to 
the signal peptide and association at the 
ER membrane. Indeed GTP hydrolysis is 
inhibited by signal peptide binding to the 
SRP (Miller et al., 1994). Likewise, SR-β 
must be in its GTP-bound form to interact 
with SR-α (Legate et al., 2000). These 
cycles of GTP binding and hydrolysis are 
modulated by both the ribosome and the 
Sec61 protein conducting channel (PCC): 
the ribosome stimulates GTP hydrolysis by 
SRβ, whereas the Sec61 PCC stimulates 
GTP hydrolysis by the SRP-SR complex 
(Bacher et al., 1999;Helmers et al., 
2003;Song et al., 2000). GTP hydrolysis 
leads to the release of SRP from SR, and 
the transfer of the signal peptide to the 
Sec61 PCC (Connolly et al., 1991). 

1.1.4 Post-translational targeting

1.1.4.1 The Sec62/63p complex
Polypeptides can be targeted to the ER 
membrane also post-translationally (Figure 
1B). This pathway has been extensively 
studied in the yeast Saccharomyces 
cerevisiae, where most proteins are post-
translationally translocated (Hann and 
Walter, 1991). The signal peptides guiding 
the polypeptide for post-translational 
translocation are less hydrophobic than 
those targeted by the SRP (Wittke et al., 
2002). In post-translational targeting the 
signal peptide is directed to the tetrameric 
Sec62/63p complex, embedded in the ER 
membrane. It consists of Sec62p, Sec63p, 
Sec71p and Sec72p proteins (Figure 1B) 
(Deshaies et al., 1991; Panzner et al., 
1995). In yeast Sec62p and Sec63p are 
essential integral membrane proteins 
(Lyman,S.K. 1997; Feldheim,D. 1992) that 
mediate signal peptide recognition by the 
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Sec61p PCC. This interaction requires the 
ER lumenal chaperone Bip/Kar2p (Figure 
1B) (Deshaies and Schekman, 1990; 
Lyman and Schekman, 1997). Homologs 
of Sec62p and Sec63p are present in 
mammalian ER membranes where 
their functions remain to be determined 
(Tyedmers et al., 2000).

Bip/Kar2p is  an ER lumenal 
chaperone of the Hsp70 ATPase protein 
family (Munro and Pelham, 1986). In 
the ER lumen Kar2p binds transiently 
to translocating polypeptides and to 
misfolded proteins (Gething, 1999; 
Holkeri et al., 1998). Kar2p, in its ADP 
form gates the PCC before and during 
the early stages of protein translocation, 
(Hamman et al., 1998). Upon ATP binding 
Kar2p is released from the translocon and 
binds to the polypeptide emerging into 
the ER lumen (Figure 1B) (Alder et al., 
2005; Hamman et al., 1998). The ATPase 
activity of Kar2p is stimulated by the 
lumenal J domain of Sec63p, ensuring the 
specifi city of its binding to translocating 
polypeptides (Corsi and Schekman, 1997). 
The interaction between Sec63p and 
Kar2p is necessary for the completion 
of polypeptide transit through the Sec61 
PCC, in both co- and post-translational 
translocation (Brodsky et al., 1995; 
Lyman and Schekman, 1995; Scidmore 
et al., 1993). Phosphorylation of Sec63p 
has been shown to induce recruitment of 
Sec62p to the PCC (Wang and Johnsson, 
2005), and defects in the ATPase domain of 
Kar2p inhibit its ability to interact with the 
Sec63 J domain (McClellan et al., 1998). 
Targeting of signal peptides to the Sec61p 
PCC via the Sec62/63p complex occurs 
in the absence of ATP and Kar2p (Lyman 
and Schekman, 1997; Plath et al., 1998). 
The signal peptide binds simultaneously 
to both Sec62p and Sec61p, and forms a 
helical structure (Plath et al., 1998; Plath 

et al., 2004). Release of the signal peptide 
from the Sec62/63p complex is mediated 
specifi cally by Kar2p, through interactions 
with the Sec63p J domain in a reaction 
that requires ATP hydrolysis (Lyman and 
Schekman, 1997). 

The roles of the Sec61p subunit of the 
Sec61 PCC in protein targeting have been 
dissected using a range of temperature-
sensitive sec61 mutants of Saccharomyces 
cerevisiae. These mutants fall into two 
classes: In the f irst class, docking of 
the signal peptide to the Sec61p PCC 
is defective, due to the non-functional 
Sec61p. In the second class of mutants, 
the signal peptide is able to bind to the 
Sec62/63p complex; however, release from 
the binding site does not occur (Pilon et 
al., 1998). Interestingly, all these mutants 
also have defects in ER associated protein 
degradation (ERAD) (Pilon et al., 1997). 
ERAD is the process by which misfolded 
proteins are transported from the ER 
lumen back to the cytosol for degradation 
in the proteosome (Meusser et al., 2005).

1.2 Presequence-dependent targeting to 
the mitochondrial outer membrane 
Most mitochondrial  proteins are 
encoded by nuclear genes and are 
post-translationally targeted to the 
mitochondria. Protein translocation into 
the mitochondria is complicated due to the 
four subcompartments of the organelle; 
the outer and inner membranes (MOM and 
MIM), the intermembrane space (IMS) 
and the matrix (Dolezal et al., 2006). Here, 
I will focus on protein translocation into 
the MOM. 

1.2.1 Presequences of mitochondrial 
preproteins
Like the signal peptides, presequences 
of mitochondrial preproteins do not 
share sequence homology. They usually 
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Figure 2. Protein translocation through 
mitochondrial membranes. 
The protein subunits Tom5, 6, 7, 20, 22, 70 and 40, 
of the mitochondrial general import pore complex 
(GIP) in the outer mitochondrial membrane 
(MOM) are shown. For membrane insertion or 
translocation of preproteins across the MOM, 
presquences are recognized by the receptors 
Tom20, 22 or Tom70. Features recognized by these 
receptors include positively charged N-terminal 
presequences, hydrophobic signal anchor domains, 
and internal presequences. Most MOM proteins 
are inserted into the membrane directly from 
the Tom40 pore (dotted line). β-barrel proteins 
integrate thereafter into the MOM through the 
sorting and assembly machinery (SAM) complex 

after translocation though Tom40 (dashed line). Membrane proteins of the inner membrane (MIM) 
are integrated into the membrane though the TIM22 or TIM23 translocases (broken dashed line). 
Matrix proteins are translocated through the TIM23 pore. Adapted from (Rapaport, 2005)

consist of 20-50 N-terminal amino acid 
residues, many of which are positively 
charged, hydroxylated, and hydrophobic. 
Presequences form amphipathic alpha-
helices and they are suffi cient for targeting 
of preproteins to the mitochondria. Most 
presequences are cleaved upon import into 
the matrix (Abe et al., 2000; Horwich et 
al., 1985; Roise et al., 1986). Alternatively, 
preproteins, such as the β-barrel proteins 
porin and Tom40, have presequences 
spread over several regions that are not 
cleaved (Brix et al., 1997; Brix et al., 2000; 
Court et al., 1996; Krimmer et al., 2001). 
Additionally, presequences can be coupled 
with hydrophobic stop-transfer signals 
which mediate a translocation arrest. The 
distance between the presequence and the 
stop-transfer signal infl uences preprotein 
targeting to the MOM, MIM and IMS 
(Figure 2) (Glick et al., 1992; Nguyen et 
al., 1988; Tokatlidis et al., 1996). 
At the MOM, the single trans-membrane 
domain (TMD) of N-terminally anchored 
proteins (also known as signal-anchored 
proteins) functions as both a sorting 
signal and membrane anchor (McBride et 

al., 1992). A net positive charge fl anking 
the moderately hydrophobic TMD at its 
C-terminal end has been shown to be 
important for proper targeting to the MOM 
(Waizenegger et al., 2003). Increasing the 
hydrophobicity of the TMD, or deleting the 
positive charges, results in SRP-mediated 
targeting to the ER (Kanaji et al., 2000). 

1.2.2 Presequence recognition by the 
general import pore complex 
At the MOM, preseqences are recognized 
by the receptors of the general import 
pore complex (GIP). The GIP receptors, 
Tom20, Tom22, and Tom70 (Tom stands 
for translocase of the outer membrane) 
have different presequence binding 
specif icities: Tom20 and Tom22 bind 
to hydrophobic and positively charged 
regions within presequences, respectively 
(Abe et al., 2000; Brix et al., 1997). 
Preproteins with embedded presequences 
are recognized primarily by several 
dimeric Tom70 receptors, and also by 
Tom20 (Brix et al., 2000;Court et al., 
1996;Krimmer et al., 2001;Wiedemann 
et al., 2001). In addition to presequence 
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Table 1. The components of the Sec61 complex in mammals, yeast, and bacteria. 

Mammals Yeast 
(S. cerevisiae)

Bacteria and 
Archaea 

Sec61α Sec61p /Ssh1p SecY 
Sec61γ Sss1p /Sss1p SecE 
Sec61β Sbh1/Sbh2 Secβ

recognition by the receptors, presequences 
can bind directly to the GIP complex at 
specifi c sites on Tom40, the pore forming 
subunit (Figure 2) (Hill et al., 1998). 
This cooperation in presequence binding 
results in a higher recognition sensitivity 
and transfer effi ciency to the translocation 
pore (Becker et al., 2005). Proper docking 

and processing of preproteins by the GIP 
complex requires chaperones to maintain 
the precursor in a translocation-competent 
state. In mammalian cells, Hsp90 and 
Hsp70 execute this chaperone function, 
whereas in yeast only Hsp70 is required 
(Gambill et al., 1993; Kang et al., 1990; 
Young et al., 2003). 

Figure 3. Structure of the SecYEG complex (Osborne et al., 2005)
Reprinted, with permission, from the Annual Review of Cell and Developmental Biology, Volume 
21 (c) 2005 by Annual Reviews www.annualreviews.org
A) The Methanococcus jannaschii SecY complex viewed from the cytoplasm. The ten trans-
membrane domains (TMD) of the SecY protein are shown in complex with the SecE and Secβ 
proteins. The N-terminal domain of SecY (TMD1–5) is in dark blue with TMD2b in bright blue. 
The C-terminal domain (TMD6–10) is shown in red, with TMD7 shown in yellow. In green is 
shown the plug which blocks the pore of the closed channel (TMD2a). The proposed hinge region 
between TMDs 5 and 6 is indicated. The subunits SecE and Secβ are in white.
B) E. coli SecY complexes in a dimer. TMD2b and TMD7 of SecY at the front of the complexes 
are colored in blue and yellow, respectively, and the TMD2 plug is in dark green. Cysteines (in-
dicated by the red spheres) result in effi cient disulfi de formation (X) between two SecE subunits 
(Breyton et al., 2002;Kaufmann et al., 1999).
C)  E. coli SecY complexes in a tetramer. The pores within each SecY molecule are indicated by 
a blue dot. LD indicates the expected position of a low-density central region. The blue mesh is a 
mask generated to encompass the whole volume of the tetramer (Breyton et al., 2002).
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2. The protein-conducting 
channels 

2.1 The Sec61/YEG complex of the 
endoplasmic reticulum
Protein transport across membranes 
has been found to occur through hetero-
oligomeric transmembrane channels. 
These protein-conducting channels (PCC) 
are found at the ER, MOM and chloroplast 
membranes, and the plasma membrane 
of prokaryotes (Schatz and Dobberstein, 
1996).  One of the best characterized PCCs 
is the Sec61 complex of the ER membrane 
(SecYEG in eubacteria and archaea). 
This hetero-trimeric membrane protein 
complex is conserved from prokaryotes 
to mammals (Eichler, 2000). It is involved 
in the import of soluble proteins into 
the ER lumen, insertion of TMDs of 
membrane proteins into the lipid bilayer, 
ER associated degradation (ERAD) of 
misfolded proteins, and protein secretion 
across the plasma membrane in bacteria 
(Deshaies and Schekman, 1987;Gorlich 
et al., 1992;Meusser et al., 2005;Musch 
et al., 1992;Shiba et al., 1984).  Both co- 
and post-translational translocation occur 
through the trimeric complex, consisting 
of Sec61α, Sec61γ and Sec61β (Figure 
1). The 3D structure of the trimeric 
complex from the archaea Methanococcus 
jannaschii, and Escherichia coli have 
been solved (Figure 3) (Mitra et al., 
2005;Van den Berg et al., 2004). In yeast, 
a PCC complex homologous to the Sec61p 
complex has been identifi ed. This Ssh1p 
complex is involved in co-translational 
translocation (Finke et al., 1996). 
The mammalian, yeast, and bacterial 
nomenclature for these proteins is given in 
Table 1.  

Sec61α was f irst discovered in a 
genetic screen for translocation defects 
in S. cerevisiae (Deshaies and Schekman, 

1987). It is an essential gene encoding a 
polytopic 52kDa protein with 10 TMDs 
(Stirling et al., 1992; Van den Berg et 
al., 2004; Wilkinson et al., 1996). The 
3D structure of SecY of Methanococcus 
jannaschii, in complex with SecE and 
SecG, showed the protein to have pseudo-
symmetry: TMD 1-5 and TMD 6-10 
form halves of a “clam-shell” (Figure 
3). This structure is almost identical 
to the electron density map of the 2D 
structure of SecY of E. coli (Breyton et 
al., 2002). In mammalian cells, where 
co-translational translocation is the main 
mode of translocation into the ER, Sec61α 
is tightly associated with ribosomes and 
nascent polypeptides (Gorlich et al., 
1992). Sec61β is a non-essential C-tail 
anchored protein (TA protein) (Finke 
et al., 1996; Toikkanen et al., 1996) that 
acts as a guanine nucleotide exchange 
factor (GEF) for the β-subunit of the 
SR (Helmers et al., 2003). Sec61γ is an 
essential integral membrane protein that 
interacts with Sec61α, stabilizing both 
proteins by “clamping” together the two 
halves of Sec61α (Figure 3) (Esnault et al., 
1994; Van den Berg et al., 2004). Sec61p 
has also been shown to interact with the 
Sec73p protein of the Sec62/63p complex 
in yeast (Esnault et al., 1994). This 
interaction is important for the transfer of 
signal peptides to the Sec61p channel, in 
post-translational translocation. 

2.1.2 Structure of the SecYEG protein-
conducting channel
The X-ray structure of the Sec61 channel 
of M. jannaschii (Figure 3) (Van den 
Berg et al., 2004) shed new light on the 
translocation mechanism of polypeptides. 
Van de Berg et al. postulate that regulation 
of the active pore, as well as maintenance 
of the membrane barrier, occurs within 
the Sec61 PCC by movement of a “plug” 

The protein-conducting channels
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structure formed by a short helix of 
Sec61α. This model is supported by the 
data from the E. coli SecYEG structure 
(Mitra et al., 2005).

Oligomerization of the trimeric 
Sec61 PCC has been detected in several 
model systems and different conclusions 
have been derived from the data. In 
reconstituted proteoliposomes purified 
Sec61 complexes, from either mammalian 
or yeast cells, oligomerized to form 
complexes containing 3-4 copies of the 
Sec61 complex. Oligomerisation was 
stimulated by ribosomes or the Sec62/63p 
complex (Hanein et al., 1996; Morgan 
et al., 2002). In bacteria, the SecYEG 
complex has been observed as a dimer 
(Bessonneau et al., 2002; Breyton et al., 
2002; Mitra et al., 2005) and a tetramer 
(Manting et al., 2000). The most recent 
structure of the E. coli SecYEG complex 
together with a ribosome shows the 
ribosome interacting with a dimer of the 
SecYEG complex (Mitra et al., 2005). 
Mitra et. al., have proposed a model 

in which the SecYEG dimers form a 
“consolidated pore” (Figure 4). In this 
model the two pores within the SecYEG 
dimer function together to facilitate the 
membrane insertion of a transmembrane 
domain into the lipid bilayer.

2.1.3 The translocation mechanism

2.1.3.1 Co-translational translocation
The co-translational translocation 
mechanism is found in all cells and 
involves a tight association of ribosomes 
with the Sec61 PCC. After SRP-mediated 
targeting the ribosome becomes tightly 
associated with the PCC through 
interactions with several ribosomal 
proteins and RNA (Beckmann et al., 
2001; Morgan et al., 2002; Prinz et al., 
2000). The nascent polypeptide is then 
simultaneously translated and translocated 
across the ER membrane (Figure 1A) 
(Mothes et al., 1997). The helical signal 
peptide is inserted as a loop structure into 
the PCC and has contacts with the lipid 
bilayer, within the channel wall (Plath et 
al., 1998). This process induces structural 
changes in the channel, causing the 

Figure 4. A model of the SecYEG translocation mechanism
The initial stages of translocation are shown for a SecYEG 
dimer. The two clam shell SecYEG complexes are shown 
without the ribosome. 
A) The protein conducting channel (PCC) SecYEG pores are 
closed by the plug domains. 
B) Insertion of a hairpin loop of a nascent chain polypeptide 
(NC) containing a TMD displaces the plug domains inducing 
the formation of a “consolidated”, open pore. 
C) Due to structural changes induced by the ribosome, the 
TMD is released into the lipid phase of the membrane from the 
fi rst SecYEG pore. After release of the TMD the plug domain 
closes the pore. The rest of the nascent chain is translocated 
through the second pore which remains open.  The “open 
PCC” is hypothetical, while the “closed” and “half-open” PCC 
schematics are based on cryo-electron microscopy structures 
from Mitra et al (2005).  Adapted from (Driessen, 2005).

The protein-conducting channels
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displacement of the channel “plug”, and 
thus channel opening (Van den Berg et 
al., 2004). The nascent polypeptide is then 
translocated through the pore, and across 
the membrane, in an aqueous environment 
(Simon and Blobel, 1991).

The TMDs of polytopic proteins enter 
the channel in an ordered and sequential 
manner from the same entry site as the 
signal peptide (Sadlish et al., 2005). The 
duration of the interaction between the 
TMD and the PCC is dependent on the 
hydrophobicity of the TMD. Moderately 
hydrophobic TMDs in mammalian 
cells require an additional protein, the 
translocating chain–associated membrane 
prote in  (TRAM),  for  membrane 
integration (Do et al., 1996). Polytopic 
proteins can also enhance membrane 
insertion of their moderately hydrophobic 
TMDs by interactions with TMDs of 
higher hydrophobicity (Heinrich and 
Rapoport, 2003). Similarly to signal 
peptides, TMD insertion into the channel 
induces conformational changes within 
the PCC (Liao et al., 1997). Membrane 
insertion of TMDs into the lipid bilayer 
occurs by opening of the PCC channel 
wall followed by diffusion of the TMD 
into the lipid bilayer (Heinrich et al., 
2000). The topology of the TMD within 
the lipid bilayer can be determined by the 
regions flanking the TMD that contain 
positive charges, folded domains, or post-
translational modifi cations (Goder et al., 
1999; Heijne, 1986).  The release of the 
polypeptide into the lipid bilayer can occur 
during translation or after termination of 
translation (Do et al., 1996; Heinrich et 
al., 2000). 

2.1.3.2 Post-translational translocation
The post-translocational translocation 
mode was fi rst detected using microsomes 

from Saccharomyces cerevisiae (Figure 
1B) (Waters and Blobel, 1986). In this 
mode nascent polypeptide is released 
from the ribosome after elongation and 
chain termination are completed, thus 
translocation occurs in the absence of 
ribosomes. However, post-translational 
translocation requires Kar2p, and the 
Sec61 and Sec62/63 complexes (Brodsky 
et al., 1995). As in co-translational 
translocation, the signal peptide is 
inserted into the Sec61p channel as a loop 
structure, after release from the Sec62/63p 
complex (Plath et al., 1998). For effi cient 
completion of translocation, both Kar2p 
and ATP are essential (Panzner et al., 
1995). Several Kar2p molecules bind to 
the translocating polypeptide as it emerges 
into the ER lumen, preventing it from 
slipping back into the cytosol (Figure 1B) 
(Matlack et al., 1999). 

Prior to translocation, on the cytosolic 
side of the PCC, the nascent polypeptide 
initially interacts with the chaperones 
Hsp70 and TRiC/CCT upon release from 
the ribosome (Chirico et al., 1988; Deshaies 
et al., 1988). These chaperones are thought 
to maintain the nascent polypeptide in a 
loosely folded form that allows binding 
to the PCC. The chaperones are released 
upon binding of the polypeptide to the 
Sec61 complex to allow translocation 
(Plath and Rapoport, 2000). Interestingly, 
folding of the nascent polypeptide prior 
to translocation has been observed. In S. 
cerevisiae the E. coli protein β-lactamase 
has been shown to acquire an active 
folded conformation prior to translocation 
through association with the cytosolic 
Hsp70 chaperone. Translocation of the 
protein is thought to occur after protein 
unfolding by an uncharacterized cytosolic 
machinery (Paunola et al., 1998; Paunola 
et al., 2001).

The protein-conducting channels
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2.2 The general import pore complex of 
the mitochondrial outer membrane
The best characterized gateway into the 
mitochondria is the general import pore 
(GIP) (Ahting et al., 1999; Kunkele et 
al., 1998). The protein-conducting pore 
of GIP is mainly composed of β-sheets of 
the Tom40 protein (Hill et al., 1998). The 
stable GIP complex also contains the three 
small proteins Tom5, Tom6 and Tom7, 
and requires the TMDs of the presequence 
receptors Tom20 and Tom22 for stable 
assembly (Figure 2) (Kunkele et al., 
1998;Meisinger et al., 2001;Model et al., 
2002). All GIP components are encoded 
by nuclear genes and imported into the 
MOM via pre-existing GIP complexes 
(Model et al., 2001). 

The GIP complex is highly dynamic. 
Once the preprotein sequence has been 
recognized by the GIP receptors, Tom5 
and Tom6 stabilize interactions between 
the receptors and the Tom40 pore, thus 
assisting preprotein transfer to the pore 
(Dietmeier et al., 1997; Meisinger et al., 
2001;Schmitt et al., 2005;van Wilpe et 
al., 1999). Conversely, Tom7 acts as a 
disassociation factor between the receptors 
and Tom40. Thus, lack of Tom7 leads to 

a block in preprotein import (Honlinger 
et al., 1996; Model et al., 2001). During 
protein import, cleavable preproteins are 
translocated as linear chains, while non-
cleavable proteins are translocated in a 
loosely folded state (Wiedemann et al., 
2001). At present, the structure of the 
GIP complex has not been solved, and 
thus the mechanism of translocation is 
not yet clear. As the pore is formed by 
the β-barrels of Tom40, the translocation 
mechanism is unlikely to be similar to that 
of the SecYEG channel (Rapaport, 2005). 

After translocation through the GIP 
complex, there is a divergence in the paths 
taken by different mitochondrial proteins 
(Figure 2). Integration of β-barrel proteins 
into the MOM is mediated by the sorting 
and assembly machinery complex (SAM) 
(Paschen et al., 2003; Wiedemann et al., 
2003). The TIM22 (translocase of the 
inner membrane built around the Tim22 
subunit) complex mediates membrane 
integration of multi-spanning inner-
membrane proteins. The TIM23 and 
presequence-translocase-associated motor 
(PAM) complexes channel proteins into 
the mitocondrial matrix (Dolezal et al., 
2006;Rehling et al., 2004). 

The protein-conducting channels



11

3. C-tail anchored proteins

C-tail anchored proteins (TA protein) are 
anchored to the lipid bilayer by means 
of a single transmembrane domain at 
their C-terminal end. TA proteins occur 
in virtually all intracellular membranes 
(Table 2) (Borgese et al., 2003b; Kutay et 
al., 1993). TA proteins are distinct from 
type II membrane proteins (N-terminus 
cytosolic, C-terminus luminal) due to their 
different biogenesis route. Type II proteins 
are targeted to the ER membrane via 
interactions with the SRP, and membrane 
insertion is mediated by the Sec61 PCC 
(High et al., 1993). TA proteins, however, 

TA protein Localization Function Reference 
Cytochrome b(5)  ER ,MOM Fatty-acid metabolism (D'Arrigo et al., 1993) 

UBC6 ER Protein degradation (Walter et al., 2001) 
Sec61β ER  Co-translational 

translocation 
(Kalies et al., 1998) 

TOM5, TOM6  MOM  Protein import  
Pex3p Peroxisomes Peroxisomal biogenesis (Hoepfner et al., 2005) 
Sso2p Plasma 

membrane  
Membrane fusion 
(SNARE protein) 

(Jantti et al., 1994) 

Bcl-2 MOM, ER, NE Regulation of apoptosis (Kim et al., 2004) 
Bax Cytosol and 

MOM
Regulation of apoptosis (Heath-Engel and Shore, 

2006) 

lack signal peptides, and membrane 
insertion is post-translational (Borgese et 
al., 2003b; Kutay et al., 1993; Kutay et 
al., 1995b). They also have TMDs that are 
typically 15-22 amino acid residues long. 
These TMDs are short compared to those 
of the typical SRP-targeted proteins, which 
have 19-27 amino acid residues (Whitley 
et al., 1996). The bulk of TA proteins 
face the cytosol, and the luminal portion 
consists usually of only a few amino acids. 
This luminal region has been proposed to 
have a maximum of about 30 amino acids 

Table 2. Localizations and functions of C-Tail anchored proteins.

Figure 5. Classification of Bcl-2 
proteins. 
The Bcl-2 protein family is divided into 
three groups based on their apoptotic 
activity; the anti-apoptotic Bcl-2 
proteins, the pro-apoptotic Bax proteins 
and the BH3-only proteins. The 1-
4 highly conserved Bcl-2 homology 
(BH) domains and the transmembrane 
domains (TMD) are shown. The BH3 
domains (ligand domain) of the BH3-
only proteins bind to the hydrophobic 
pockets of the  BH1-3 domains (receptor 
domain) of the Bcl-2 proteins.

C-tail anchored proteins
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(Borgese et al., 2003a; Whitley et al., 
1996). 

3.1 Bcl-2 protein family 
Two major protein families that consist 
mainly of TA proteins are the Bcl-2 family 
of apoptotic regulators and the soluble N-
ethylmaleimide-sensitive fusion protein 
attachment protein receptor (SNARE) 
protein family (Burri and Lithgow, 2004; 
Cory and Adams, 2002). SNARE proteins 
are mediators of membrane fusion (Table 
2) (Bonifacino and Glick, 2004). Bcl-2 
proteins are regulators of programmed 
cell death (apoptosis), a process essential 
for development and maintenance of 
multicellular organisms. In the unicellular 
yeast, cell death reminiscent of apoptosis 
has been observed although yeast do not 
have Bcl-2 proteins (Herker et al., 2004; 
Madeo et al., 2004).  

The Bcl-2-related proteins contain 
1-4 regions of Bcl-2 homology (BH) 
domains and are classif ied into three 
groups based on their pro- or anti-
apoptotic activities (Figure 5) (Cory 
and Adams, 2002). Together these three 
subfamilies dynamically interact through 
their BH domains to regulate the release 
of aspartate-specific cysteine proteases, 
caspases that effectively degrade cellular 
components (Figure 6) (Thornberry and 
Lazebnik, 1998). 

The Bcl-2 anti-apoptotic proteins are 
TA proteins occurring in the ER, MOM 
and nuclear envelope (NE) membranes 
(Janiak et al., 1994), that are essential for 
cell survival in higher eukaryotes (Cory 
and Adams, 2002). The activity of the anti-
apoptotic Bcl-2 proteins is antagonized 
by the BH3-only proteins. These proteins 
act as sensors of cellular stress and 

Figure 6. Activation of apoptosis via BH3-only protein activation. 
Apoptosis can be induced by a range of stimuli that induce pro-apoptotic signaling. Such signals 
can activate BH3-only proteins inducing inactivation of pro-survival Bcl-2-like factors. This in 
turn causes activation of Bax proteins, and formation of pores at the ER and MOM membranes. 
The subsequent release of cytochrome c and calcium ions, and the activation of caspases lead to 
the eventual degradation of cellular components.

C-tail anchored proteins



13

damage, and respond to a wide range of 
stimuli (Huang and Strasser, 2000). Upon 
activation, BH3-only proteins bind to anti-
apoptotic Bcl-2 proteins, thus inducing 
changes in their membrane topology 
(Chittenden et al., 1995; Kim et al., 
2004; Korsmeyer et al., 2000). BH3-only 
proteins bind to the hydrophobic groove 
formed by the BH1/2 /3 domains (Sattler 
et al., 1997). 

A central event in apoptosis is the 
permeabilization of the MOM which is 
mediated by the pro-apoptotic proteins of 
the Bax sub-family (Petros et al., 2001; 
Suzuki et al., 2000). Under normal and 
healthy conditions the Bax protein is 
loosely attached to the membrane, but 
upon activation it becomes an integral 
membrane protein, oligomerizes and 
induces permeabilization of MOM and 
the ER membranes (Antonsson et al., 
1997; Heath-Engel and Shore, 2006; 
Nechushtan et al., 2001).  Interestingly, 
the C-terminal TMD of Bax that is 
essential for membrane targeting occludes 

its own BH1/2/3 hydrophobic groove until 
it is activated, whereupon the TMD is 
exposed (Nechushtan et al., 1999; Suzuki 
et al., 2000). One route to Bax activation 
is through inactivation of the pro-
survival Bcl-2 proteins that inhibit Bax 
oligomerisation (Figure 6) (Antonsson et 
al., 1997). Ultimately, Bax oligomerization 
and cytochrome c release induce capase 
activation and cellular degradation, 
characterized by plasma membrane 
blebbing, chromatin condensation, and 
exposure of phosphatidylserine on the 
extracellular side of the plasma membrane 
(Bouillet and Strasser, 2002; Garrido et 
al., 2006). 

3.2 Membrane targeting of C-tail 
anchored proteins 
TA proteins are post-translationally 
targeted from the cytosol to either the 
ER membrane or MOM (D’Arrigo et 
al., 1993; Kuroda et al., 1998; Kutay et 
al., 1995a; Lan et al., 2000). TA proteins 
destined for compartments of the secretory 
pathway other than the ER are integrated 
into the ER membrane and transported to 
the fi nal destination by vesicular transport 
(Jantti et al., 1994; Kutay et al., 1995b; 
Pedrazzini et al., 1996). The membrane 
targeting information is localized within 
the TMD (Borgese et al., 2003b; Kutay 

Figure 7. Determinants of specifi c membrane 
targeting of C-tail anchored proteins to 
the ER membrane or mitochondrial outer 
membranes (MOM). 
Transmembrane domains (TMD) of C-tail 
anchored proteins are indicated by zig-zag 
lines. 
A) A short TMD fl anked by positively charged 

residues results in MOM targeting. 
B) and C) Lengthening of the TMD or loss of fl anking positive residues results in ER membrane 
targeting. 
D) A TMD of intermediate length and/or reduced positive charge can target both MOM and ER 
membranes. Adapted from (Borgese et al., 2003b). 

C-tail anchored proteins
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et al., 1995a). TA proteins targeted to the 
MOM have short TMDs (<20 residues) 
flanked by positively charged/basic 
residues (Borgese et al., 2001;Isenmann 
et al., 1998;Kaufmann et al., 2003;Motz et 
al., 2002). Loss of either of these features 
results in default protein targeting to the 
ER. TA proteins specifically targeted to 
the ER have C-termini with a varying 
range of TMD lengths and charges (Figure 
7). Indeed, a stretch of 12 hydrohphobic 
leucine residues is sufficient for proper 
targeting and membrane insertion of 
the SNARE Synaptobrevin 2 to the ER 
membrane (Whitley et al., 1996). 

In the case of the Bcl-2 protein family 
members, in addition to the features of 
the TMD and its flanking amino acids, 
targeting is regulated by cytosolic BH-
domain interactions (Borner, 2003). Some 
TA proteins also have sequence-specifi c 
sorting information within their TMDs. 
The peroxisomal TA protein Pex26, for 
example, has been observed to have a 
Pex19-dependent sorting mechanism. The 
binding site for Pex19 is located within the 
TMD of Pex26 (Halbach et al., 2006). 

3.3 Insertion of C-tail anchored 
proteins at the endoplasmic reticulum 
membrane
The three most studied TA proteins 
are cytochrome b(5), the SNARE 
synaprobrevin 2/VAMP-2 and Bcl-2. 
In vitro studies showed that insertion of 
synaptobrevin 2 at the ER membrane is 
ATP dependent, independent of SRP and 
the Sec61 PCC, and yet requires a protein 
component on the ER membrane (Kim et 
al., 1997; Kutay et al., 1995b).

Synaptobrevin 2 has not been found to 
insert into protein-free liposomes (Enoch 
et al., 1979), but is able to insert into 
reconstituted proteoliposomes depleted of 
Sec61 complex and the SR (Kutay et al., 

1995b). On the other hand, cross-linking 
of synaptobrevin 2 to components of the 
Sec61 PCC, namely Sec61β, Sec62, Sec63, 
and a subunit of the signal-peptidase 
complex has been reported (Abell et al., 
2003). The TMD of synaptobrevin 2 has 
also been observed to associate transiently 
with the SRP54 subunit of SRP. Release 
from the SRP subunit, and consequent 
membrane insertion of the protein was 
GTP dependent (Abell et al., 2004). 

Using in vitro cross-linking and 
alkaline extraction assays, however, 
cytochrome b(5) has been shown to insert 
into microsomes independently of SRP 
and GTP (Abell et al., 2004;Anderson et 
al., 1983). It also inserts into protein-free 
liposomes (Enoch et al., 1979). Neither 
cytochrome b(5) nor Bcl-2 require ATP 
or any trypsin sensitive components for 
membrane insertion (Kim et al., 1997). 
In in vitro assays using microsomes 
from yeast defective in Sec61-dependent 
translocation, cytochrome b(5) insertion 
was not compromised (Steel et al., 2002). 

3.4 Membrane insertion of C-tail 
anchored proteins at the mitochondrial 
outer membrane 
Membrane insertion of the synaptobrevin 
isoform VAMP-1B into the MOM has 
been demonstrated to be saturable, and to 
occur independently of ATP and cytosolic 
chaperones: ATP was only required for 
chaperone-mediated binding of the protein 
in the cytosol (Lan et al., 2000). MOM 
insertion of Bcl-2 has been shown to 
partially overlap with the GIP translocation 
pathway. However, this protein did not 
require ATP for membrane binding or 
insertion (Millar and Shore, 1996). Bcl-
2 insertion is instead stimulated by the 
receptor Tom20. Insertion, however, can 
occur independently of Tom20, and does 
not require the GIP pore forming proteins 
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Tom5, Tom22 or Tom40 (Motz et al., 
2002). Taken together, it appears that the 
membrane insertion of TA proteins into 
both the MOM and ER membranes occurs 

through currently ill defi ned mechanisms 
that differ in their protein and ATP 
requirements. 

C-tail anchored proteins
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4. Aims of the study

Previous studies have produced confl icting results and conclusions on the requirements 
for membrane insertion of TA proteins, and the molecular machineries required for this 
process. This study sought to elucidate the mechanism of membrane insertion of TA 
proteins at both the MOM and ER membranes. This issue was approached using in vitro 
and in vivo methods in mammalian and yeast cell systems.

Aims of the study



17

5. Experimental procedures

The methods used in studies I-III are listed in Table 3. S. cerevisiae mutants used are 
described in Table 4. Table 5 contains the list of yeast strains employed in this body of 
work. The protein constructs studied are schematically represented in Figure 8.

Table 3. Experimental methods used in this work. The methods are described in detail in the 
original publications or references therein.

Method Publication
Alkaline sucrose gradients II 
Cholesterol loading and unloading II 
Immunoprecipitation I, II 
Immunofluorescence microscopy I, III 
In vitro translocation assay II 
In vitro protease protection assay II 
Mammalian cell culture III 
Metabolic labeling of proteins I, II 
Primary neuron cell culture and injection III 
Preparation of proteoliposomes II 
Preparation of protein-free liposomes II 
Plasmid construction I, II, III 
Subcellular fractionation III 
SDS-PAGE I, II, III 
Transmission electron microscopy I, III 
Yeast strain construction I, III 
Yeast cell culture I, III 
Western Blot analysis I,III 

Experimental procedures
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Table 4. Yeast mutants used in this study.

Figure 8. Schematic representation of the recombinant proteins studied.
The ER isoform of cytochrome b(5) appended with the opsin-tag (b(5)-Nglyc), is shown with the 
amino-acid sequence of the opsin-tag indicated. The N-glycosylation site is shown in bold. N-Bak 
protein variants are shown with the location of the BH3 domain indicated. N-Bak-Nglyc has a 
histidine (H) between the opsin-tag and the authentic valine (V) residues of the luminal domain. 
TMDs are marked by a black box and the amino acid positions of the BH3 domains, TMDs and 
opsin-tags within the proteins are indicated. The cytosolic and luminal domains are indicated.

Experimental procedures

Mutant Affected protein Phenotype Reference 
sec18-1 N-methylalaimide sensitive 

factor
Exocytic block, protein accumulation 
in ER and ER derived vesicles 

(Kaiser, C.A., and 
Schekman, R., 
1990) 

sec61-3 Sec61 PCC subunit Block of ER translocation (Stirling, C.J. et 
al., 1992) 

sec61-2 Sec61 PCC subunit Increased degradation of Sec61p and 
inhibition of protein translocation 

(Biederer, T. et 
al., 1996) 

sec61-41 Sec61 PCC subunit Inhibition of ER  translocation and 
ER-associated degradation (ERAD) 

(Pilon, M. et al., 
1997) 
(Pilon, M. et al., 
1998) 

sec62-101 Subunit of Sec62/63p complex Inhibition of signal peptide 
dependent post-translational 
translocation due to defect in signal 
peptide binding  

(Ng, D.T. et al., 
1996) 

sec63-1 Subunit of Sec62/63p complex Inhibition of signal peptide 
dependent post-translational 
translocation due to defect in signal 
peptide binding 

(Rothblatt, J.A. et 
al., 1989) 

sec63-201 Subunit of Sec62/63p complex Post-translational translocation 
inhibition due to defect in signal 
peptide recognition 

(Ng, D.T. et al., 
1996) 

sec65-1 SRP54 subunit of SRP Co-translational translocation 
inhibition due to defect in signal 
peptide recognition 

(Hann, B.C. et al., 
1992) 

Δseb1/
Δseb2

Sec61/Ssh1 PCC subunit Decrease in ER translocation 
efficiency

(Finke, K. et al., 
1996) 

kar2-159 ER chaperone Kar2p/Bip Inhibition of signal peptide 
dependent co-and post- translational 
translocation 

(Vogel, J.P. et al., 
1990) 
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Table 5. List of yeast strains constructed or used in this work

Strain Genotype Publication Source 
H247 W303-1A Mata ura3-1 his3-11,15 leu2-3,112 trp1-1 ade2-1 can1-100 I K. Kuchler/J. 

Thorner 
H823 MATa sec23-1 leu2-3,112 ura3-52 URA3::Hsp150Δ-lactamase lhs1::loxP-

kanMX-loxP
I This study 

H996 MATα sec18-1  trp1-289  leu2-3,2-112::Hsp150Δ lactamase LEU2  ura3-
52  His-

I This study 

H1399 MATa sec61-3 his4 leu2-3,112::b(5)-Nglyc LEU2 ura3-52 trp1-1 nol:HIS1-
1

I This study 

H1404 MATα sec63-1 leu2-3,112 ::b(5)-Nglyc LEU2 ura3-52 I This study 
H1415 MATα can-100 leu2-3,112:: SEC61-His6  LEU2 his3-11,15 trp1-1 ura3-1 

::b(5)-Nglyc URA3 ade2-1
I This study 

H1417 MATa sec61::HIS3 sec61-41 can 1-100 leu2-3,112 his3-11,15 trp1-1 ura3-
52::b(5)-Nglyc1 URA3 ade2-1

I This study 

H1424 MATa kar2-159 ura3-52 leu2-3,112::b(5)-Nglyc LEU2 I This study 
H1425 MATa sec23-1 lhs1::loxP-kanMX-loxP ura3-52::Hsp150--lactamase  URA3 

leu2-3,112::b(5)-Nglyc LEU2
I This study 

H1474 MATα sec62-101 ura3 Δ99 leu2-1::b(5)-Nglyc LEU2  trpΔ99 ade2-
101ochre 

I This study 

H1475 MATα sec63-201 ura Δ  leu2-1 trp1Δ99 ade2-101ochre LEU2::b(5)-
Nglyc

I This study 

H1520 MATa leu2-3,112::b(5)-Nglyc LEU2  ura3-52 sbh1::URA3  I This study 
H1521 MATa leu2-3,112 ::b(5)-Nglyc LEU2  ura3-52 sbh1::URA3 sbh2::G418  I This study 
H1641 MATα sec18-1 ura3-52   URA3::b(5)-Nglyc trp1-289  leu2-3,-

112::Hsp150Δ lactamase LEU2  His-
I This study 

H1689 MATα ura3-1 his3-11,15 leu2-3,112 ::b(5)-Nglyc LEU2 trp1-1 ade2-1 
can1-100 

III This study 

H1934 MATa ura3-1,52 leu2-3,112, trp1-1his3 lys2-801 can1-100 ADE2 III K. Kuchler/J. 
Thorner

H2097 MATa ura3-1,52 leu2-3,112::E2-N-Bak LEU2 trp1-1his3 lys2-801 can1-100 
ADE2 

III This study 

H2098 MATa ura3-1,52 leu2-3,112::E2-L76EN-Bak LEU2  trp1-1his3 lys2-801 
can1-100 ADE2

III This study 

H2111 MATa ura3-1,52 leu2-3,112::LEU2 trp1-1his3 lys2-801 can1-100 ADE2  
LEU::pQYGN

III This study 

H2157 MATa ura3-1,52::Su9-GFP URA leu2-3,112::E2-N-Bak LEU2 trp1-1his3 
lys2-801 can1-100 ADE2   

III This study 

H2158 MATa ura3-1,52::Su9-GFP URA leu2-3,112::E2-L76E-N-Bak LEU2 trp1-
1his3 lys2-801 can1-100 ADE2    

III This study 

H2159 MATa ura3-1,52::Su9-GFP URA leu2-3,112::LEU2  trp1-1his3 lys2-801 
can1-100 ADE2 

III This study 

H2177 MATa ura3-1,52 leu2-3,112::E2-N-Bak-Nglyc LEU2  trp1-1his3 lys2-801 
can1-100 ADE2 

III This study 

H2307 MATa ura3-1,52::HA-N-Bak URA3 leu2-3,112, trp1-1his3 lys2-801 can1-
100 ADE2 

III This study 

Experimental procedures
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6. Results

6.1 Membrane insertion of cytochrome 
b(5)

6.1.1 The role of the Sec61 protein-
conducting channel in C-tail anchored 
protein membrane insertion
Cytochrome b(5), b(5) for short, was 
utilized as a model for membrane insertion 
studies of the TA proteins. It is a heme-
binding enzyme that modifi es the activity 
of cytochrome P450 enzymes in reactions 
of fatty-acid metabolism (Schenkman and 
Jansson, 2003). b(5) can be divided into 
two functional domains; the cytosolic 
hydrophilic heme-binding domain 
comprising  helices and β-strands, and 
the hydrophobic helical TMD. The TMD 
is the domain responsible for membrane 
targeting of the protein (De Silvestris et 
al., 1995; Kuroda et al., 1998). Correct 
membrane topology of b(5) is required 
for its protein interactions and activity 
(Mulrooney et al., 2004). 

6.1.1.1 Membrane insertion of 
cytochrome b(5) into yeast ER 
membrane, in vivo 
As a reporter, we used a previously 
characterized recombinant protein 
designated b(5)-Nglyc. This protein is 
derived from the mammalian ER isoform 
of cytochrome b(5). It is modifi ed at the C-
terminus with an opsin tag that consists of 
the fi rst 19 amino acids of the bovine opsin 
protein, and contains an N-glycosylation 
consensus site (Figure 8) (Pedrazzini et 
al., 2000). This site is specifi cally modifi ed 
by an N-glycan only when within the ER 
lumen, and thus this modifi cation served as 
an indication for insertion of the TMD into 
the ER membrane. The luminal domain of 
b(5)-Nglyc was the authentic cytochrome 
b(5) domain. 

For in vivo studies in the yeast S. 
cerevisiae, b(5)-Nglyc was placed under 
the inducible SUC2 promoter, under which 
protein expression was induced by shifting 
cells from 2% glucose containing medium 
to a low glucose one (either 0.1% glucose 
or 2% raffi nose) (I, Figures 1B and 5B). 
In yeast cells, b(5)-Nglyc was properly 
targeted to the ER membrane. This was 
verifi ed by indirect immunofl uorescence 
of yeast cells expressing the protein (I, 
Figure. 2), and by assaying for modifi cation 
of the N-glycosylation consensus site. 
This was carried out by digestion of 
b(5)-Nglyc by Endoglycosidase H (Endo 
H) (I, Fig 1B), or by inhibition of N-
glycosylation with Tunicamycin (TM) 
(I, Figure  4). Endo H digestion removes 
the N-glycan from the protein resulting 
in accelerated electrophoretic mobility. 
This is also achieved by TM treatment 
as it inhibits N-glycosylation. In wild 
type cells, expression of b(5)-Nglyc 
induced proliferation of ER membranes 
as observed by transmission electron 
microscopy (TEM). ER membranes in 
yeast are normally found as a single layer 
under the cell wall (cortical ER) and 
close to the nucleus (nuclear envelope) (I, 
Figure 3A).  After overexpression of b(5)-
Nglyc for up to 24 hours, wild type yeast 
cells were observed to contain increasing 
amounts of ER membrane. Stacked ER 
membranes, karmallae, were observed in 
addition to the normal ER morphology (I, 
Figure 3).

To study the role of the Sec61 protein 
conducting channel (PCC) in TA protein 
translocation into the ER membrane, we 
utilized a well characterized collection 
of yeast mutant strains (I, Table 1). 
These strains carry mutations in various 
subunits of the PCC involved in both 
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co- and post-translational translocation 
of soluble and membrane proteins (Table 
6). To assay for membrane insertion, cells 
grown at permissive temperature, 24°C, 
were shifted to restrictive temperature, 
37°C, where after b(5)-Nglyc expression 
was induced for short periods of time to 
prevent morphological changes of the ER 
membrane. Cells were then metabolically 
labeled and chased at 37°C. Membrane 
insertion was analyzed by assays for 
N-glycosylation of the b(5) protein 
(I, Figure 4 and 5B). In none of the 
translocation mutants (Table 4) studied 
was glycosylation of b(5)-Nglyc inhibited. 
In contrast, post-translational translocation 
of carboxypeptidase Y (CPY), a soluble 
vacuolar protein, that does require the 
Sec61 PCC for translocation into the ER 
(Ng et al., 1996), was inhibited in the same 
cells (I, Figure 5A). 

6.1.1.2 Membrane insertion of 
cytochrome b(5) into mammalian 
microsomal membranes and liposomes, 
in vitro.
The role of the Sec61 PCC in TA protein 
membrane insertion was next studied 
in vitro. In these studies, membrane 
insertion of b(5)-Nglyc into mammalian 
microsomes and liposomes was assayed 
by a protease protection assay. This assay 
took advantage of the opsin tag at the C-
terminus of b(5)-Nglyc. Upon membrane 
insertion of the TMD, the opsin tag and 
the TMD are rendered protease-resistant 
as they are located in the lumen of the 
microsome or liposome. This “protected 
fragment” could be immunoprecipitated by 
specifi c anti-opsin antibodies (II, Figure 1) 
demonstrating membrane insertion of b(5). 
Glycosylation of the protected fragment 
was also readily detected (II, Figure 1). 
The widely used method of alkaline-
resistant binding to membranes in sucrose 
floatation gradients also demonstrated 

membrane association of b(5) but did not 
distinguish between membrane insertion 
and peripheral membrane association of 
b(5)-Nglyc (II, Figure 5). 

To assay for Sec61 PCC involvement 
in  membrane inser t ion of  b(5) , 
proteoliposomes reconstituted from 
lipids and proteins extracted from 
mammalian microsomes, but depleted of 
the Sec61α and Sec61β subunits, were 
used in a protease protection assay. In 
these conditions, membrane insertion of 
b(5)-Nglyc proceeded (II, Figure 1C). 
Translocation of preprolactin (pPL), a 
protein known to be SRP- and Sec61 
PCC-dependent, was inhibited in these 
proteoliposomes (II, Figure 2B). This 
inhibition was reversible, as replenishing 
the PCC subunits to the proteoliposomes 
rescued pPL translocation. b(5)-Nglyc 
membrane insertion however, was not 
affected (II, Figure 2D). The experiment 
was repeated using proteoliposomes 
reconstituted from microsomal extracts 
depleted of proteins by anion exchange (Q-
sepharose), or of glycoproteins by affi nity 
depletion with concanavalin A (ConA) 
chromatography. Again, no requirement of 
proteins could be observed for membrane 
insertion of b(5)-Nglyc (II, Figure 3). 
Next, membrane insertion of b(5)-Nglyc 
was studied in protein-free liposomes 
prepared from phosphotidylcholine (PC) 
or PC/ phosphatidylethaloamine (PE) 
only. Membrane insertion of b(5)-Nglyc 
occurred in protein-free liposomes of both 
lipid compositions. Insertion kinetics of 
b(5)-Nglyc into these membranes was 
similar to insertion into mammalian rough 
microsomes (II, Figure 4). Taken together, 
these results indicate that membrane 
insertion of b(5) is independent of the 
Sec61 PCC at the ER membrane in both 
yeast and mammalian cells. Moreover, 
no protein was identifi ed that facilitated 
membrane insertion of b(5).
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6.1.2 Energy requirements of 
cytochrome b(5) membrane insertion
Protein translocation through the Sec61 
PCC, and other channels, is energy 
dependent.  At ER membranes energy is 
required for the activity of the luminal 
chaperone Kar2p which facilitates protein 
translocation through the Sec61 PCC.  
Therefore the energy requirement of 
b(5)-Nglyc membrane insertion was next 
studied f irst in vitro, in a mammalian 
system, and then in vivo, in yeast cells. In 
vitro translated b(5)-Nglyc was incubated 
with microsomes resulting in glycosylation 
of 50% of the protein. Depletion of all 
ATP from the protein sample with the 
diphosphohydrolase Apyrase before 
incubation with the microsomes inhibited 
all translocation (I, Figure 7A). Utilizing 
an alternative method of ATP depletion 
(glucose/hexokinase trap) before addition 
of microsomes did not inhibit translocation, 
even at ATP levels as low as 0.2μM (I, 
Figure 7B). Inhibition of membrane 
insertion was achieved, however, when 
the concentration of cytosolic proteins 
was reduced by dilution with buffer 
before incubation with microsomes (I, 
Figure 7C). This dilution reduced the 
amount of cytosolic chaperones that are 
capable of maintaining the cytosolic 
polypeptide in a translocation competent 
state, thus resulting in membrane insertion 
inhibition. 

In vivo, the kinetics of membrane 
insertion was used as an assay for energy 
requirement. In the assay, cells were 
subjected to high cell density growth 
conditions that lead to glucose depletion, 
and thus to a reduced intracellular ATP 
pool. Yeast cells defi cient in protein exit 
from the ER (sec18-1) were used in this 
assay to facilitate comparison of the 
cytosolic and ER forms of both b(5)-Nglyc 
and Hsp150Δ-β-lactamase, a recombinant 
fusion protein that contains the E. Coli β-

lactamase protein fused at the N-terminus 
to the Hsp150 protein. Hsp150Δ-β-
lactamase contains a signal peptide and is 
translocated through the Sec61 PCC. Both 
b(5)-Nglyc and Hsp150Δ-β-lactamase 
are post-translationally translocated to 
the ER with folding occurring in the 
cytosol prior to translocation.  Most 
of de novo synthesized Hsp150Δ-β-
lactamase translocates into the ER within 
10 minutes (I, Figure 6A). Under limited 
energy conditions (high cell density) 
translocation of Hsp150Δ-β-lactamase 
was inhibited (I, Figure 6B). In the same 
cells b(5)-Nglyc was effi ciently inserted 
into the ER membrane.  In conclusion, our 
results indicate that cytochrome b(5) does 
not require ATP for efficient membrane 
insertion. ATP, however, might be required 
for the function of cytosolic chaperones 
that aid the folding of the cytosolic 
cytochrome b5 protein.

6.1.3 The role of the membrane bilayer 
lipid composition
Since no role for a protein channel was 
found for membrane insertion of b(5)-
Nglyc, in vivo or in vitro, the role of the 
lipid composition of ER membranes 
was addressed. ER membranes are 
characterized by low cholesterol content 
as compared to the Golgi and plasma 
membrane (Table 6) (van Meer, 1998). 
The lipid composition of isolated rough 
mammalian microsomes was altered 
by increasing the cholesterol content. 
Microsomes were loaded with cholesterol 
using methyl-β-cyclodextrin as a carrier. 
At 2-3 fold the normal ER membrane 
cholesterol content (chol/PL molar ratio 
0.06-0.09) membrane insertion of b(5)-
Nglyc was inhibited. (II, Figure 5A).  This 
inhibition was reversible, as extraction 
of cholesterol with excess methyl-β-
cyclodextrin restored translocation. This 
reversible inhibition of insertion was 
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also observed in protein-free liposomes 
and was independent of the liposome 
preparation method used (II, Figure 5B). 
Cholesterol content that mimicked that of 
ER membranes (chol/PL molar ratio 0.05) 
did not inhibit insertion into protein-free 
liposomes (II, Figure 5B). These results 
indicate that in vivo targeting specifi city 
of cytochrome b(5) could be achieved 
by the characteristic lipid compositions 
of intra-cellular membranes, and that for 
membrane insertion at the ER membrane, 
low cholesterol levels is essential.

6.2 Membrane targeting of N-Bak 
The TA protein N-Bak is a novel BH3-
only member of the Bcl-2 protein family 
that is expressed exclusively in neurons 
(Sun et al., 2001). In neurons, it has been 
observed to have both anti- and pro-
apoptotic activity depending on the neuron 
population studied (Sun et al., 2001;Uo et 
al., 2005). In sympathetic neurons, GFP-
fusions of N-Bak have been detected at 
undefi ned intracellular membranes. This 
targeting was observed to be dependent 
on the TMD of N-Bak as deletion of this 
domain rendered the GFP fusion protein 
cytosolic (Sun et al., 2003). On the 

Goldman, Engelman and Steitz (GES) 
hydrophobicity scale, the TMD of N-Bak 
(-1.7) is similar to that of cytochrome b(5) 
(-1.5). As cytochrome b(5) has been shown 
to be an integral membrane protein, this 
suggested that N-bak is also. To determine 
the membrane target of the TMD of N-
Bak its localization was studied in vivo in 
yeast cells. This approach was taken since 
the targeting mechanism of TA proteins 
in mammalian and yeast cells seems 
conserved. Yeast cells are devoid of Bcl-2 
proteins thereby restricting the effects of 
BH3 domain interactions on membrane 
targeting. Protein localization was also 
studied in mammalian non-neuronal cells 
(HeLa) and cultured primary sympathetic 
neurons of the superior cervical ganglion 
(SCG). 

6.2.1  Membrane targeting of N-Bak in 
yeast cells
For facile detection, N-Bak variants were 
N-terminally tagged with either the E2 
or the HA epitope. The BH3 domain was 
inactivated by a previously characterized 
point mutation (L76E) that reduces N-
Bak toxicity in non-neuronal cells (Sun 
et al., 2003). A TMD deletion variant of 
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Table 6 . Lipids of the membranes of the secretory pathway and mitochondrial 
membranes. Adapted from (van Meer, 1998) and (Ardail, D. et al., 1990). 

Lipids of the membranes of the secretory pathway 
(mol% of total lipids) 

Lipid ER Golgi Plasma membrane
Phosphatidylcholine 58 50 39 
Phosphatidylethaloamine 22 20 23 
Phospatidylserine 3 6 9 
Phosphatidylinositol 10 12 8 
Cholesterol (mol/mol ratio to PL) 0,08 0,16 0,35 

Lipids of mitochondrial membranes 
(% by weight of total lipids) 

Lipid MOM MOM/MIM contact sites MIM 
Cholesterol 7,1 9,4 2,3 
Phosphatidylcholine 40,9 25,9 35,1 
Phosphatidylethaloamine 26,8 21,5 26,5 
Phosphatidylinositol 9,1 7,7 5 
Cardiolipin 4 20,2 18 
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the protein was also constructed (III, 
Figure 1). The tagged protein variants 
were conditionally expressed in yeast 
cells by placing the genes under the GAL4 
promoter. Protein expression was induced 
by shifting the cells to media containing 
2% galactose. The full-length active and 
inactive N-Bak proteins were detected 
already after 2 hours of induction (III, 
Figure 2). Expression of these active N-
Bak variants was not toxic to yeast cells 
as growth curves and the ability to form 
colonies on agar plates (colonegenic 
efficiency) did not differ from control 
cells (III, Figure 2).  Deletion of the TMD 
of N-Bak resulted in no protein being 
detected, even when cells were cultured in 
the presence of the protease inhibitor MG-
132.  Subcellular fractionation of gently 
lysed yeast cells confi rmed that full-length 
N-Bak is targeted to a membrane. This 
membrane fraction co-sedimented with 
both mitochondrial and ER membranes, 
but was not found in fractions that were 
devoid of mitochondrial membranes 
(III, Figure 3). A variant of N-Bak that 
contained the opsin-tag appended at the 
C-terminus (N-Bak-Nglyc) did not acquire 
N-glycans, suggesting that the TMD did 
not traverse the ER membrane (III, Figure 
4).  

Ind i rec t  immunof luorescence 
microscopy using antibodies against the 
N-terminal E2-tag confi rmed that N-Bak 
indeed was associated with mitochondrial 
membranes (III, Figure 3B). Electron 
microscopy of cells expressing N-Bak 
did not reveal any major changes in cell 
morphology (III, Figure 6). However, 
quantif ication of the surface area of 
mitochondria in cells expressing the active 
protein showed a statistically signifi cant 
swelling of mitochondria compared 
to control cells. The inactive (mutated 
BH3 domain) protein did not induce this 
change.  

The mode of membrane association of 
N-Bak was assayed by several extraction 
methods. Under mild conditions (0.5M 
KAC), N-Bak remained membrane 
associated, but was extracted under harsher 
conditions (7.3M Urea or 0.1M NaCO

3
, 

pH 11.2). Kar2p, a peripheral membrane 
protein, behaved in a similar fashion (III, 
Figure 5), whereas the TA protein Sso2p 
(a SNARE protein initially targeted to ER 
membranes before transportation to the 
plasma membrane) remained membrane 
associated under all extraction conditions. 
This implies that in yeast N-Bak is not an 
integral membrane protein.

6.2.2 Membrane targeting of N-Bak in 
mammalian cells
The E2 epitope-tagged N-Bak variants 
were also expressed in mammalian Hela 
cells and their subcellular localization was 
studied. Immunofl uorescence microscopy 
of these cells showed that all three N-Bak 
variants displayed co-localisation with both 
MOM and ER membranes (III, Figure 7). 
In sympathetic neurons, where N-Bak is 
normally expressed, overexpression studies 
of the active and inactive N-Bak protein 
were carried out. Neurons were maintained 
on the neuronal growth factor (NGF) at 
all times in order to prevent activation of 
apoptotis. The neurons were injected with 
expression plasmids and examined by 
electron microscopy after one day. After 
one day, overexpression of the active N-
Bak protein induced proliferation of ER 
membranes and mitochondrial clustering 
(III, Figure 8). Mitochondria also 
displayed signs of degradation as outer 
membranes and internal cisternae were 
often missing. The inactive N-Bak protein 
did not induce these changes in MOM or 
ER membrane morphology, indicating that 
the active BH3 domain is needed for the 
observed changes.
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7. Discussion and conclusions

The mechanism of membrane insertion of 
proteins has been extensively studied in 
both pro- and eukaryotic cells. At the MOM 
and ER membranes the emphasis has been 
on the roles of the GIP and SecYEG/Sec61 
PCCs (Schatz and Dobberstein, 1996). The 
mechanisms of membrane targeting and 
insertion have been mostly studied using 
polypeptides that are dependent on these 
protein complexes for proper biogenesis.
These protein precursors contain signal 
peptides of presequences that direct them 
to the target membrane. Here, membrane 
targeting and membrane insertion of C-
tail anchored proteins that do not have the 
canonical protein targeting signals, like 
the signal peptides or presequences, were 
studied using cytochrome b(5) and N-Bak 
as models. 

7.1 Direct membrane insertion of C-tail 
anchored proteins at the endoplasmic 
reticulum membrane
The determinants for accurate membrane 
targeting of cytochrome b(5) have been 
previously characterized. The ER and 
mitochondrial isoforms have been shown 
to be specif ically targeted in a post-
translational manner (Borgese et al., 2001; 
D’Arrigo et al., 1993). Targeting of both 
proteins was determined to be dependent 
on the length of the TMD. MOM targeting 
required the presence of positive charges 
flanking the TMD (De Silvestris et al., 
1995; Kuroda et al., 1998; Pedrazzini et 
al., 1996).  The mechanism of membrane 
insertion of b(5), however, was unknown 
and therefore the subject of this body of 
work.

The results presented here indicate 
that b(5) does not require the Sec61 
PCC to insert into the ER membrane. 
In experiments in S. cerevisiae, in vivo, 

the loss of functional Sec61 PCC, or the 
Sec62/63 targeting protein complex, did 
not affect the post-translational membrane 
insertion of b(5) (I). The same conclusion 
was reached with in vitro experiments, 
where depletion of the Sec61 complex 
from proteoliposomes, reconstituted from 
microsomal protein extracts, did not inhibit 
membrane insertion (II). The only protein 
activity that was identified to influence 
membrane insertion was the requirement 
for cytosolic chaperones (I). These 
proteins are proposed to maintain the 
cytosolic b(5) polypeptide in a membrane 
insertion competent state, probably by 
preventing inappropriate binding of the 
hydrophobic TMD to other proteins. 
These cytosolic chaperones are therefore 
not required for the membrane insertion 
event per se. Membrane insertion was 
apparently independent of ATP (I). The 
only determinant we found to be important 
for membrane insertion of b(5) was a low 
cholesterol content in the bilayer. In both 
microsomes and liposomes, cholesterol 
concentrations that mimicked the Golgi 
and plasma membrane cholesterol content 
inhibited the accommodation the TMD 
of b(5). Cholesterol poor membranes 
however, allowed membrane insertion (II). 
I will hereby refer to this PCC-independent 
membrane insertion mechanism as “direct 
membrane insertion”. 

The cholesterol dependent inhibition 
of insertion provides a model for how 
membrane targeting of b(5) is achieved 
in vivo. Although the ER membrane is the 
major site of cholesterol synthesis, ER 
membranes only contain 0.5 % of the total 
cellular cholesterol, most of it residing 
at the plasma membrane (Lange et al., 
1999; Reinhart et al., 1987). In general, 
the lipid composition of membranes of the 
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organelles along the secretory pathway, 
from the ER to the plasma membrane, 
changes in a steady gradient (Table 3).  
Saturated species of phospholipids and 
cholesterol are enriched along this pathway 
(Schneiter et al., 1999). Thus the ER 
membrane, low in cholesterol and saturated 
lipids, is more fl uid when compared to the 
Golgi and plasma membranes (Le Gall 
et al., 2004). TA proteins, such as b(5), 
targeted to the ER membrane could thus 
only be able to directly insert into this 
membrane due to its characteristic fl uidity. 
Thus, the post-ER membranes have to be 
reached subsequent to targeting to the ER 
membrane, via vesicular transport along 
the secretory pathway.

Membrane insertion of TA proteins 
into the ER membrane is not the only 
protein transport mechanism “regulated” 
by proper cholesterol content.  Cholesterol 
is essential for the the maintenance of ER-
to-Golgi transport of secretory proteins 
(Brugger et al., 2000; Ridsdale et al., 
2006;Sun et al., 2005). Also, increased 
cholesterol content of ER membranes has 
been observed to inhibit SRP-dependent 
protein translocation into the ER due 
to a disruption of interactions between 
ribosomal-nascent chain complexes and 
the Sec61 PCC (Nilsson et al., 2001). 
Consequently, the ER membrane is 
sensitive to cholesterol levels: Increased 
levels of the sterol can induce the unfolded 
protein response (UPR) stress response, 
and cause protein inactivation probably due 
to increased stiffening of the usually fl uid 
ER membranes (Davis and Poznansky, 
1987; Li et al., 2004). 

The lipid composition of membranes 
has also been implicated in regulating 
membrane insertion and translocation of 
proteins in prokaryotes. The emphasis 
in these studies has been on the roles 
of anionic lipids in bacterial inner 

membranes. This membrane bilayer is 
rich in the non-bilayer lipids such as 
phosphatidylethanolamine (PE) that 
prefers to assemble into inverted non-
bilayer structures and the anionic lipids 
phosphatidylglycerol (PG) and cardiolipin 
(Raetz, 1978). In several studies, both in 
biological and model membranes, anionic 
lipids have been shown to be important for 
signal peptide-lipid interactions (Batenburg 
et al., 1988; Kusters et al., 1991; Phoenix 
et al., 1993). Charged lipids have also been 
shown to enhance hydrophobic peptide 
binding and the formation of alpha-helical 
structures upon membrane association of 
the peptide (Liu and Deber, 1997;Ren et 
al., 1999). Similarly, the bacterial SecYEG 
complex is dependent on anionic and non-
bilayer lipids for optimal translocation 
activity (van der Does et al., 2000).

Charged lipids have been implicated in 
targeting of presequences of polypeptides 
to the MOM in eukaryotes. Mitochondrial 
membranes are characterized by elevated 
levels of cardiolipin that is found mostly in 
the inner mitochondrial membrane (MIM), 
with low amounts detected in the outer 
membrane, concentrated at contact sites 
between the outer and inner membranes 
(Table 6) (Ardail et al., 1990; Hostetler and 
van den Bosch, 1972; Hovius et al., 1993). 
In in vitro assays, some presequences show 
binding specifi city for cardiolipin (Ou et 
al., 1988; Rietveld et al., 1986), which 
induces the peptides to form α-helical 
structures (Goormaghtigh et al., 1989; 
Leenhouts et al., 1994). Interestingly, the 
pro-apoptotic protein tBid, which does not 
have a presequence, has been observed to 
be specifi cally targeted to cardiolipin rich 
sites on the MOM (Lutter et al., 2000).

Direct membrane insertion of proteins 
has been widely studied in the outer 
envelope of chloroplasts in plants (Schleiff 
and Klosgen, 2001). Most proteins of 
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the outer envelope of chloroplasts are 
encoded by nuclear genes and are post-
translationally translocated through the 
membrane. Most proteins of the outer 
envelope are translocated through the Toc 
and Tic PCCs (translocon in the outer/
inner envelope of chloroplasts) via transit-
peptide mediated protein targeting that is 
analogous to SRP-dependent targeting at 
the ER membrane (Bruce, 2001; Jarvis 
and Soll, 2001). Membrane insertion of TA 
proteins into the outer chloroplast envelope 
does not require ATP, GTP, or protease 
sensitive factors, although these factors can 
increase the membrane insertion effi ciency 
(Schleiff and Klosgen, 2001). Interestingly, 
direct membrane insertion of several TA 
proteins has been shown to be temperature 
sensitive, and to depend on membrane 
lipid composition. The TA protein Toc34, 
for example, inserts preferentially into 
membranes containing non-bilayer lipids 
(Qbadou et al., 2003), while lowering 
the temperature reduces the membrane 
insertion eff iciency. The reduction in 
temperature induces a phase transition of 
the lipids from a gel to the more ordered 
liquid crystalline phase (Salomon et al., 
1990; Schleiff and Klosgen, 2001). One 
can therefore conclude that the correct 
lipid environment is important for direct 
membrane insertion to occur: Membrane 
association and therefore targeting 
of hydrophobic peptides is enhanced 
by charged lipids at the MOM, while 
direct membrane insertion is possible in 
membranes of the appropriate fl uidity. A 
reduction in membrane fluidity induced 
either by cholesterol loading at the ER 
membrane or a decrease in temperature 
at the outer membrane of choroplasts, 
inhibits membrane insertion. Since, at 
least for b(5), no membrane proteins are 
required for membrane insertion, the 

inhibition is likely to be due to changes in 
the nature of the TMD-lipid interactions. 

It is also possible that a reduction in 
membrane fluidity increases the energy 
required to insert the TMD into the 
lipid bilayer and thus, the free energy 
liberated by membrane insertion under 
normal conditions is no longer suffi cient 
to drive membrane integration. Also, the 
results presented here and the work of 
others demonstrates that direct membrane 
insertion is a ubiquitous mechanism 
found in several distinct membranes: 
The outer envelope of chloroplasts, the 
inner membrane of bacterial cells, and 
the mitochondria and ER membranes of 
eukaryotes. This mechanism requires, as 
a prerequisite, a sufficiently long TMD 
that can span the bilayer (Ren et al., 1999).  
This domain plays an essential role in 
both membrane targeting and membrane 
insertion.

Discrepancies, however, are found 
in the requirements for energy and 
protease-sensitive protein activities. 
Some TA proteins, such as b(5) and Bcl-
2, do not require either factor for effi cient 
membrane insertion, while others such as 
synaptobrevin 2 do (I and II, (Abell et al., 
2004;Kim et al., 1997). Thus, we studied 
further the effect of the TMD of b(5) on 
membrane insertion, and the energy and 
protein factors required (Brambillasca, et 
al, submitted). Indeed, direct insertion was 
observed to depend on the hydrophobcity 
of the TMD. When the hydrophobicity of 
the TMD of b(5)-Nglyc was increased, 
membrane insertion into liposomes was 
inhibited, and insertion into microsomes 
became ATP-dependent and trypsin-
sensitive. This behaviour was also observed 
when the TMD of b(5) was replaced by that 
of synaptobrevin 2. Membrane insertion of 
synaptobrevin 2 has been shown to require 

Discussion and conclusions



28

ATP and a protease sensitive factor.  
These results are in keeping with data 
gathered from TA proteins of the outer 
envelope of chloroplasts where TMDs of 
low hydrophobicity can “spontaneously” 
insert into membranes, whereas more 
hydrophobic domains show a dependence 
on energy and a protease sensitive factor 
for membrane insertion (Abell et al., 
2004;Kutay et al., 1995b;Schleiff and 
Klosgen, 2001). A hypothesis arises in 
which the energy and protein factors 
are required to maintain the highly 
hydrophobic domains in a translocation-
competent state.

Another question raised by our work 
on b(5)-Nglyc concerns the length of the 
amino-acids that could be spontaneously 
translocated across the membrane. The 
luminal fragment of b(5)-Nglyc is 28 
amino acids long  (I). As a criterion for 
TA proteins, the region downstream of 
the TMD has been proposed to have a 
maximum of 30 amino acids (Borgese 
et al., 2003b). Indeed, in plants, direct 
membrane insertion can translocate 
hydrophilic sequences of up to 30 amino 
acids across the bilayer (Schleiff and 
Klosgen, 2001). We have shown that 
protein sequences of up to 85 amino acids 
appended to the C-terminus b(5)-Nglyc 
could be translocated across microsomal 
membranes and protein-free lipsomes 
in vitro, in the absence of energy. The 
fragments studied differed in their net 
charge and protein fold.  Even more 
surprisingly, in vivo, in yeast, fragments as 
long as 128 amino acids were effi ciently 
translocated independently of the SRP- 
and Sec61 PCC translocation pathway 
(Brambillasca et al, submitted).  Once 
again, the importance of the TMD was 
demonstrated, as the more hydrophobic 
TMD of synaptobrevin 2 was unable to 

support translocation of such long peptides 
across the protein free bilayers, in vitro.  

Taken together, it appears that direct 
and “spontaneous” membrane insertion 
of TA proteins is a ubiquitous mechanism 
by which short TMDs can rapidly 
integrate into membrane bilayers. Target 
membranes are apparently recognized by 
their characteristic fl uidity. A decrease in 
membrane fl uidity, induced by decreasing 
temperature or increasing cholesterol 
content, inhibits the membrane insertion 
of TA proteins. 

7.2 Targeting of C-tail anchored 
proteins to mitochondrial membranes
Based on the criteria for MOM and ER 
targeting gathered from several studies 
(Figure 6), N-Bak with its moderately 
hydrophobic TMD flanked by positive 
charges would be predicted to be targeted 
to the MOM. As the TMD of N-Bak is 
moderately hydrophobic it should also be 
predicted to insert into the membrane (On 
the GES hydrophobicity scale, the TMDs 
of N-Bak, cytochrome b(5), synaptobrevin 
2  and Bcl-2 are -1.7, -1.5, -2.6 and -1.7, 
respectively). Indeed, when expressed in 
yeast, N-Bak did associate with the MOM. 
Surprisingly, however, N-Bak associated 
with membranes as a peripheral membrane 
protein. Despite this, the active protein 
induced statically signifi cant swelling of 
mitochondrial. In contrast, in sympathetic 
neurons extensive ER proliferation was 
observed, whereas mitochondria exhibited 
signs of MOM degradation. 

One could infer from these results 
that for N-Bak to insert into mitochondrial 
membranes interactions with proteins of 
the Bcl-2 family may be required. It is 
probable that such interactions would be 
mediated by the BH3 domain of N-Bak. 
As such interactions are not possible in 
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yeast, the TMD of N-Bak could remain 
buried within the tertiary structure and 
thus is unable to insert into the membrane. 
As BH3-only proteins are believed to act 
as sentinels of specifi c cell damage, it is 
also possible that the inability of N-Bak to 
insert into yeast MOM refl ects the lack of 
a regulatory factor: in the absence of the 
proper “trigger” the TMD is not able to 
insert into the membrane. The possibility 
that N-Bak is unable to translocate across 
the membrane due to def iciencies in 
the protein import machinery of yeast 
mitochondria is highly unlikely as the 
mitochondrial import machinery is 
conserved and, in addition, Bcl-2 family 
proteins have not been shown to require 
these import machineries. 

In sympathetic neurons, the observed 
ER proliferation could arise from the 
targeting of N-Bak to the ER and/or MOM 
membranes. As it is highly probable that in 
this cellular context the BH3 domain of N-

Bak is recognized by a Bcl-2 like protein, 
the TMD of N-Bak would be exposed 
and able to insert into a membrane. It 
would be of great interest to elucidate 
what membrane N-Bak is associated 
with in sympathetic neurons. That N-Bak 
containing an active BH3 domain was 
observed to induce mitochondrial swelling 
in yeast i.e. in a cellular context devoid 
of other Bcl-2 proteins is also interesting. 
Could this be due to a mechanism of 
action of the BH3 domain not restricted 
to interactions with other Bcl-2 proteins? 
More probably, the structure of the active 
protein is such that when associated with 
the membrane surface it induces a similar 
membrane proliferation, although to a 
much lesser degree, induced by bona-
fi de TA proteins at the ER membrane (I, 
(Vergeres et al., 1993)). The mechanisms 
by which overexpression of TA proteins 
induces membrane proliferation are not 
understood. 
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8. Concluding remarks

It is appealing to speculate that TA proteins are the modern descendents of the fi rst 
integral membrane proteins found in the last universal common ancestor (LUCA). 
Primitive membranes most probably did not come equipped with the highly conserved 
and extensive PCC machineries found today. Therefore spontaneous integration of 
polypeptides into the lipid bilayer would have been the only mechanism available. These 
fi rst integral membrane proteins could then have also served to enhance the integration 
of other proteins into the membrane. This would explain why the PCC channels 
discussed here all contain TA protein subunits that quite often function to stabilize the 
protein complexes (Table 2). The Bcl-2 proteins represent just one group of TA proteins 
that exploit this mechanism of instant membrane integration. By employing various 
mechanisms to control the availability of the C-terminal TMD for membrane insertion, 
they are able to generate spatial and temporal regulation of cellular localization. 
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