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1. Integral membrane proteins 
Membranes define enclosed spaces and form a semi permeable 

structure, enabling the cell to maintain a specific biochemical environment 
that differs from the outside. The Gram-negative bacterium Escherichia coli 
(E. coli) is surrounded by two membranes, the outer membrane (OM) and 
the inner membrane (IM), which are separated by the so-called periplasmic 
space (Fig.1A). Most biological membranes consist of a lipid bilayer and 
contain proteins. These proteins are involved in important biological 
functions, such as nutrient uptake, energy conversion and cell division. 
Many membrane proteins are embedded in the membrane and are hence 
termed integral membrane proteins. In general, integral membrane proteins 
are characterized by two basic secondary structural elements: the α-helix 
bundle and the β-barrel. Helix-bundle proteins are found in nearly all 
biological membranes and contain membrane-spanning segments of 
approximately 20 hydrophobic residues in the primary sequence, which 
attain an α-helical structure. These proteins make up an estimated 20-25% 
of all open reading frames in a typical genome, in line with the vital role 
they play in the cell (Krogh et al., 2001). β-barrel proteins consist of large 
anti-parallel β-sheets, organized in a cylindrical barrel structure. This class 
of proteins is prominent in the outer membrane of Gram-negative bacteria, 
mitochondria and chloroplasts (reviewed in Galdiero et al., 2007). The 
number of β-barrel proteins is uncertain because prediction based on the 
primary sequence is difficult, in contrast to helix-bundle proteins which are 
easily recognized by in silico analysis. Current estimates suggest that ~3% 
of all E. coli open reading frames encode outer membrane proteins 
(Elofsson and von Heijne, 2007).  

This introduction is focused on the biogenesis of E. coli inner 
membrane proteins (IMPs), which are typically α-helical proteins. In 
particular, I will discuss the key role of the YidC protein in the biogenesis 
of IMPs.  
 
2. Biogenesis of E. coli inner membrane proteins  

The biogenesis of E. coli IMPs is an intricate process which is 
assisted by various and often conserved factors. This process is 
accomplished in three consecutive steps: (i) membrane targeting, (ii) 
membrane insertion and (iii) folding and assembly into the final, 
membrane-embedded structure (Fig.1B).  

Most IMPs are targeted to the membrane via their first 
transmembrane domain (TM) (Luirink and Sinning, 2004). In contrast, 
proteins that are translocated across the membrane (secretory proteins) are 
targeted by a cleavable N-terminal signal sequence (Hegde and Bernstein, 
2006).  
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The signal recognition particle (SRP) recognizes and binds to the 

first TM in nascent IMPs and delivers it at the membrane by a co-
translational mechanism that also involves the SRP receptor FtsY. The SRP 
is a highly conserved ribonucleotide-protein particle. The E. coli SRP 
constitutes the signal binding protein Ffh (for Fifty four homologue) and a 
4.5S RNA component (Luirink and Sinning, 2004). Unlike IMPs, targeting 
of secretory proteins does generally not require the SRP; rather, these 
proteins are targeted post-translationally by the SecB chaperone to the 
membrane (Randall and Hardy, 2002). Both the SRP-pathway and the SecB 
pathway converge at the Sec-translocon (Valent et al., 1998). The E. coli 
Sec-translocon is a membrane protein assembly with homologues in the 
eukaryotic endoplasmic reticulum membrane (Sec61αβχ) and the plasma 
membrane of archaea (SecYEβ). The Sec-translocon functions as a protein 
conducting channel for both secretory proteins and integral membrane 
proteins. In contrast to secretory proteins, TMs of IMPs are not translocated 

Fig.1. Simplified representation of the E. coli cell envelope and biogenesis of inner
membrane proteins (IMPs). (A) The cell envelope comprises two membranes (the
inner and outer membrane), which are separated by the periplasm. (B) Three-step
biogenesis of most IMPs membrane targeting, membrane insertion and subsequent
folding and assembly into multimeric complexes. Malfolded or misassembled IMPs
are degraded by the cell's proteolytic system. RNC, ribosome-nascent chain complex.
TMs are represented by solid black bars. 
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across the membrane but leave the Sec-translocon laterally to partition into 
the lipid bilayer presumably via a lateral gate in the wall of the translocon 
(Rapoport et al., 2004). The core of the E. coli translocon is formed by a 
heterotrimeric complex consisting of the IMPs SecY, SecE and SecG 
(Osborne et al., 2005). The ATPase SecA is peripherally associated with the 
SecYEG complex and drives the translocation of secretory proteins and 
large periplasmic domains of IMPs (Vrontou and Economou, 2004). An 
additional sub-complex formed by the IMPs SecD, SecF and YajC is 
associated with the SecYEG core (Duong and Wickner, 1997). The function 
of this complex is not well understood. In E.coli, the Sec-translocon 
cooperates with YidC during membrane insertion of most IMPs. In contrast, 
some IMPs are directly inserted by YidC independently of the translocon. 
YidC is a member of the YidC/Oxa1/Alb3 protein family that constitutes a 
class of conserved proteins involved in the biogenesis of organellar and 
bacterial membrane proteins (Kiefer and Kuhn, 2007). 
 
3. Stochiometry and structure of the translocon 

 The stochiometric composistion of the active translocon is heavily 
debated but is likely to be an oligomer of the SecYEG-complex, containing 
between two and four copies. The eukaryotic ribosome-channel complex 
contains three or four copies of the Sec61 complex according to data 
obtained by single particle EM (Beckmann et al., 1997; Beckmann et al., 
2001; Menetret et al., 2000; Morgan et al., 2002). Electron density maps 
calculated from two-dimensional SecYEG crystals suggest a dimer for the 
bacterial Sec-complex (Breyton et al., 2002). This is in agreement with the 
results of a cysteine scanning mutagenesis study, which also suggest a 
dimeric form of the Sec-translocon (Veenendaal et al., 2001).  

The exact orientation of the two channels is under debate. A near 
front-to-front arrangement has been proposed recently based on a electron-
microscopy structure of the ribosome-channel complex (Mitra et al., 2005), 
whereas a back-to-back orientation is suggested by 2D crystals of the Sec-
translocon (Breyton et al., 2002). The crystal structure of the Sec-complex 
(see below) together with earlier cross-linking and pull-down experiments 
with a translocation arrested OmpA derivative suggest that monomeric 
SecYEG forms the active channel (Yahr and Wickner, 2000). Consistently, 
recent data obtained by disulfide bridge formation between cysteines in a 
translocating polypeptide and SecY indicate that a translocating polypeptide 
chain passes through the center of one SecY molecule (Cannon et al., 
2005). Moreover, Rapoport and co-workers have provided insight into the 
possible role of a SecYEG oligomer by employing a cysteine cross-linking 
approach (Osborne and Rapoport, 2007). The results of this study indicate 
that the translocation pore is probably formed by a single copy of SecYEG, 
whereas a non-translocating copy might provide a static interaction site for 
either SecA during post-translational translocation or the ribosome during 
co-translational translocation (section 3B). The apparent discrepancy 
regarding the structure of the active translocon can now be put in 
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perspective because SecYEG oligomers dissociate in detergent, as indicated 
by blue native gel analysis of detergent solubilized SecYEG (Bessonneau et 
al., 2002) and therefore the nontranslocating copy is probably lost during 
isolation of the complex.  
 The crystal structure of the SecYEβ complex of the archaeon 
Methanococcus jannaschii has been resolved to a resolution of 3.2 Å (van 
den Berg et al., 2004) (Fig. 2).  
 

 
 
 
 
 
 
 
 
 
The structure shows that the complex contains one copy of each subunit. 
The two small subunits (SecE and Secβ) are located at the periphery of the 
complex. The overall structure resembles a clamshell formed by the two 
halves of the SecY subunit (TM1-5 and 6-10), which are connected at the 
back by an external loop. The SecY subunit is embraced by the SecE 
subunit that stabilizes SecY. The structure suggests that the channel pore is 
located at the center of a single copy of the Sec-complex and is probably 
used for the translocation of a polypeptide chain. Consistently, strategically 
engineered cysteine residues in the center of SecY can be cross-linked to 
cysteines in a translocating polypeptide (Cannon et al., 2005). At its 
narrowest point the channel is lined by a ring of conserved hydrophobic 
residues. It has been proposed that this ring may form a seal around the 

Fig.2. The Sec-complex of Methanococcus janaschii at a resolution of 3.2 Å
(adapted from van den Berg et al., 2004). (A) View from the cytoplasm (top) with
helices indicated that form the signal sequence-binding site and the lateral gate
through which TMs of nascent IMPs exit the channel into the lipid phase. The α-
subunit (SecY) is divided in two domains (TM 1-5 and 6-10). (B) View from the
front with membrane embedded regions shown in grey in the background. The
cytoplasmic loops probably involved in SecA and ribosome binding are indicated.
See text for details 
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translocating polypeptide thereby maintaining the permeability barrier of 
the membrane (van den Berg et al., 2004). The channel is blocked at the 
periplasmic side by a short helical domain termed "the plug", indicating that 
the translocon is in a closed state. 

Analysis of the permeability barrier of the SecYEG channel by 
electrophysiology experiments with reconstituted channel complexes has 
shown that both the pore ring and plug are required to seal the channel 
(Saparov et al., 2007). The pore ring alone can provide an efficient barrier 
for small molecules in the nanosecond time range according to molecular 
dynamics simulations (Gumbart and Schulten, 2006; Tian and Andricioaei, 
2006). The plug domain is required to seal the resting channel to prevent 
passage of ions over periods of seconds or minutes (Saparov et al., 2007). 
Based on the X-ray structure and the observation that a disulfide bridge can 
form between a cysteine in both the plug domain and SecE in vivo, it was 
suggested that opening of the channel requires movement of the plug 
towards SecE at the back of the complex into a cavity at the periplasmic 
side (Harris and Silhavy, 1999; van den Berg et al., 2004). This movement 
of the plug domain towards SecE has recently been confirmed by cysteine 
cross-linking experiments (Tam et al., 2005). Remarkably, analysis of the 
plug domain by mutagenesis studies in yeast and E. coli have shown that 
the plug is not essential for viability and general functioning of the 
translocon (Junne et al., 2006; Maillard et al., 2007). This is explained by 
the recently determined crystal structures of plug-deletion mutants in M. 
janaschii SecY, showing that a new plug is formed from residues that were 
previously not part of the plug domain (Li et al., 2007). Interestingly, 
deletion of the plug in E. coli results in a mutant with a so called prlA 
phenotype (protein location A) as suggested by the ability of this mutant to 
translocate secretory proteins with defective or missing signal sequences (Li 
et al., 2007; Maillard et al., 2007). This indicates that in the absence of a 
plug the translocon opens more easily and therefore the plug may be 
required to stabilize the translocon in its closed state. 
 
A. Opening of the channel during translocation 

The binding site for the ribosome and SecA involves only one half 
of SecY and is presumably formed by the cytoplasmic loops between 
TM6/7 and TM8/9 and the  C-terminal tail (Mori and Ito, 2001; Raden et 
al., 2000) (Fig.2B). Translocation of a polypeptide across the membrane 
requires opening of the channel and one trigger for channel opening is the 
binding of a signal sequence present in a translocating polypeptide. Photo 
cross-linking studies in a yeast in vitro system have shown that the 
hydrophobic core of a signal sequence forms a helix (Plath et al., 1998). 
This helix intercalates between TM2b and TM7 of  Sec61α at the front (or 
mouth) of the complex and contacts lipids (Plath et al., 1998) (Fig.2A). 
Signal sequence intercalation requires a hinge motion at the back of Sec61α 
or SecY to open the mouth of the clamshell, which may destabilize the plug 
and thus promotes opening of the channel. Subsequently, the polypeptide 
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following the signal sequence is located in the pore. This model is 
supported by a recent cysteine cross-linking study showing elegantly that 
the signal sequence of the secretory protein proOmpA interacts with TM2b 
of SecY and remains stationary while the mature protein moves through the 
channel (Osborne and Rapoport, 2007).  
  
B. Translocon-dependent insertion 
  The insertion of membrane proteins into the membrane is an 
intricate process and in contrast to secretory proteins TMs are not 
translocated all the way across the membrane but leave the translocon 
laterally to partition into the membrane (Rapoport et al., 2004). A signal 
sequence always has its N-terminus in the cytoplasm, whereas the first TM 
of  a IMP can have its N-terminus on either side of the membrane (von 
Heijne, 2003). If the TM is sufficiently long and hydrophobic and the 
preceeding segment is not positively charged, the N-terminus may be 
translocated and the first TM is inserted (Fig.3A step 1 and 2). The 
following hydrophilic segment emerges in the cytoplasm through a gap 
between the ribosome and the translocon (step 2). During insertion of the 
second TM, the plug is destabilized and the channel opens. This allows 
translocation of the next hydrophilic segment (step 3 and 4). After 
completion of synthesis the translocon returns to the closed state. In the 
case of a short first TM, or a preceeding region that is positively charged, 
the N-terminus may stay in the cytoplasm (Fig.3B). The TM inserts initially 
head-on into the channel and destabilizes the plug (step 1). Chain 
elongation allows inversion of the TM and subsequent membrane insertion 
(step 2) (Goder and Spiess, 2003). The C-terminal hydrophilic segment is 
translocated through the open channel (step 3 and 4) and the translocon 
returns to the closed state. During translocation and membrane insertion the 
ribosome probably remains bound to the channel, which involves only one 
half of SecY. 

During the biogenesis of membrane proteins, TMs must move 
laterally from the aqueous interior of the channel into the lipid phase. The 
structure of the translocon indicates that the front is the only place where 
the complex could open towards lipid. TMs may therefore employ the same 
mechanism as signal sequences to open the translocon and move 
subsequently out of the translocon into lipid bilayer (Fig.2A). In vitro photo 
cross-linking experiments used to follow the molecular path of both 
eukaryotic and prokaryotic nascent membrane proteins have shown that 
TMs in general initially contact Sec61α or SecY and move into a lipid 
environment upon elongation of the nascent chain (Do et al., 1996; Heinrich 
et al., 2000; Heinrich and Rapoport, 2003; High et al., 1993a; High et al., 
1993b; Houben et al., 2005; Urbanus et al., 2001). These sequential 
interactions are consistent with a model in which a TM inserts in the 
vicinity of the translocon and gains access to the lipid phase via the 
translocon (reviewed in Rapoport et al., 2004). 
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In vitro reconstitution experiments with eukaryotic Sec61 have 
indeed shown that the presence of the Sec-complex is a prerequisite for 
TMs to insert into liposomes (Heinrich et al., 2000). Presumably, the 
translocon allows TMs to bypass the barrier posed by the hydrophilic 
headgroups of the lipids and to come into contact with the hydrophobic 
interior of the membrane but how is a TM recognized by the translocon? 
This question has been addressed by challenging the eukaryotic Sec61 
translocon with specially designed polypeptide segments that are variably 
hydrophobic and are part of a larger model protein (Hessa et al., 2005). The 
results of this study indicate that: (i) direct protein-lipid interactions are 
essential for the recognition of TMs by the translocon and (ii) membrane 
insertion is preceded by helix formation of a TM. These data are in 
agreement with the view that insertion of a TM occurs by a lipid 
partitioning process (Heinrich et al., 2000). Based on the structure of the 
translocon, which is observed in its closed state, it is not clear how a TM 
partitions into the membrane. It has been suggested that the active state of 
the translocon is a highly dynamic one (i.e. the gate may undergo 
continuous opening and closure) that permits rapid sampling of the 
translocon-bilayer interface by the nascent polypeptide, thereby providing 
nascent polypeptides direct access to the lipid phase (Rapoport et al., 2004). 
The open channel is most likely too small to allow storage of several TMs 
during the biogenesis of polytopic membrane proteins. This indicates that 

Fig.3. Model of translocon-dependent insertion (adapted from Osborne et al.,
2005). The permeability barrier is maintained by both the plug and the pore (see
text for details). TMs are represented by solid black bars. 
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TMs leave the channel one by one or perhaps in pairs. Interestingly, studies 
employing chemical cross-linking or photo cross-linking with ribosome 
attached nascent membrane proteins indicate that the Sec-translocon is able 
to sequester multiple TMs during the biogenesis of polytopic membrane 
proteins (Ismail et al., 2006; Sadlish et al., 2005). Sequestration of TMs 
occurs probably outside the translocon, perhaps along the lateral passage 
into the membrane or near the translocon’s periphery. 
  In summary, the function of the translocon is to facilitate insertion 
of TMs by providing an environment from which the TM can equilibrate 
with the hydrophobic interior of the membrane. This is most likely 
accomplished by lateral opening of the translocon towards the lipid bilayer, 
which may be a highly dynamic process providing direct access of nascent 
chains to the lipid bilayer and allowing it to sample the translocon-
membrane interface. 
 
4. YidC: a conserved factor involved in the biogenesis of E.coli  IMPs 
 E. coli YidC is a relatively recently described integral membrane 
protein, which is essential for viability and plays an important but poorly 
defined role in the biogenesis of IMPs (Samuelson et al., 2000; Scotti et al., 
2000). Homologues of YidC are found in prokaryotes and in mitochondria 
and chloroplasts of eukaryotes (reviewed in Dalbey and Kuhn, 2004). 
Although YidC has been the subject of intensive research for some years 
now, no structural information is available yet.    
 
A. Identification of  YidC:  an essential protein 
 In 1997, a novel insertion pathway that uses the Oxa1 protein was 
discovered for mitochondrial IMPs (He and Fox, 1997; Hell et al., 1997). 
Subsequently, Oxa1 homologues were identified in chloroplasts and 
bacteria (Samuelson et al., 2000; Scotti et al., 2000; Sundberg et al., 1997), 
which were also shown to mediate insertion of membrane proteins (Moore 
et al., 2000; Samuelson et al., 2000). The E. coli Oxa1 homologue is a 60 
kDa IMP, encoded by the yidC gene and is essential for viability (Burland 
et al., 1993; Samuelson et al., 2000). Initially, small phage coat proteins 
were identified as proteins that strictly require YidC for membrane insertion 
but these proteins are neither essential nor authentic E. coli IMPs 
(Samuelson et al., 2000). This raised the question why YidC is essential for 
viability. To address this issue, the physiological consequences of YidC 
depletion were analyzed (van der Laan et al., 2003). It was found that 
depletion of YidC rapidly induces up-regulation of the PspA (Phage shock 
protein A) stress-protein due to a collapse of the PMF by interfering with 
the membrane assembly of the cytochrome o oxidase and F1Fo-ATPase 
complex. Particularly, the protein levels of CyoA and Foc (membrane 
subunits of cytochrome o oxidase and F1Fo-ATPase complex) appeared 
exceptionally sensitive to depletion of YidC.  The involvement of YidC in 
the membrane assembly of the cytochrome o oxidase and F1Fo-ATPase 
complex is reminiscent of the role of Oxa1 in the biogenesis of 
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mitochondrial respiratory chain complexes (Section 6). Although the 
cytochrome o oxidase and F1Fo-ATPase complex are not essential, the 
absence of both complexes is detrimental for the cell.  
 
B. Topology and membrane biogenesis of YidC 
 The yidC gene was cloned and the membrane topology of YidC 
was analyzed by alkaline phosphatase fusions, suggesting an orientation 
with an N-terminal TM, a large periplasmic domain of 322 residues, five 
closely spaced C-terminal TMs and both termini of YidC facing the 
cytoplasm (Sääf et al., 1998) (Fig.7). The N-terminal tail consists of five 
residues and the positively charged C-terminal tail has 12 residues. The 
second and third periplasmic loops are rather short (18 and 4 residues, 
respectively). The first and second cytoplasmic regions contain 13 and 41 
residues. As expected, the distribution of positively charged residues within 
the protein conforms to the “positive inside rule” (von Heijne, 1992). Each 
of the six TMs includes 16-20 hydrophobic residues. 
 In vivo protease mapping, in vitro photo cross-linking and a semi-
reconstituted in vitro system were used to study the membrane biogenesis 
pathway of YidC. Depletion of the 4.5S RNA component of the E. coli SRP 
severely affected membrane assembly of YidC in vivo. TM1 that is not 
integrated into the membrane interacts with Trigger factor, Ffh and SecA as 
evidenced by photo cross-linking (Urbanus et al., 2002). In agreement with 
these results, in vitro studies show that YidC is not inserted into membranes 
in the absence of the SRP/FtsY system (Koch et al., 2002). Together, these 
studies indicate that the SRP is required for membrane targeting of YidC. 
Furthermore, YidC is not inserted into the IM in the absence of the Sec-
translocon both in vitro and in vivo, indicating that the Sec-translocon is 
required for membrane insertion. Consistently, TM1 of nascent YidC 
contacts SecY in the membrane as suggested by photo cross-linking. As 
expected, translocation of the large periplasmic domain between TM1 and 
TM2 requires SecA (Koch et al., 2002; Urbanus et al., 2002). Interestingly, 
membrane insertion of Oxa1 into the mitochondrial IM is dependent on 
itself (Hell et al., 1998). Photo cross-linking experiments indicated that 
nascent YidC contacts preexisting YidC in the membrane suggesting that 
preexisting YidC is involved in the biogenesis of newly synthesized YidC 
(Urbanus et al., 2002). Combined, these data suggest that YidC is 
assembled into the inner membrane via the general SRP/Sec/YidC-pathway 
that is probably used by most IMPs (Luirink et al., 2005).  
 
C. Structural organization of YidC and the translocon 

It is conceivable that a portion of YidC forms oligomeric 
complexes after membrane insertion. Although analysis of dodecyl 
maltoside solubilized membranes revealed dimeric and monomeric forms of 
endogenous YidC, more complex oligomeric structures can not be ruled out 
because they may be unstable under these conditions (van der Laan et al., 
2001). Previously, it was shown by co-purification experiments that upon 
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overproduction of all translocon components a fraction YidC was recovered 
with SecYEG, suggesting that a portion of YidC is physically associated 
with the Sec-translocon (Scotti et al., 2000). A more detailed analysis of the 
interaction of YidC with all translocon components showed that YidC 
specifically co-purifies with SecD and SecF, indicating that YidC forms a 
complex with SecD and SecF, which links YidC to the SecYEG core 
(Nouwen and Driessen, 2002). Moreover, pull-down experiments 
implicated the non-conserved periplasmic domain of YidC in the interaction 
with SecF (Xie et al., 2006). Consistent with these observations, 
overexpression of plasmid encoded SecD and SecF positively affects the 
expression of endogenous YidC, and overexpression of plasmid encoded 
YidC suppresses the growth defect of a SecDF depletion strain, suggesting 
a functional relationship (Nouwen and Driessen, 2002).  

In the cell, YidC is in excess over translocon components, 
suggesting that only a fraction of YidC can be bound to the translocon and 
thus supporting a function of YidC independent of the translocon (Urbanus 
et al., 2002). It is therefore conceivable that two forms of YidC may exist; 
one that  is bound to the translocon and a second free form. In this respect it 
is interesting to note that Sec-like proteins are absent in mitochondria 
(Glick and von Heijne, 1996) and that the mitochondrial YidC homologue 
Oxa1 (section 6) of Neurospora crassa has been purified as a homo-
oligomeric, probably tetrameric, complex (Nargang et al., 2002).  

In contrast to the Sec-translocon, no structural information is 
available for YidC yet. Important questions related to the structural 
organization of YidC include: (i) how is YidC organized with the Sec-
translocon and in particular with the SecDFYajcC complex into oligomeric 
structures, (ii) is the association between YidC and translocon components 
static or dynamic and (iii) does the structure of YidC differ during Sec-
independent insertion and Sec-dependent insertion. Photo cross-linking 
studies have shown that TMs of Sec-dependent IMPs contact SecY, YidC 
and lipids in a sequential fashion (Beck et al., 2001; Houben et al., 2004; 
Urbanus et al., 2001). When these cross-link data are interpreted in the 
context of the structure of the translocon, YidC may be located at the front 
(or mouth) of the translocon, thus effectively positioning YidC along the 
lateral passage out of the translocon into the membrane (Fig.4).  
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Recently, a cryo-electron microscopy reconstruction of the dimeric 

E. coli SecYEG channel tethered to a ribosome-nascent FtsQ complex was 
presented (Mitra et al., 2005). This reconstruction suggests that the two 
SecYEG complexes are not identical, but that one complex has a more 
hydrophobic channel than the other. As proposed by the authors, YidC 
could be situated near the front side of this hydrophobic channel to assist 
the membrane insertion of TMs. Although this model is consistent with the 
interpretation of the photo cross-link data discussed above, higher 
resolution structures are required to examine the orientation of the two 
SecYEG units more critically. Moreover, cryo EM reconstructions of a 
ribosome bound to a translocon in association with translocation partners, 
such as SecA, the SecDFYajC complex or YidC are required in addition to 
a high resolution structure of YidC. 
 
5. The dual function of YidC  

The most characteristic and interesting feature of YidC is that it 
operates in two membrane biogenesis pathways: (i) in concert with the Sec-
translocon and (ii) independently of the Sec-translocon (Luirink et al., 
2005) (Fig.5). YidC plays a pivotal but poorly defined role in the biogenesis 
of Sec-dependent IMPs (section 5B). Remarkably, YidC appears 
dispensible for the insertion of Sec-dependent IMPs both in vivo and in 
vitro (Fröderberg et al., 2003; Urbanus et al., 2001; Nagamori et al., 2004; 
van der Laan et al., 2004b). Presumably, YidC functions downstream of the 
Sec-translocon during the later steps of IMP biogenesis such as the lateral 
transfer and assembly of TMs from the translocon as indicated by photo 
cross-linking experiments (Beck et al., 2001; Houben et al., 2004; Urbanus 
et al., 2002). A direct role for YidC in the insertion of Sec-independent 
IMPs was first shown for the phage M13 procoat and Pf3 coat proteins by 
in vivo depletion studies, indicating that YidC might be a insertase that 
functions independently of the Sec-translocon (section 5C) (Samuelson et 
al., 2000). The potential of YidC to function as a insertase in the absence of 
the Sec-translocon was recently confirmed by in vitro reconstitution 
experiments (Serek et al., 2004).  

Fig.4. Model for the structural organization of YidC and the Sec-translocon
(adapted from Houben et al., 2004). See text for details. 
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A. Functional regions of YidC  

The parts of YidC that are important for its biological activity have 
been studied with a detailed collection of deletion and substitution mutants 
(Jiang et al., 2003; Xie et al., 2006). Combined, these studies indicate that 
over 90% of the first periplasmic domain can be deleted without loss of 
function. Only the C-terminal portion of this domain (residues 323-346) is 
crucial for its role in the membrane assembly of both Sec-dependent and 
Sec-independent IMPs (Xie et al., 2006). Analysis of the soluble domains 
showed that: (i) the cytoplasmic domains of YidC, which include conserved 
regions, are not important for its function as these regions could be deleted 
without affecting activity and (ii) the second and conserved third 
periplasmic loops do not contain essential residues as they can be replaced 
by alanines (Jiang et al., 2003). As expected, the conserved C-terminal TMs 
are crucial for YidC activity. In particular, the well conserved TM2, TM3 
and TM6 appear to be critical because six single serine mutations within 
these hydrophobic regions were isolated that were impaired in the activity 
of YidC to insert the Sec-independent model IMP procoat-leader peptidase 
(Jiang et al., 2003). Interestingly, four of these mutants with impaired 
insertase activity are clustered in the center of TM3. This might suggest that 
this region of TM3 is involved in substrate binding. TM4 and TM5 of YidC 
could be replaced by the unrelated TMs of leader peptidase without 
affecting the functionality of YidC (Jiang et al., 2003).  

In conclusion, YidC is remarkably tolerant towards replacement of 
even conserved residues and does not appear to contain an absolutely 
essential residue. The five C-terminal TMs are important for YidC activity 

Fig.5. Model for the role of E. coli YidC in membrane protein assembly
(adapted  from de Gier and Luirink, 2001). See text for details. 
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but even in this region YidC can tolerate dramatic sequence changes, 
indicating that YidC does not require a specific sequence of the TMs to 
function properly. It should be noted that complementation of the different 
YidC mutants was only analyzed at 37oC and therefore regions of YidC that 
are not essential for its biological function at this temperature may be 
important at other temperatures (23oC or 42 oC). 
 
B.  The Sec-dependent function of YidC 

The role of YidC in the context of the translocon is currently not 
well understood and may be versatile. Photo cross-linking studies have 
provided the first hind that YidC is involved in the membrane assembly of 
Sec-dependent IMPs by showing that YidC directly contacts the TM of 
nascent FtsQ during insertion (Scotti et al., 2000). Subsequent photo cross-
linking experiments revealed the sequential contacts of nascent FtsQ and 
Lep in more detail (Houben et al., 2004; Houben et al., 2005; Urbanus et 
al., 2001). For FtsQ it was shown that the TM inserts close to SecY and 
moves rapidly to a YidC/lipid environment upon elongation of the nascent 
chain (Urbanus et al., 2001). Similarly, the first TM of Lep inserts in the 
vicinity of SecY, is handed over to YidC and moves rapidly into the lipid 
bilayer. The second TM of Lep inserts also in the vicinity of SecY but is 
retained at YidC for a longer period (Houben et al., 2004). This suggests 
that the two TMs of Lep insert one by one into the membrane. Combined, 
these studies suggest that YidC assists the partitioning of TMs of Sec-
dependent IMPs into the lipid bilayer. Remarkably, very short nascent 
chains of Lep that are barely exposed outside of the ribosome (44-50 
residues) already contact SecY and YidC, which suggests that YidC is 
involved in the reception and recognition of TMs early during biogenesis 
(Houben et al., 2005). Photo cross-linking experiments with MtlA showed 
that at the same nascent chain length (130 residues) both TM1 and TM2 
interact with YidC. At a nascent chain length of 189 residues when TM3 is 
exposed outside of the ribosome, both TM3 and TM1 display contacts to 
YidC. This indicates that YidC binds more than one TM and the protein is 
probably released en bloc into the membrane after completion of synthesis 
(Beck et al., 2001). These findings support a role for YidC as an assembly 
site for TMs prior to their concerted release into the membrane. Although 
Lep and MtlA are both polytopic IMPs, the role of YidC during membrane 
insertion of these IMPs apparently differs as discussed above. Possibly, the 
precise role of YidC during membrane insertion is substrate dependent. 

Accumulation of proOmpA is observed when some Sec-dependent 
IMPs, such as Lep and TatC, are overexpressed in cells depleted for YidC. 
This indicates that the translocon is jammed under these conditions possibly 
because YidC is required for clearance of the translocon by facilitating the 
efficient release of TMs into the membrane (Samuelson et al., 2000; Yi et 
al., 2003).   

 Depletion of YidC almost completely blocks the insertion of a 
subset of Sec-independent IMPs, whereas the insertion of Sec-dependent 
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IMPs is only marginally affected (Fröderberg et al., 2003; Samuelson et al., 
2000). Apparently, YidC is dispensable for the insertion of Sec-dependent 
IMPs. Indeed, in vitro reconstitution experiments have shown that YidC is 
not required per se for the insertion of FtsQ, which inserts readily into 
liposomes reconstituted with SecYEG (van der Laan et al., 2004b). 
Similarly, YidC is not required for the insertion of the Sec-dependent IMP 
LacY but might play an important role in folding of this IMP as suggested 
by experiments with a LacY in vitro transcription/translation/insertion 
system. In this system, the folding of in vitro synthesized LacY that is 
inserted into membranes is analyzed by immunoprecipitation with 
conformation specific monoclonal antibodies. Membrane insertion of LacY 
was not affected by the absence of YidC. However, immunoprecipitation of 
membrane inserted LacY was strongly impaired by the absence of YidC 
most likely because the antibodies failed to recognize LacY due to the 
misfolding of the conformational epitopes. This suggests that YidC is not 
required for the insertion of LacY; rather, YidC is required for proper 
folding of LacY (Nagamori et al., 2004). These data are to some extent 
reminiscent of the finding that Alb3.1 of Chlamydomonas reinhardtii is not 
required for the insertion of the core subunit D1 from photosystem II into 
the thylakoid membrane (Section 6) but for its efficient assembly in the 
photosystem II complex (Ossenbuhl et al., 2004; Pasch et al., 2005). On a 
similar note, YidC is critical for assembly but not insertion of the maltose 
transport complex in E. coli (de Gier and Luirink unpublished data). In 
summary, the evidence discussed above indicates that YidC acts 
downstream of the translocon by assisting the late steps in insertion and 
assembly of TMs and supporting the folding and oligomerization of IMPs 
into their final structure. 
 
C. The Sec-independent function of YidC 

The small phage coat proteins M13 procoat and Pf3 coat were the 
first proteins identified as substrates of the YidC-dependent insertion 
mechanism (Samuelson et al., 2000). M13 procoat (79 residues) spans the 
membrane twice and is initially synthesized with a cleavable signal 
sequence, whereas Pf3 coat (44 residues) spans the membrane once with a 
translocated N-terminus (Kuhn, 1995) (Fig.6). Initially, these viral proteins 
were considered to insert spontaneously but their insertion was almost 
completely inhibited by depletion of YidC (Samuelson et al., 2000). In the 
absence of YidC, the proteins accumulated in a form which was protected 
against proteolysis by externally added protease. These coat proteins could 
not be extracted from the membrane by sodium carbonate treatment in the 
absence of YidC. This indicates that the proteins accumulate in a non-
translocated but membrane-bound form (Samuelson et al., 2001), implying 
that YidC is not involved in membrane binding, but functions in the 
translocation step. Data obtained from photo cross-linking studies using a 
nascent Pf3 construct of which the C-terminus is extended with the P2 
domain of leader peptidase suggest that YidC directly interacts with Pf3 
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coat. Moreover, this interaction was also observed under conditions where 
Pf3 coat is unable to insert into the membrane (Chen et al., 2001). Together, 
this suggests that YidC interacts with Pf3 coat before release into the 
membrane and subsequent translocation of its N-terminal tail. In vitro 
reconstitution experiments have demonstrated that YidC is required and 
sufficient to catalyze the membrane insertion of Pf3, confirming the ability 
of YidC to function as a Sec-independent insertase (Serek et al., 2004). It is 
not clear whether this Sec-independent insertase function of YidC is also 
reflected in a physical separation of a fraction of YidC from the translocon 
in vivo (section 4C). 

 
 

 
 

 
 
 
 
 

 
 

 
 
 
 
 
 
Interestingly, temperature-sensitive (ts) and cold-sensitive (cs) 

YidC mutants have been engineered that separate the functions of YidC in 
the membrane assembly of M13 procoat and Pf3 coat. In the ts strain, M13 
procoat is not inserted into the membrane at the non permissive temperature 
(42oC), whereas insertion of Pf3 coat is not affected. Conversely, in the cs 
strain the insertion of Pf3 coat is strongly affected at the non permissive 
temperature (25oC) unlike insertion of M13 procoat (Chen et al., 2003). 
This suggests that the function of YidC in the insertion of Pf3 coat and M13 
procoat are genetically separable. Possibly, different regions of YidC are 
involved in insertion of these IMPs. A more detailed analysis of the cs 
strain showed that the insertion of Sec-dependent M13 procoat mutants is 
specifically inhibited, indicating that in this strain the Sec-dependent 
function of YidC is strongly impaired  
(Chen et al., 2005).   

Foc has been identified as the first endogenous substrate of the 
YidC-dependent insertion mechanism. Foc (79 residues) is a membrane 
subunit of the F1Fo-ATPase complex and is a double spanning IMP with 
two translocated termini (Fig.5). In vivo depletion studies have shown that 
Foc strictly requires YidC (Yi et al., 2004; chapter 2). In vitro reconstitution 

Fig.6. Substrates of the Sec-independent/YidC-dependent insertion mechanism.
Topology models of the phage proteins M13 procoat and Pf3 coat and the
endogenous IMPs Foc and MscL are shown. M13 procoat is initially synthesized
with a signal sequence which is removed from the mature protein by SpaseI
(arrow). See text for further details. The signal sequence is represented by a solid
gray bar; TMs are represented by solid black bars.  
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experiments have confirmed that YidC is required and sufficient for 
insertion Foc (van der Laan et al., 2004a). Recently, the mechanosensitive 
channel MscL has been identified as a novel endogenous substrate of the 
YidC-dependent insertion mechanism by modification of a unique cysteine 
residue in vivo (Facey et al., 2007). MscL (136 residues) is an IMP that 
spans the inner membrane twice with both termini located in the cytoplasm 
(Fig.5).  

In conclusion, YidC enables insertion of small Sec-independent 
IMPs by providing an environment from which the TM can equilibrate with 
the hydrophobic interior of the membrane. 
 
6. The YidC/Oxa1/Alb3 family  
 According to the endosymbiont theory, mitochondria and 
chloroplasts are of prokaryotic origin. While most of the endosymbiont’s 
genes were transferred to the nucleus, some were retained in the original 
genome. As a consequence, the majority of mitochondrial and chloroplast 
proteins are nuclear encoded and imported into the organelle. To enable the 
import of proteins into the organelle, specialized translocation machineries 
have evolved that are unique to mitochondria and chloroplasts, viz. the 
TOM and TIM translocases of mitochondria and the TOC and TIC 
translocases of chloroplasts (reviewed in Neupert and Herrmann, 2007; 
Reumann et al., 2005).  

Interestingly, the protein machineries required for the insertion of 
hydrophobic proteins into the mitochondrial inner membrane and 
chloroplast thylakoid membrane are of prokaryotic descent but are adapted 
to the needs of the organelle. Homologues of bacterial YidC proteins are 
consistently found in the mitochondrial inner membrane and thylakoid 
membrane of chloroplasts and are named Oxa1 and Alb3, respectively. 
Together, the proteins form the conserved YidC/Oxa1/Alb3 family (Dalbey 
and Kuhn, 2004; Kiefer and Kuhn, 2007; Luirink et al., 2001; Yen et al., 
2001) (Fig.7). No homologues of YidC have been found in the endoplasmic 
reticulum membrane, although TRAM, a protein with a YidC-like topology, 
may perform a similar function in the endoplasmic reticulum membrane 
(Heinrich et al., 2000). Phylogenetic studies of the YidC/Oxa1/Alb3 family 
show that the members share a common hydrophobic core of about 200 
residues with 5 predicted TMs (Dalbey and Kuhn, 2004; Kiefer and Kuhn, 
2007; Luirink et al., 2001; Yen et al., 2001), suggesting that this part is 
important for biological activity. In particular, TM2, TM3 and TM6 are 
rather conserved as well as the hydrophilic regions between TM1 and TM2 
and between TM2 and TM3 (Dalbey and Kuhn, 2004; Kiefer and Kuhn, 
2007; Luirink et al., 2001; Yen et al., 2001). These conserved regions 
presumably have a functional significance. The conserved core domains are 
flanked by non-related regions. E. coli YidC contains an additional TM 
upstream of this core, which is followed by a large periplasmic loop. The 
presence of this loop is restricted to Gram-negative bacteria and may fulfill 
a specific role in the periplasm. Downstream of the last TM, Arabidopsis 
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thaliana Alb3 and Saccharomyces cerevisiea Oxa1 have extended C-
terminal domains of 116 and 91 residues, respectively. These domains 
protrude into the stroma or matrix, respectively. Alb3 and Oxa1 are nuclear 
encoded and are initially synthesized with an N-terminal pre-sequence, 
which is required for import into the organelle and is cleaved from the 
mature protein (Kermorgant et al., 1997; Sundberg et al., 1997). Despite 
significant similarities in predicted secondary structure and topology of the 
YidC/Oxa1/Alb3 family members, the conservation at the level of the 
primary sequence is only 20-30%. YidC homologues have also been 
identified in Archaea by database searches. Given the poor sequence 
conservation (~13%) and the lack of functional data it is questionable 
whether these archaeal proteins are bonafide members of the 
YidC/Oxa1/Alb3 family (Bolhuis, 2004). 

 
 
 

Fig.7. Topology models of members of the YidC/Oxa1/Alb3
family. See text for details. TMs are represented by solid black bars. 



                                                               Chapter 1 
_______________________________________________________ 

 19 
 

Originally, Oxa1 of S. cerevisiea has been identified as an essential 
factor in the biogenesis of respiratory chain complexes in two independent 
genetic screens. In particular, Oxa1 is required for the membrane assembly 
of the cytochrome bc1 complex, the cytochrome c oxidase and the F1Fo-
ATPase complex (Altamura et al., 1996; Bonnefoy et al., 1994). In the 
absence of Oxa1, the enzymatic activities of these complexes are 
dramatically affected. Subsequent studies indicated that Oxa1 is required 
for the insertion of many membrane proteins into the inner membrane (He 
and Fox, 1997; Hell et al., 1997; Hell et al., 2001; Herrmann et al., 1997) 
(Fig.8).  

In addition to Oxa1, mitochondria of higher eukaryotes contain a 
second YidC homologue, called Cox18 in S. cerevisiae, or Oxa2 in N. 
crassa. Cox18/Oxa2 is nuclear encoded, imported into mitochondria and is 
found in the mitochondrial inner membrane (Funes et al., 2004b). 
Cox18/Oxa2 is part of a high-molecular-weight complex that is distinct 
from the Oxa1 complex (Funes et al., 2004b). Cox18/Oxa2 appears to fulfill 
a rather specific function, presumably in the translocation of the C-terminal 
domain of Cox2p (Fiumera et al., 2007; He and Fox, 1997; Jia et al., 2007; 
Saracco and Fox, 2002).  

The alb3 gene has been selected in a genetic screen designed to 
isolate Arabidopsis thaliana mutants that are pigmentation-deficient. These 
mutants fail to synthesize Alb3, which affects the biogenesis of thylakoid 
membranes (Sundberg et al., 1997). Alb3 is found in the thylakoid 
membrane as part of a large complex (Bellafiore et al., 2002). In contrast to 
mitochondria, chloroplasts contain homologues of the Sec-system (cpSec) 
and the SRP/FtsY system (cpSRP/cpFtsY) (Glick and von Heijne, 1996; 
Laidler et al., 1995; Li et al., 1995). Alb3 facilitates the post-translational 
insertion of a subset of light harvesting chlorophyll binding proteins 
(LHCPs) in particular Lhcb1, Lhcb4.1 and Lhcb5 (Moore et al., 2000; 
Woolhead et al., 2001). These LHCPs are imported from the cytoplasm and 
are targeted by cpSRP and cpFtsY to Alb3 in the thylakoid membrane 
(reviewed in Di Cola et al., 2005) (Fig.8). The post-translational insertion of 
LHCPs is independent of the cpSec-translocon, implying that the 
cpSRP/cpFtsY system targets substrates directly to Alb3. In support of this, 
pull-down experiments suggested an interaction between Alb3, cpSRP and 
cpFtsY (Moore et al., 2003). Evidence obtained from co-fractionation and 
pull-down experiments, as well as genetic analysis, suggests that Alb3 is, at 
least in part, associated with the cpSec-system (Klostermann et al., 2002; 
Pasch et al., 2005). This indicates that Alb3 may also function in concert 
with the cpSec-system probably during the co-translational insertion of 
plastid encoded thylakoid membrane proteins (Bellafiore et al., 2002; 
Ossenbuhl et al., 2006).  

The Alb3 protein is found in many copies on the plant genome. For 
A. thaliana, six different forms of the protein have been identified in the 
genome (Luirink et al., 2001). The precise function of these orthologues 
remains to be elucidated.  
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A recent analysis of a second A. thaliana Alb3 homologue called 
Alb4 (previously Artemis) showed that this protein is exclusively found in 
the thylakoid membrane and is involved in chloroplast biogenesis (Fulgosi 
et al., 2002; Gerdes et al., 2006). The precise role of Alb4 is currently not 
well understood. Moreover, two Alb3 proteins were identified in C. 
reinhardtii, termed Alb3.1 and Alb3.2. The Alb3.1 protein is required for 
the insertion of LHCPs into the thylakoid membrane. Strikingly, C. 
reinhardtii Alb3.1 mutants are less affected in the assembly of light-
harvesting complexes than A. thaliana Alb3 mutants (Bellafiore et al., 
2002). The Alb3.2 protein is essential for viability and plays a vital role in 
the assembly of the reaction centers of photosystem I and II into the 
thylakoid membrane (Gohre et al., 2006).  
 

 
 
 
 
 
 
A. Role of YidC in co-translational insertion? 

The proteins encoded by the mitochondrial genome (8 in the yeast 
S. cerevisiae, 13 in humans) are almost exclusively subunits of respiratory 
chain complexes and include subunits of the cytochrome bc1 complex, 
cytochrome c oxidase complex and F1Fo-ATPase complex (reviewed in 
Adams and Palmer, 2003). Biochemical fractionation experiments have 
suggested that mitochondrially encoded IMPs insert in a co-translational 
fashion (Liu and Spremulli, 2000; Sevarino and Poyton, 1980). However, 
mitochondria of higher eukaryotes lack the Sec and SRP/FtsY system 
(Glick and von Heijne, 1996) and co-translational insertion must be 
mediated by an alternative mechanism. Interestingly, an interaction between 
Oxa1 and mitochondrially encoded translation products has been reported. 
This interaction is enhanced during membrane insertion by the presence of 
the associated ribosome (Hell et al., 1998; Hell et al., 2001), impliying that 
Oxa1 plays a role in the co-translational insertion of mitochondrially 

Fig.8. Model for the role of Oxa1 and Alb3 in membrane protein assembly (adapted from
de Gier and Luirink, 2001). The involvement of Alb3 in the biogenesis of stroma-encoded
substrates and its cooperation with the cpSec-translocon are speculative. See text for
further details. 
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encoded substrates. Oxa1 spans the mitochondrial IM five times and 
exposes a ∼91 residue C-terminal α-helical domain into the matrix. Co-
fractionation experiments, mutagenesis studies and in organello analysis 
suggest that this domain has the ability to bind mitochondrial ribosomes (Jia 
et al., 2003; Szyrach et al., 2003). Interestingly, Oxa1 can be cross-linked to 
the ribosomal protein Mrp20, which is homologous to L23 in prokaryotes 
and L23a in eukaryotes (Jia et al., 2003). L23/L23a is located next to the 
exit tunnel for nascent polypeptides of the large ribosomal subunit (Ban et 
al., 2000; Nissen et al., 2000). Together, these findings suggest that the C-
terminal domain of Oxa1 functions as a ribosome binding domain (RBD). 
This domain ensures intimate contact of the nascent chain with the 
membrane embedded Oxa1 complex.  

Given the role of Oxa1 in the binding of mitochondrial ribosomes, 
the question arises whether bacterial YidC could play a similar role in co-
translational insertion. Interestingly, a recent study identified 2 YidC 
homologues (YidC1 and YidC2) in Streptococcus mutans (Hasona et al., 
2005). In this organism, the SRP-pathway is not essential for viability 
(Kremer et al., 2001). However, mutants in which both the SRP and YidC2 
functions were impaired showed a synthetic phenotype and were barely 
able to grow, indicating functional overlap between YidC and the SRP. The 
exact mechanism for this is currently not known. Notably, in E. coli YidC 
and the SRP/FtsY system are essential for viability (Gill and Salmond, 
1990; Phillips and Silhavy, 1992; Ribes et al., 1990; Samuelson et al., 
2000). Although E. coli YidC does not contain a predicted RBD, the C-
terminal tail is positively charged (section 4B) which might enable an 
interaction with the negatively charged RNA of ribosomes or the SRP. A 
direct interaction between ribosomes and YidC has not yet been shown. 
However, photo cross-linking experiments revealed the contact of YidC to 
very short nascent chains of the IMP Lep that are exposed from the 
ribosome by only 9 residues, indicating that YidC and the ribosome are in 
close proximity during protein insertion (Houben et al., 2005). Experiments 
that monitor membrane protein insertion in vivo indicate that the SRP is 
required for co-translational targeting of some substrates to YidC. 
Fröderberg et al. (2003) showed that insertion of an artificial ProW 
derivative requires the SRP and YidC for proper membrane biogenesis. 
Likewise, the endogenous IMP MscL requires the SRP and YidC in vivo 
(Facey et al., 2007). The targeting of another endogenous IMP, Foc, to YidC 
is debated but the SRP has been implicated (van der Laan et al., 2004a; Yi 
et al., 2004; chapter 2). Together, these findings indicate that in E. coli, the 
SRP plays a role in membrane targeting of some YidC substrates thereby 
promoting co-translational insertion and thus pointing to a connection 
between the SRP and YidC.  
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B. The evolutionary conserved function of YidC 
Although members of the YidC/Oxa1/Alb3 family share a 

conserved core region of five predicted TMs, a functional relationship is not 
immediately obvious given the poor primary sequence conservation (20-
30%). However, genetic complementation experiments indicate a degree of 
conserved function between the chloroplast, mitochondrial and bacterial 
YidC homologues, showing that these proteins are indeed true homologues. 
The A. thaliana Alb4 protein (previously Artemis) can partially 
complement Oxa1 when expressed in yeast mitochondria (Fulgosi et al., 
2002; Funes et al., 2004a; Gerdes et al., 2006). Moreover, A. thaliana Alb3 
can functionally complement a conditional E. coli yidC mutant in both the 
Sec-dependent and Sec-independent function (section 5B and 5C) (Jiang et 
al., 2002), which suggests that in chloroplasts Alb3 is also involved in 
distinct insertion pathways, similar to YidC. In contrast, the mitochondrial 
Oxa1 and Cox18 proteins are only able to complement the Sec-independent 
function of YidC in E. coli (chapter 4 and 5), suggesting that the Sec-
independent function is conserved and essential. Notably, mitochondria 
lack any of the known Sec-components so presumably the Sec-related 
function of Oxa1 and Cox18 has been lost during evolution (chapter 4 and 
5). Domain swapping and complementation experiments with YidC in yeast 
mitochondria show that YidC is able to bind mitochondrial ribosomes and 
facilitate co-translational insertion if the RBD of Oxa1 is appended onto its 
C-terminus. However, the presence of this domain interferes with the ability 
of YidC to take over the function of Cox18 (Preuss et al., 2005). Combined, 
these studies show that YidC, Oxa1 and Cox18 share a similar catalytic 
(insertase) activity, but are functionally adapted to their specific context. In 
evolutionary terms these findings indicate that the two descendants of the 
ancestral prokaryotic YidC, Oxa1 and Cox18, functionally segregated in 
mitochondria to perform a co-translational and a post-translational function. 
Both activities are important for the biogenesis of mitochondrial respiratory 
chain complexes, which explains their conservation throughout evolution 
(Preuss et al., 2005). 
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7. Interplay between targeting and assembly factors  
The biogenesis of only a few E. coli IMPs has been studied in detail 

pointing at four distinct major targeting and insertion pathways: the 
SRP/Sec(A)YEG/YidC-pathway, the SRP/YidC-pathway and the YidC-
only pathway (Luirink et al., 2005) (Fig.9). These distinct pathways 
originate from a complex interplay of different targeting and assembly 
factors, which can be envisioned as modules responsible for specific tasks. 
Different combinations of these modules result in the different membrane 
biogenesis pathways for a defined set of IMPs (de Gier and Luirink, 2001). 
The modules are present in vastly different intracellular concentrations and 
their expression is regulated differently, indicating that these factors must 
operate in a strictly orchestrated manner that is still poorly understood. 

 

 
 
 
 
 
The complex and coordinated interplay between the different 

modules is nicely illustrated by the intricate membrane biogenesis of CyoA 
(Fig.10), a membrane subunit of the cytochrome o oxidase complex. CyoA 
is a lipoprotein of 315 residues and is initially synthesized with a 
lipoprotein-type signal sequence, which is proteolytically removed by 
SPaseII. Mature CyoA comprises two TMs, a short translocated N-terminus 
and a large C-terminal periplasmic domain (Ma et al., 1997). Evidence 
obtained from in vivo and in vitro experiments suggests that CyoA requires 
the SRP for efficient membrane targeting, whereas both YidC and the Sec-
machinery are required for insertion and translocation. YidC is required for 
the translocation of the N-terminal periplasmic loop between the signal 
sequence and TM1; SecA and the translocon are required for the 

Fig.9. Overview of different membrane biogenesis pathways in E. coli.
These pathways consist of modules: the SRP, SecYEG, SecAYEG and YidC
(see text for details). RNC, ribosome-nascent chain complex.  
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translocation of the large C-terminal domain. When the Sec-machinery was 
compromised, translocation of the N-terminal periplasmic loop was still 
observed, whereas the C-terminal domain was not translocated. In the 
absence of YidC, no translocation was observed at all (chapter 3; Celebi et 
al., 2006; du Plessis et al., 2006). This suggests that the YidC-dependent 
translocation of the N-terminal periplasmic loop is followed by the Sec-
dependent translocation of large C-terminal periplasmic domain, making  
the complete process very dependent on YidC.  

 
 

 
 

 
 
 
 
 

Fig.10.  Cooperation of the YidC and SecAYEG modules during the
membrane biogenesis of CyoA (adapted from Kiefer and Kuhn, 2007).
CyoA is initially synthesized with a lipoprotein-type signal sequence which
is removed from the mature protein by SpaseII (arrow). See text for details.
The signal sequence is represented by a solid gray bar; TMs are represented
by solid black bars. 
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Outline of this thesis 
The work presented in this thesis is aimed at understanding the 

evolutionary conserved role of YidC in the biogenesis of membrane 
proteins.  

The studies described in chapter 2 and 3 confirm that the Sec-
independent/YidC-dependent pathway of E. coli is similar to the 
mitochondrial Oxa1 pathway which is predominantly used for the 
membrane assembly of respiratory complexes. Substrates of the Oxa1 
pathway include Atp9 and Cox2p, which are membrane subunits of the 
F1Fo-ATPase and cytochrome c oxidase complex. Atp9 and Cox2p are 
homologous to E. coli Foc and CyoA. The experiments described in 
chapter 2, show that YidC is strictly required for the membrane insertion of 
Foc and, moreover, identified this protein as an endogenous substrate of the 
novel YidC only pathway. In chapter 3, the role of YidC in the membrane 
biogenesis of CyoA was investigated. It was shown that translocation of the 
N-terminal periplasmic domain strictly requires YidC whereas translocation 
of the C-terminal periplasmic domain requires SecA and the Sec-
translocon. Interestingly, translocation of the N-terminus is a prerequisite 
for translocation of the C-terminus explaining the crucial role of YidC in 
the apparent vectorial assembly of CyoA. Efficient membrane targeting of 
both Foc and CyoA requires the SRP. 

In chapter 4 and 5, a functional relationship between YidC and its 
mitochondrial yeast homologues Oxa1 and Cox18 was analyzed. It was 
shown that Oxa1 and Cox18 are able to fully complement the Sec-
independent function of YidC in E. coli presumably functioning as a Sec-
independent insertase. This suggests that the Sec-independent function is 
conserved and essential for viability probably because of its role in the 
assembly of important respiratory complexes such as the F1Fo-ATPase and 
cytochrome o oxidase complex. In contrast, Oxa1 and Cox18 fail to 
complement the Sec-dependent function of YidC possibly because these 
proteins are unable to cooperate efficiently with the bacterial Sec-
translocon.  

 In chapter 6, specific structural features of IMPs that determine 
the selection of specific targeting, insertion and translocation factors were 
analyzed in vivo. For this purpose, a collection of engineered model IMPs, 
based on the well studied endogenous IMPs Foc and Lep was used. The data 
suggest that YidC might be sufficient for insertion of more complex 
endogenous E. coli IMPs provided they have small translocated loops. 
Furthermore, the data indicate the very flexible use of SecYEG and YidC to 
mediate membrane assembly of endogenous and engineered IMPs. 

The experiments in chapter 7, suggest that YidC is connected with 
FtsH including its modulating factor HflKC. The FtsH-complex fulfills a 
role in the degradation of misassembled membrane proteins. The co-
purification of FtsH and HflKC with YidC therefore suggests that YidC 
participates in this quality control complex. In this context, YidC might 
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function to select certain malfolded nascent IMPs upon lateral exit from the 
translocon and present them to FtsH for degradation. 
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Abstract 
E. coli inner membrane proteins (IMPs) use different pathways 

for targeting and membrane integration. We have examined the 
biogenesis of the F1Fo-ATP synthase subunit c, a small double spanning 
IMP, using complementary in vivo and in vitro approaches. The data 
suggest that Foc is targeted by the SRP to the membrane where it 
inserts at YidC in a Sec-independent mechanism. Foc appears to be the 
first natural substrate of this novel pathway.  
 
Introduction 

E. coli IMPs use distinct targeting, insertion and assembly factors 
to reach their native membrane embedded conformation. Most IMPs 
depend on a conserved system consisting of the signal recognition particle 
(SRP) and its receptor FtsY for efficient targeting to the membrane 
(reviewed in de Gier and Luirink, 2001; Herskovits et al., 2000). The SRP 
binds to hydrophobic targeting signals present in nascent IMPs. The 
ribosome nascent chain-SRP complex is then transferred to a membrane 
insertion site via FtsY (Herskovits et al., 2000).  

Recently, YidC has been identified as an insertion or assembly 
factor that plays a critical role in the biogenesis of most IMPs (reviewed in 
Chen et al., 2002; de Gier and Luirink, 2003). YidC is a member of the 
YidC/Oxa1/Alb3 protein family that appears involved in the biogenesis of 
membrane proteins in chloroplasts, mitochondria and bacteria (Luirink et 
al., 2001). Interestingly, E. coli YidC functions in two insertion pathways: 
(i) in physical and functional association with the Sec-translocon and (ii) in 
a separate homo- or hetero-oligomeric form. All tested Sec-dependent IMPs 
contact YidC during membrane insertion (Beck et al., 2001; Houben et al., 
2000; Scotti et al., 2000; Urbanus et al., 2002). The contact with YidC is 
transient and specific for transmembrane segments (TMs) of substrate 
proteins suggesting that YidC functions in the release of TMs from the Sec-
translocon into the lipid bilayer (Scotti et al., 2000). In contrast, certain 
small phage coat proteins require only YidC for membrane integration 
implying a more elaborate function for the “free” form of YidC in this 
integration pathway (Samuelson et al., 2000; Serek et al., 2004).  

Remarkably, depletion of YidC has little effect on the efficiency 
and kinetics of IMP insertion via the Sec-YidC pathway as determined in 
protease accessibility experiments (Fröderberg et al., 2003). On the other 
hand, depletion of YidC almost completely blocks integration of phage coat 
proteins via the “YidC-only” pathway (Samuelson et al., 2000). This raises 
the question why YidC is essential. With respect to this issue, we have 
recently shown that depletion of YidC strongly affects steady state levels of 
the important endogenous proteins CyoA (subunit II of the cytochrome o 
oxidase) and Foc (subunit c of F1Fo-ATPase) in the inner membrane (van 
der Laan et al., 2003). 

Here we have analyzed the mechanism of membrane targeting and 
integration of Foc using a combined in vitro (cross-linking) and in vivo 
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(protease mapping) approach. Combined, the results demonstrate that Foc is 
co-translationally targeted by the SRP and inserted at YidC in the 
membrane with only a marginal role, if any, for the Sec-translocon. This 
unveils a novel pathway of IMP biogenesis of which Foc is the first natural 
exponent. 
 
Results 
 
SRP-mediated targeting of Foc to the inner membrane 

Foc is a small, double spanning membrane protein with a short N- 
and C-terminus exposed to the periplasm (Fillingame et al., 1998; Fig. 1). 
We have recently shown that the presence of this protein in the membrane 
is atypically sensitive to depletion of YidC (van der Laan et al., 2003), 
which prompted us to study the mechanism of targeting and insertion of Foc 
in detail. To permit immunodetection in protease accessibilty experiments, 
a HA-tag was added to the periplasmic C-terminus of Foc (Fig. 1). Foc-HA 
fully restored growth of the uncE114 mutant strain MM944Iq  (Miller et al., 
1989) on minimal medium plates containing succinate (data not shown), 
indicating that the HA tag does not interfere with assembly and activity of 
the F1Fo-ATPsynthase. 

 

           We initially analyzed the role of the SRP in targeting of Foc. The 
SRP is composed of the signal binding protein Ffh and the 4.5S RNA 
(Herskovits et al., 2000). Foc-HA was expressed in strain HDB51 in which 
ffh expression is under control of an arabinose-inducible promoter. Cells 
grown in the presence or absence of arabinose were pulse-labeled, 
converted to spheroplasts and treated with proteinase K to degrade external 
(periplasmic) protein (-domains). When Ffh was present, Foc-HA was only 
detected in mock-treated samples (Fig. 2A). This confirms that the HA-tag 
in Foc-HA is translocated and sensitive to proteinase K, validating our assay 
conditions. In contrast, upon depletion of Ffh, Foc-HA was to a large degree 
protected against protease treatment suggesting that Ffh is required for 
efficient targeting or assembly of Foc-HA to the membrane. In this 

Fig.1. Topological model of Foc-HA. An HA-epitope was attached to the
C-terminus of Foc to facilitate verification of membrane integration. In
spheroplasts derived from wild type cells, proteinase K degrades the
translocated HA epitope of Foc-HA. 



Chapter 2 
_____________________________________________________________ 

  36 

experiment Ffh levels were reduced approximately 3-fold as judged by 
immunoblot analysis whereas YidC levels were not affected (data not 
shown). Notably, expression and processing of the Sec-dependent OmpA 
protein were not affected under these conditions (Fig. 2A). Together, these 
results argue that the extent of depletion of the essential Ffh protein has not 
indirectly affected the functioning of the Sec/YidC machinery. A possible 
role of the SRP in Foc targeting was further investigated in the relatively 
mild and viable mutant Ffh-87 strain that has recently been described (Tian 
and Beckwith, 2002). Consistent with the effects of Ffh depletion, this 
mutation caused significant accumulation of Foc-HA in proteinase K treated 
spheroplasts, whereas OmpA processing was not affected (Fig. 2B). As an 
additional control, insertion of the SRP-dependent IMP FtsQ was analyzed 
in the Ffh-87 strain. The reduction in accessibility of this protein in the Ffh-
87 strain was similar to the effect on Foc-HA confirming both proteins 
require the SRP for efficient targeting (Tian and Beckwith, 2002; Fig. 2C). 

 

 

 

 

 

 

Fig.2. Foc requires the SRP for membrane targeting. A protease accessibility assay was
used to monitor the effects of depletion (A) or mutation (B) of Ffh on biogenesis of Foc-
HA. Strain HDB51 harboring a plasmid expressing Foc-HA was grown under Ffh
depleting or non-depleting conditions (A). The Ffh mutant strain HTP406 was grown in
parallel with its isogenic parent strain JP313 (B, C). HTP406 and JP313 carried the Foc-
HA plasmid or, as a control, the FtsQ expression plasmid (C). Cells were pulse-labeled
and processed as described in Materials and Methods. Anti-HA serum was used for
immunoprecipitation of Foc-HA and antibodies against the N-terminus of FtsQ were
used for immunoprecipitation of FtsQ. Immunoprecipitated material was subjected to
SDS-PAGE and phosphorimaging. TF is a cytoplasmic control protein that is not
accessible to protease in intact spheroplasts. OmpA is an outer membrane protein that is
susceptible to protease in spheroplasts and serves to monitor the effciency of
spheroplast formation.  
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The SRP interacts with the first TM of most nascent IMPs. We 
investigated the molecular environment of TM1 in nascent Foc by site-
specific photo cross-linking. Using suppressor-tRNA technology, a cross-
linking probe was introduced at position 15 in the hydrophobic core of TM1 
during in vitro synthesis of Foc. The construct used for Foc expression was 
79 amino acids long, equal to the full-length protein but lacking a stop 
codon to terminate translation. Consequently, nascent (ribosome-
associated) Foc was produced with TM1- containing the photoreactive 
probe- exposed outside the ribosome (Fig. 3A). Activation of the probe by 
UV-irradiation generated a prominent cross-linking product at ~55 kDa that 
could be immmunoprecipiated using anti-Ffh serum (Fig. 3A, lane 3) 
suggesting association of TM1 with the SRP.  
 

  

Notably, Ffh was cross-linked in a wild-type translation lysate in 
which the concentration of Ffh is very low suggesting that TM1 in nascent 
Foc has a high affinity for Ffh. Other products of lower intensity were 
observed in which trigger factor (TF) and the ribosomal protein L23 could 

Fig. 3. Interactions of nascent
Foc. In vitro synthesis of
nascent 79Foc with a TAG
codon at position 15 was
carried out in the presence of
(Tmd)Phe-tRNASup either in
the absence (A) or presence
(B) of E. coli IMVs. After
translation, samples were UV-
irradiated and TCA
precipitated (A), or extracted
with sodium carbonate (B).
TCA precipitates and
carbonate pellet fractions were
immunoprecipitated using
antisera against the indicated
proteins (lanes 2-4), or
directly analysed by SDS-
PAGE (lane 1). 
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be identified as cross-linking partners (Fig. 3A, lanes 2 and 4). L23 is 
located near the nascent chain exit site and trigger factor is a cytosolic 
chaperone with a general affinity for nascent polypeptides (de Gier and 
Luirink, 2003). Both Ffh and TF have been shown to associate with L23 
(Gu et al., 2003; Kramer et al., 2002; Ullers et al., 2003). Considered 
together the data strongly suggest that the SRP plays a crucial role in 
targeting of Foc to the inner membrane. 

YidC-mediated insertion of Foc into the inner membrane  
Next, the requirements for membrane insertion of Foc-HA were 

analyzed. Depletion of YidC strongly inhibited proteolysis of Foc-HA as 
compared with the non-depleted (control) cells (Fig. 4A). A similar strong 
effect was observed on the processing and  protease accessibility of the 
M13P2 hybrid protein that served as a YidC-dependent/Sec-independent 
control IMP (Samuelson et al., 2000; Fig. 4B). Translocation of OmpA 
appeared unaffected demonstrating that indirect inactivation of the Sec-
translocon had not occurred under these conditions (Fig. 4A and B; van der 
Laan et al., 2003). To determine the role of the Sec-translocon in Foc 
insertion we used strain CM124 in which the essential secE gene is under 
control of an arabinose-inducible promoter. Depletion of SecE results in the 
loss of the complete SecY/E core of the translocon since SecY is rapidly 
degraded in the absence of SecE (Akiyama et al., 1996). Clearly, depletion 
of SecE had no discernible effect on the accessibility of Foc-HA towards 
proteinase K (Fig. 4C). In contrast, proteolysis of FtsQ was almost 
completely blocked under these conditions (Fig. 4D) confirming earlier 
results (Urbanus et al., 2001). Also, processing and translocation of OmpA 
was strongly reduced as expected for this Sec-dependently translocated 
protein (Fig. 4C and D). 

To obtain independent information on the mode of insertion of Foc, 
we repeated the cross-linking assay described above, but added IMVs 
during translation to allow membrane targeting and insertion. Subsequently, 
cross-linking was induced by UV-irradiation and membrane integrated 
material was recovered by extraction with sodium carbonate. An 
unambiguous and almost exclusive cross-linking product was detected at 
~69 kDa that represents cross-linking to YidC as shown by 
immunoprecipitation (Fig. 3B, lane 2). Weak products at ~44kDa and ~20 
kDa represent cross-linking to SecY and SecE, respectively (Fig. 3B, lanes 
3 and 4). This confirms that the TM1 in nascent Foc is primarily in contact 
with YidC during membrane insertion. Together, the data suggest that Foc 
utilizes a YidC-dependent but Sec-independent mechanism for membrane 
insertion. 
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Discussion 

Foc is a small membrane protein with two TMs in an Nout-Cout 
topology (Fillingame et al., 1998). 10 Foc subunits assemble in an 
oligomeric ring structure that together with 1 Foa and 2 Fob subunits form 
the membrane embedded Fo complex (Jiang et al., 2001). Recent studies 
suggest that YidC plays a role in the biogenesis of this complex (van der 
Laan et al., 2003; Yi et al., 2003). Using complementary in vitro and in vivo 
approaches we show here that YidC can function as the insertase for Foc, 
independent of the Sec-translocon. Insertion of Foc is strongly affected by 
YidC depletion in a pulse-label experiment whereas depletion of the 
essential translocon component SecE had no discernible effect (Fig. 4A and 
C). Furthermore, in vitro photocross-linking of nascent Foc shows 
prominent cross-linking of its first TM to YidC and only weak cross-linking 
to SecY and SecE (Fig. 3 B). The latter contacts may represent a 
subpopulation of nascent chains that uses an alternative integration pathway 

Fig. 4. Foc-HA requires YidC but not the Sec-translocon for membrane insertion. A
protease accessibility assay was used to monitor the effects of depletion of YidC (A,B) or
SecE (C,D) on biogenesis of Foc-HA. The YidC temperature sensitive mutant KO1671
and its control parent strain KO1670 were grown at the non-permissive temperature (42
0C). KO1671 and KO1670 harbored the Foc-HA plasmid (A) or, as a control, the M13P2
expression plasmid (B). Cells were pulse-labeled and processed as described in Materials
and Methods. Anti-HA serum was used for immunoprecipitation of Foc-HA and antibodies
against Lep were used for immunoprecipitation of M13P2. Immunoprecipitated material
was subjected to SDS-PAGE and phosphorimaging. M13P2 is synthesized with a signal
peptide (pre-M13P2) that is processed during membrane integration to yield mature
M13P2. In proteinase K-treated spheroplasts, mature M13P2 is converted to a slightly
smaller form, denoted pf (proteinase K fragment). The SecE depletion strain CM124 was
grown under SecE depleting or non-depleting conditions. CM124 carried the Foc-HA
plasmid (C) or, as a control, the FtsQ expression plasmid (D) Antibodies against the N-
terminus of FtsQ were used for immunoprecipitation of FtsQ. 
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that involves the Sec-translocon, if present. In essence, our data are 
compatible with those of van der Laan and coworkers who, in the course of 
this study, reported on the insertion of Foc in proteoliposomes that contain 
only YidC (van der Laan et al., 2004). Combined, the data are reminiscent 
of the YidC-mediated, Sec-independent mechanism of insertion of the small 
phage coat proteins M13 (de Gier et al., 1998) and Pf3 (Chen et al., 2002). 

How is Foc targeted to YidC? Our data suggest a prominent role for 
the SRP in this process. TM1 in nascent Foc is strongly cross-linked to Ffh 
from a wild-type lysate (Fig. 3A, lane 3) in which Ffh is present in very low 
concentrations. This assay has proven diagnostic in the determination of 
targeting pathway selection (Adams et al., 2002; Peterson et al., 2003; 
Sijbrandi et al., 2003). Indeed, depletion of Ffh or 4.5S RNA, the two 
constituents of the SRP, had a pronounced effect on the insertion of Foc in 
vivo (Fig. 2A and data not shown). Although the export of the secreted, 
SecB-dependent outer membrane protein OmpA was not affected under 
these conditions, indirect effects due to an altered cell physiology cannot be 
entirely excluded. However, similar results were obtained in a strain that 
displays only weak effects on the SRP pathway by a point mutation in ffh 
and that has relatively normal growth rates (Fig. 2B). In marked contrast, 
Van der Laan et al. observed only small effects of depletion of Ffh or FtsY 
on Foc insertion in a semi-reconstituted in vitro system (van der Laan et al., 
2004). At present, we do not know the reason for this discrepancy. 
Noticeably, co-translational addition of membrane vesicles is a prerequisite 
for in vitro insertion of Foc (van der Laan et al., 2004; our unpublished data) 
which is difficult to reconcile with a SRP-independent, post-translational 
targeting mechanism as described for the phage coat proteins M13 and Pf3 
(Chen et al., 2002; de Gier et al., 1998). 

Based on the data presented, Foc appears to be the first natural 
substrate of a novel biogenesis route in which the SRP delivers the nascent 
IMP at YidC that catalyzes insertion in a seemingly Sec-independent 
mechanism. Co-translational targeting to YidC might facilitate and 
coordinate lipid partitioning of the two TMs in nascent Foc preventing 
erroneous intra- and intermolecular contacts due to their hydrophobic 
nature. The existence of an SRP/YidC pathway has been suggested before 
based on the exclusive SRP and YidC dependence of an artifical IMP 
construct (Fröderberg et al., 2003). Interestingly, in thylakoids, a 
cpSRP/Alb3 pathway is operational and used by LHCP (Moore et al., 
2000). A functional interaction between cpSRP, cpFtsY and Alb3 was 
demonstrated (Moore et al., 2003), suggesting that similar interactions may 
contribute to targeting to YidC in E. coli. Future studies will concentrate on 
the mechanism and substrate specificity of this SRP/YidC pathway. During 
preparation of this manuscript, we learned of the work of (Yi et al., 2004). 
There are interesting points of comparison with the latter paper which may 
need to be addressed in the future. 
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Materials and Methods 
 
Strains, plasmids and growth conditions 

The Ffh (fifty-four homologue) depletion strain HDB51 and the 
SecE depletion strain CM124 were grown as described (Lee and Bernstein, 
2001; Traxler and Murphy, 1996). Strain HTP406, which expresses a 
mutant ffh allele, and its isogenic control JP313 were grown as described 
(Tian and Beckwith, 2002). The YidC temperature sensitive strain KO1671 
and its isogenic control KO1670 were grown as previously described 
(Fröderberg et al., 2004). 

For in vivo protease accessibility assays, the uncE gene (encoding 
Foc) was PCR amplified from E. coli genomic DNA. A HA-tag (Tyr-Pro-
Tyr-Asp-Val-Pro-Asp-Tyr-Ala), preceded by a flexible linker peptide (Pro-
Gly-Gly), was attached to the C-terminus of Foc by PCR. The PCR 
fragment was cloned into pBAD24 (Guzman et al., 1995), pEH1 and pEH3 
(Hashemzadeh-Bonehi et al., 1998), and pASKIBA3 (IBA GmbH). For 
control experiments, M13P2 and FtsQ coding sequences were cloned in 
pASKIBA3.  

For in vitro cross-link experiments, plasmid pC4Meth79FocTAG15 
was constructed by PCR using genomic E. coli DNA as template. It 
encodes truncated Foc fused to a C-terminal 4x methionine tag to improve 
labeling efficiency, and contains an amber mutation at position 15 to allow 
sup-tRNA photocross-linking, as described previously (Scotti et al., 2000). 
The nucleotide sequence of all constructs was confirmed by DNA 
sequencing. 

 
 In vivo protease K accessibility assay 

Cells harboring derivatives of pEH1, pEH3, pBAD24 or 
pASKIBA3 were induced for 10 min by adding IPTG (pEH1 and pEH3; 
1mM), L-arabinose (pBAD24; 0.2%) or anhydrotetracycline (pASKIBA3; 
500 ng/ml), labeled with [35S]methionine (30 µCi/ml), converted to 
spheroplasts and processed as described previously (Fröderberg et al., 2003; 
Froderberg et al., 2004). 

 
 In vitro cross-linking 

Preparation of truncated mRNA, in vitro translation, targeting to 
inverted membrane vesicles (IMVs), photocross-linking, carbonate 
extraction and sample processing were performed as described previously 
(Scotti et al., 2000). 
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Abstract 
Inner membrane proteins (IMPs) of Escherichia coli use 

different pathways for membrane targeting and integration. YidC 
plays an essential but poorly defined role in the integration and folding 
of IMPs both in conjunction with the Sec-translocon and as a Sec-
independent insertase. Depletion of YidC only marginally affects the 
insertion of Sec-dependent IMPs, whereas it blocks the insertion of a 
subset of Sec-independent IMPs. Substrates of this latter “YidC-only” 
pathway include the relatively small IMPs M13 procoat, Pf3 coat 
protein and subunit c of the F1Fo-ATPase. Recently, it has been shown 
that the steady state level of the larger and more complex CyoA subunit 
of the cytochrome o oxidase is also severely affected upon depletion of 
YidC. In the present study, we have analyzed the biogenesis of the 
integral lipoprotein CyoA. Collectively, our data suggest that the first 
transmembrane segment (TM) of CyoA rather than the signal sequence 
recruits the SRP for membrane targeting. Membrane integration and 
assembly appears to occur in two distinct sequential steps. YidC is 
sufficient to catalyze insertion of the N-terminal domain consisting of 
the signal sequence, TM1 and the small periplasmic domain in between. 
Translocation of the large C-terminal periplasmic domain requires the 
Sec-translocon and SecA suggesting that for this particular IMP, the 
Sec-translocon might operate downstream of YidC. 
 
Introduction 

In Escherichia coli, IMPs are targeted and inserted into the inner 
membrane via different pathways (Luirink et al., 2005). Targeting of most 
IMPs analyzed until now, depends on a conserved system consisting of the 
signal recognition particle (SRP) and its receptor FtsY (Koch et al., 2003; 
Luirink and Sinning, 2004). The E. coli SRP, which consists of a signal 
sequence binding protein (Ffh for Fifty four homologue) and a 4.5S RNA, 
samples nascent chains at the ribosomal exit site for the presence of 
particularly hydrophobic targeting signals that are primarily present in 
nascent IMPs. The ribosome nascent chain-SRP complex is transferred to 
the Sec-translocon located in the inner membrane by the SRP receptor FtsY 
that is located both in the cytoplasm and inner membrane. The mechanism 
of transfer by FtsY is not well understood but most likely involves 
interaction of FtsY with membrane lipids and with the Sec-translocon 
component SecY (Angelini et al., 2005). GTP-binding and -hydrolysis by 
Ffh and FtsY regulates the vectorial transfer process and recycling of the 
components involved (Shan and Walter, 2005). The heterotrimeric core of 
the Sec-translocon comprises the integral membrane components SecY, 
SecE and SecG. It functions in membrane insertion of most IMPs and in 
translocation of secretory proteins (Veenendaal et al., 2004). The peripheral 
ATPase SecA is dynamically associated with the cytoplasmic side of the 
SecYEG core and drives the translocation of secretory proteins and large 
periplasmic domains of IMPs (Vrontou and Economou, 2004). 
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YidC has been identified as a novel Sec-associated component by 
cross-link and pull-down experiments and plays a role in the biogenesis of 
IMPs (Yi and Dalbey, 2005). In vivo depletion of YidC (which is an 
essential protein) generally does not affect protein translocation and only 
slightly affects the insertion of Sec-dependent IMPs into the membrane 
(Föderberg et al., 2003; Urbanus et al., 2001). The function of Sec-
associated YidC has been investigated for only a limited number of IMPs 
and is currently not well understood. Available evidence suggests that it 
acts downstream of the Sec-translocon to facilitate the lateral transfer and 
assembly of TMs and to assist the folding of polytopic IMPs (Beck et al., 
2001; Houben et al., 2004; Nagamori et al., 2004; Urbanus et al., 2001).  

On the other hand, TMs in Sec-dependent nascent IMPs contact 
YidC very early in biogenesis suggesting an additional role in the reception 
and recognition of TMs in the context of the Sec-translocon (Houben et al., 
2005; Houben et al., 2002). The versatility of YidC is emphasized by the 
fact that it also functions independent of the Sec-translocon (Preuss et al., 
2005; Serek et al., 2004). Depletion of YidC almost completely inhibits 
membrane insertion of the Sec-independent small Pf3 and M13 phage coat 
proteins that were initially considered to insert spontaneously into the 
membrane (Samuelson et al., 2000). In vitro reconstitution studies have 
shown that YidC is not only required but also sufficient for membrane 
insertion of Pf3 coat protein including the translocation of its small N-
terminal domain (Serek et al., 2004). It is as yet not clear if this Sec-
independent insertase function of YidC is also reflected in a physical 
separation of a fraction of YidC from the Sec-translocon.  

A recent study has shown that the loss of YidC rapidly leads to 
severe defects in the functional assembly of cytochrome o oxidase and the 
F1Fo-ATPase complex (van der Laan et al., 2003). Specifically, the amount 
of Foc (subunit c of the F1Fo-ATPase) and CyoA (subunit of the cytochrome 
o oxidase) decreased rapidly upon the depletion of YidC reminiscent of the 
effect on the insertion of small phage coat proteins. YidC is homologous to 
the mitochondrial Oxa1 that mediates membrane insertion of the 
mitochondrial IMPs Atp9 and Cox2p that are, in turn, homologous to Foc 
and CyoA. Hence, it has been suggested that YidC plays a pivotal, perhaps 
exclusive role in the membrane insertion of (domains of) Foc and CyoA 
(van der Laan et al., 2003). Three independent studies indeed demonstrate 
that YidC, but not the SecYEG complex, is required for membrane insertion 
of Foc, a double spanning IMP with very short periplasmic tails at the N- 
and C-termini (van Bloois et al., 2004; van der Laan et al., 2004; Yi et al., 
2004). In contrast to Foc, CyoA is a lipoprotein that is initially synthesized 
with a signal sequence containing a conserved “lipobox” sequence that 
includes the signal peptidase II (SPaseII) cleavage site (Ma et al., 1997). 
Like Foc, mature CyoA has two closely spaced TMs but unlike Foc the 
second TM is followed by a large translocated domain.  

In the present study we have analyzed the targeting and insertion of 
CyoA using complementary in vivo protease mapping experiments and an 
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in vitro photo cross-linking technique. Collectively, our data demonstrate 
that the SRP interacts with the first TM of CyoA (rather than with its signal 
sequence) to mediate targeting of CyoA to the Sec/YidC insertion site in the 
inner membrane. Membrane insertion appears to take place in two distinct 
stages. YidC is required and sufficient for membrane assembly of the N-
terminal part of the protein, whereas translocation of the large C-terminal 
periplasmic domain requires the Sec-translocon, including SecA. This 
suggests that for membrane assembly of CyoA, the Sec-translocon operates 
downstream of YidC. 

 
Results  
 
Expression and detection of CyoA 

In the present study, we have investigated the targeting and 
membrane integration of CyoA. To permit immunodetection in protease 
accessibility experiments, the 9-amino acid long influenza virus HA-tag 
preceded by a flexible linker was attached to the C-terminus of the protein 
(Fig. 1A). We first verified that addition of the tag does not interfere with 
the complex lipid modification and processing of CyoA. Lipoproteins share 
a common modification pathway by virtue of a conserved lipobox 
pentapeptide that includes the N-terminal cysteine of the mature protein 
(Hayashi and Wu, 1990). The lipoproteins are modified with diglyceride at 
the SH group of the cysteine, cleaved between the lipid-modified cysteine 
and the preceding amino acid by SPaseII and acylated with fatty acid at the 
NH2-group of the cysteine residue. SPaseII only cleaves lipid-modified 
precursor and can be specifically inhibited by the antibiotic globomycin 
leading to the accumulation of lipid-modified prolipoprotein. Cells 
expressing wild-type or HA-tagged CyoA were pulse-labeled in the absence 
or presence of globomycin and CyoA was immunoprecipitated from the 
samples using antibodies against CyoA or the HA-tag, respectively. As 
shown in Fig. 1B, processing of both wild-type and HA-tagged CyoA is 
almost completely inhibited by globomycin indicating that pre-CyoA-HA is 
lipid-modified and processed by SPaseII like wild-type CyoA. As expected, 
the HA-tagged CyoA species migrate slightly slower than wild-type CyoA 
in SDS-PAGE. 

These data indicate that attachment of an HA-tag to the C-terminus of 
CyoA does not interfere with its processing and maturation, consistent with 
a recent study using two other HA-tagged lipoproteins (Fröderberg et al., 
2004). 
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CyoA is targeted by the SRP to the inner membrane  

Many IMPs that have uncleaved signal anchor sequences require 
the SRP for efficient targeting. To investigate the role of the SRP in 
targeting of CyoA, that is synthesized with a cleavable signal sequence, we 
used a protease mapping assay to analyze membrane assembly of CyoA-HA 
in strains in which the expression or activity of both components of the 
SRP, Ffh and the 4.5S RNA, can be modulated. Cells of strain HDB51 in 
which ffh expression is under control of an arabinose inducible promoter 
were grown in the presence or absence of arabinose, pulse-labeled, 
converted to spheroplasts and treated with proteinase K to degrade external 
(periplasmic) protein domains. As shown in Fig. 2A, in the presence of Ffh 
mature CyoA-HA was only detected in mock-treated samples 
demonstrating that the HA-tag is translocated and sensitive to proteinase K. 
Apparently, the HA-tag does not interfere with membrane assembly of 
CyoA validating our assay conditions. Trigger factor (TF) and OmpA are 
cytoplasmic and outer membrane control proteins used to monitor 
spheroplast formation and the efficacy of proteinase K treatment, 
respectively. Depletion of Ffh resulted in accumulation of protease 
protected precursor Cyo-HA, suggesting that the SRP is required for 
targeting of CyoA to the inner membrane. Translocation and processing of 
the Sec-dependent protein OmpA were not affected under these conditions, 

Fig. 1. Membrane assembly of CyoA-HA. (A) Topology model of CyoA-HA. CyoA is
synthesized with a lipoprotein-type signal sequence that is processed by SPaseII
(arrow). Mature CyoA comprises two hydrophobic TMs connected by a small
cytoplasmic loop and two translocated termini: a lipid-modified N-terminus and a large
C-terminus.  An HA-epitope tag is attached to the C-terminus of CyoA to facilitate
detection and verification of membrane assembly. The HA-tag is accessible to
proteinase K added to spheroplasts derived from wild-type cells. (B) Translocation and
processing of pulse-labeled CyoA and CyoA-HA in wild-type cells in the absence or
presence of the SPaseII inhibitor globomycin. CyoA was immunoprecipitated with
antisera against the wild-type protein (α-CyoA) or HA-tag (α-HA).    
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indicating that inactivation of the Sec-translocon had not occurred. Protease 
insensitivity of a small fraction of mature OmpA upon depletion of Ffh has 
been observed before (van Bloois et al., 2004; van Bloois et al., 2005) and 
remains to be investigated. Depletion of Ffh was verified by analyzing the 
Ffh content in a cell sample taken prior to pulse labeling by immunoblotting 
(Fig. 2B).  

CyoA targeting was also analyzed in the relatively mild and viable 
Ffh-87 mutant strain (Tian and Beckwith, 2002) (Fig. 2C). Quantitation of 
the data in Fig. 2C (correcting for the methionine content of the precursor 
and mature forms) showed that the precursor accumulated approximately 
six-fold in cells of the Ffh-87 mutant, when compared to cells of the wild-
type control strain. OmpA processing was not affected under these 
conditions as expected for this SRP-independent protein. A possible role for 
the SRP in CyoA targeting was further investigated in the 4.5S RNA 
depletion strain FF283. In accordance with the effects of depletion of Ffh, 
depletion of 4.5S RNA also resulted in precursor accumulation (data not 
shown). Together the results strongly suggest that CyoA requires the SRP 
for efficient membrane targeting. 
 
 

 
 
 

Fig. 2. The SRP is required for membrane
targeting of CyoA. (A) Protease mapping of
CyoA-HA in Ffh depletion strain HDB51.
HDB51 cells harboring a CyoA-HA
expression plasmid were grown under non-
depleting or depleting conditions, pulse
labeled, converted to spheroplasts and treated
with proteinase K as described under
“Materials and Methods”. The samples were
immunoprecipitated using antibodies directed
against the HA-tag (bottom panel) or
antibodies directed against OmpA and trigger
factor (top panel). OmpA (outer membrane
protein A) and trigger factor (TF, cytoplasmic
protein) were analyzed to monitor the
efficacy of proteinase K treatment and
spheroplast formation, respectively.
Immunoprecipated material was analyzed by
SDS-PAGE and visualized by
phosphorimaging. (B) Immunoblot analysis
of Ffh levels in 0.1 OD660 units of cells used
in panel A. (C) Protease mapping of CyoA-
HA in Ffh-87 mutant strain HTP406 and its
wild-type control strain (Ffh-wt). Both strains
harboring a CyoA-HA expression plasmid
were grown in parallel, pulse-labeled and
converted to spheroplasts. Samples were
prepared and processed as described under A.
The precursor and mature forms of CyoA-HA
are denoted p and m, respectively. 
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The SecYEG-translocon and SecA are required for translocation of the C-
terminal polar domain of CyoA 

The requirements for membrane assembly of CyoA were studied 
using strains that are conditional for the expression or activity of subunits of 
the Sec-translocon and YidC employing the same protease accessibility 
procedure. To evaluate the role of the Sec-translocon we used the 
temperature sensitive SecY mutant IQ85 (and its isogenic parent strain 
IQ86) and the SecE depletion strain CM124 in which the essential secE 
gene is under control of an arabinose inducible promoter. Inactivation of 
SecY or depletion of SecE results in the loss of the complete SecY/E core 
of the translocon. As shown in Fig. 3A, inactivation of SecY had a strong 
effect on the accessibility of CyoA towards proteinase K. Under control 
conditions, no immunoprecipitable material of CyoA was left after 
proteinase K treatment, confirming that the C-terminal tail is translocated 
and the HA-tag is degraded by proteinase K. However, upon inactivation of 
SecY, mature CyoA was to a large extent converted into a protected 
proteolytic fragment (pf) that migrated slightly faster than mature CyoA. 
This form was absent when proteinase K was added to detergent solubilized 
spheroplasts (not shown). Most likely, this fragment represents membrane 
inserted mature CyoA with an untranslocated C-terminus and a 
translocated, hence degraded, N-terminal loop. Strikingly, processing of 
CyoA was hardly affected under these conditions indicating that signal 
sequence insertion, lipid-modification and accessibility to SPaseII were not 
perturbed. As a control, protease protected proOmpA accumulated under 
these conditions (Fig. 3A) consistent with the well-documented role of the 
Sec-machinery in the transfer of proOmpA across the inner membrane 
(Veenendaal et al., 2004). These results suggest that the small N-terminal 
domain of CyoA upstream of TM1, does not require the Sec-translocon to 
reach the periplasmic side of the membrane in contrast to the large C-
terminal domain. To confirm that the observed effects were due to 
inactivation of the SecY/E core of the translocon, the assembly of CyoA 
was also analyzed in the SecE depletion strain CM124. Depletion of SecE 
had a similar effect on the translocation of the CyoA domains as 
inactivation of SecY (data not shown).  

The ATPase SecA is required to energize the translocation of large 
periplasmic domains of IMPs through the SecYEG translocon (Luirink et 
al., 2005). To investigate whether SecA is involved in transfer of the large 
C-terminal polar domain of CyoA a protease accessibility experiment was 
carried out in the absence or presence of azide to block SecA function (Fig. 
3B). In the absence of azide, no immunoprecipitable material was left after 
proteinase K treatment, indicative of correct localization of the HA-tag. In 
the presence of azide, the same effect was observed as upon inactivation of 
SecY or depletion of SecE, strongly indicating that SecA is required to 
catalyze membrane transfer of the C-terminal polar domain. However, 
translocation of the N-terminal region and signal sequence cleavage 
processing were not affected by azide. Inhibition of SecA function by azide 
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treatment was confirmed by a reduced processing and translocation of 
proOmpA (Fig. 3B). Together, the results suggest that the Sec-translocon 
and SecA act in concert to translocate the CyoA C-terminus, whereas 
translocation of the N-terminus does neither require the Sec-translocon nor 
SecA. 

 

 
 

 

 

 

 

Fig. 3. Distinct requirements for
translocation of the N-terminus and
C-terminus of CyoA. (A) Protease
mapping of CyoA-HA in the
temperature sensitive SecY mutant
strain IQ85 and its isogenic parent
IQ86. Both strains harboring a
CyoA-HA expression plasmid were
grown in parallel at 42 oC, pulse-
labeled and converted to
spheroplasts. Samples were
prepared and processed as under
Fig. 2A. (B) Protease mapping of
CyoA-HA in cells treated with
azide to inhibit SecA function.
Strain MC4100 harboring a CyoA-
HA expression plasmid was grown
in M9 medium, pulse-labeled in the
presence or absence of azide and
converted to spheroplasts. Samples
were prepared and processed as
under Fig. 2A. (C) Protease
mapping of CyoA-HA in YidC
depletion strain JS7131. Cells of
strain JS7131 harboring a CyoA-
HA expression plasmid were grown
under non-depleting or depleting
conditions, pulse-labeled and
converted to spheroplasts. Samples
were prepared and processed as
under Fig. 2A. (D) Immunoblot
analysis of YidC levels in 0.1
OD660 units of cells used in panel
C. The precursor and mature forms
of CyoA-HA are denoted p and m,
respectively. pf is the proteinase K
proteolytic fragment of CyoA-HA. 
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YidC is required for translocation and membrane assembly of the CyoA N-
terminus  

To analyze the role of YidC in the membrane assembly of CyoA, 
we used the YidC depletion strain JS7131 in which the yidC gene is under 
control of an arabinose inducible promoter (Fig. 3C). In the presence of 
YidC, the HA-tag was correctly translocated across the inner membrane and 
degraded by proteinase K. Depletion of YidC resulted in inhibition of 
processing and accumulation of protease resistant precursor CyoA. As a 
control, the translocation and processing of OmpA was monitored and 
appeared unaffected, suggesting that inactivation of the Sec-translocon had 
not occurred under these conditions consistent with unaltered levels of Sec-
translocon components (data not shown). YidC depletion was confirmed by 
analyzing the YidC content in a cell sample taken prior to pulse labeling by 
immunoblotting, using YidC antiserum (Fig. 3D). 

To study the localization of the accumulated CyoA precursor upon 
depletion of YidC, spheroplasts derived from JS7131 cells depleted and not 
depleted for YidC were subjected to sodium carbonate extraction, which 
separates integral membrane proteins from peripheral membrane proteins 
and soluble proteins. As expected, mature CyoA was recovered in the 
carbonate insoluble fraction in the presence of YidC indicative of an 
integral membrane localization (data not shown). Upon depletion of YidC, 
the accumulated precursor CyoA was recovered in the carbonate insoluble 
fraction (data not shown), suggesting that YidC is not required for the initial 
membrane insertion of CyoA.  

The data indicate that YidC is required for translocation of the N-
terminal region and subsequent signal sequence cleavage. In the absence of 
YidC, the C-terminal domain is also incapable of translocation, which is 
probably due to an obligatory vectorial assembly from N- to C-terminus. 

 
Translocation of the N-terminus of CyoA does not require the Sec-
translocon 

The data so far indicate that membrane insertion and translocation of 
the N- and C-terminus of CyoA follow different pathways. To further 
delineate the requirements for translocation of the CyoA N-terminus, we 
constructed a CyoA mutant that lacks TM2 and the large polar C-terminal 
tail (Fig. 4A). The construct contains an HA-tag at the C-terminus to enable 
immunodetection preceded by a positively charged stretch of four lysine 
residues to ensure correct topology of the truncate. According to the 
positive inside rule, positively charged residues of IMPs are predominantly 
localized at the cytoplasmic face of the inner membrane and contribute to 
the topology of IMPs by preventing translocation of adjacent domains 
(Luirink et al., 2005). Processing and topogenesis of this CyoA-HA∆77-315 
construct were verified using a protease accessibility assay (Fig. 4B). In 
spheroplasts derived from a wild-type MC4100 strain, the construct is 
expressed and clipped at the N-terminus by externally added proteinase K 
indicating that the construct is membrane integrated and has acquired its 
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expected topology. The clipped form is degraded in detergent solubilized 
cells confirming that this form is not intrinsically protease resistant but 
inaccessible in intact spheroplasts (Fig. 4B). Globomycin treatment caused 
an up`ward shift in migration of the truncate indicative of compromised 
processing implying that the construct is normally lipid modified and 
processed by SPaseII. As expected and similar to the mature form, the N-
terminus of the unprocessed precursor is clipped by proteinase K resulting 
in a slightly faster migrating protected species.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Membrane assembly of CyoA-HA∆77-315. (A) Topology model of CyoA-
HA∆77-315. This truncated CyoA derivative comprises the N-terminal signal sequence,
TM1 and the periplasmic domain in between. A stretch of four lysines was added to the
C-terminus to anchor it at the cytoplasmic side of the inner membrane followed by an
HA-tag to facilitate detection and verification of membrane assembly. In spheroplasts
derived from wild-type cells, proteinase K degrades the translocated N-terminus
resulting in a distinct proteolytic fragment. (B) Protease mapping of CyoA-HA∆77-315
in cells treated with globomycin. MC4100 cells harboring a CyoA-HA∆77-315
expression plasmid were grown in M9 medium and pulse-labeled in the presence or
absence of globomycin. Samples were prepared and processed as under Fig. 2A. The
precursor form of CyoA-HA∆77-315 is denoted p, m is the mature form and pf is the
proteinase K proteolytic fragment. For clarity, the lipid-modified precursor is indicated
by an arrowhead and the proteolytic fragment of the precursor is indicated by an
asterisk. 



                                                                  Chapter 3 
________________________________________________________ 

 55 
 

In subsequent experiments we investigated the requirements for 
membrane assembly of CyoAHA∆77-315 using the conditional strains 
described above. First, involvement of the Sec-translocon was studied in the 
SecE depletion strain CM124. Clearly, depletion of SecE had no discernible 
effect on the processing or accessibility of CyoA-HA∆77-315 towards 
proteinase K (Fig. 5A). Efficient depletion of SecE was confirmed by the 
reduced processing and translocation of OmpA (Fig. 5A). Similar results 
were obtained using the temperature sensitive SecY mutant IQ85 and its 
isogenic control strain IQ86 (data not shown). Next, YidC involvement was 
studied using the temperature sensitive YidC strain KO1672 and its 
isogenic control strain KO1670 (Fig. 5B). Depletion of YidC strongly 
inhibited processing of CyoA-HA∆77-315, resulting in accumulation of the 
precursor form that appeared mostly inaccessible to proteolysis by 
proteinase K. Apparently, the N-terminus of the truncate is unable to reach 
the periplasm under these conditions. Processing and translocation of 
OmpA appeared unaffected demonstrating that inactivation of the Sec-
translocon had not occurred. Depletion of YidC was verified by analyzing 
the YidC content in a cell sample taken prior to pulse labeling by 
immunoblotting (Fig. 5C).  

Together, the in vivo results indicate that the N-terminus of CyoA can 
insert independent from the C-terminus in a YidC-dependent, Sec-
independent mechanism. 
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Nascent CyoA interacts with Ffh, SecY and YidC  
The in vivo experiments described above indicate that efficient 

targeting and membrane assembly of the complete CyoA protein requires 
the SRP, YidC, the SecYEG-translocon and SecA. To independently 
confirm the contribution of these factors, we used a combined in vitro 
translation/photo cross-linking approach to evaluate the interactions of  
nascent CyoA variants that are trapped during targeting and membrane 
assembly. First, we analyzed the contacts of TM1 during biogenesis of 
CyoA. TM1 is more hydrophobic than the signal sequence (not shown) and 
thus more likely to play a role in SRP-mediated membrane targeting 
(Valent et al., 1997). Nascent chains of CyoA were synthesized in an E. coli 
cell-free extract from truncated mRNA to a length of 118 residues and 
labeled by the incorporation of [35S]methionine. Assuming that the 
ribosome covers ~35 amino acids, the signal sequence and first TM are well 
exposed out of the ribosome at this nascent chain length (Fig. 6A). The 
truncated CyoA construct contained a single amber stop codon (TAG) at 
position 56 in the TM1 which was suppressed during in vitro translation by 
addition of a suppressor tRNA that carried a phenylalanine with a photo-
activatible Tmd group. This allowed us to specifically probe interactions of 

Fig. 5 Assembly of CyoA-HA∆77-
315 requires YidC but not the Sec-
translocon. (A) Protease mapping of
CyoA-HA∆77-315 in SecE depletion
strain CM124. Cells of CM124
containing a CyoA-HA∆77-315
expression plasmid were grown under
non-depleting or depleting conditions,
pulse labeled and converted to
spheroplasts. Samples were prepared
and processed as under Fig. 2A. (B)
Protease mapping of CyoA-HA∆77-
315 in the temperature sensitive YidC
strain KO1672 and its isogenic parent
KO1670. Both strains containing a
CyoA-HA∆77-315 expression
plasmid were grown in parallel at 42
oC, pulse-labeled and converted to
spheroplasts. Samples were prepared
and processed as under Fig. 2A. (C)
Immunoblot analysis of YidC levels
in 0.1 OD660 units of cells used in
panel B. The precursor form of
CyoA-HA∆77-315 is denoted p, m is
the mature form and pf is the
proteinase K proteolytic fragment.
For clarity, the precursor is indicated
by an arrowhead and the mature form
is indicated by an asterisk. 
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TM1 in nascent CyoA. We confirmed that the TAG mutation was 
efficiently suppressed by the (Tmd)Phe-tRNAsup, resulting in nascent CyoA 
of the expected molecular weight (not shown). Next, 118CyoA-TAG56 was 
synthesized in the absence of inner membrane vesicles (IMVs) and UV-
irradiated to activate the cross-linking probe and secure contacts of the 
CyoA TM1 in the E. coli cytosol. A prominent cross-linking product of ~60 
kDa was generated that could be immunoprecipitated using anti-Ffh serum 
(Fig. 6B, lane 2). This suggests association of TM1 with the SRP, consistent 
with the in vivo SRP data described above. 

To investigate the contacts of 118CyoA-TAG56 during membrane 
assembly, IMVs were added during translation allowing co-translational 
membrane insertion of nascent CyoA. Subsequent cross-linking induced by 
UV-irradiation and recovery of the membrane integrated nascent chains by 
sodium carbonate extraction generated cross-linking products of ~70 kDa 
and ~45 kDa in which YidC and SecY were identified as partners by 
immunoprecipitation (Fig. 6B, lanes 4 and 5). Moreover, a weak band at 
~29 kDa represented cross-linking to SecE (Fig. 6B, lane 6). This indicates 
that TM1 of nascent CyoA is primarily in contact with YidC and SecY at 
this stage during membrane insertion. 

To probe initial interactions from the signal sequence, 54CyoA-
TAG10 was constructed in which the signal sequence (with a photo cross-
link probe in the core region) is expected to be exposed outside the 
ribosome. Notably, cross-linking was restricted to TF and the ribosomal 
protein L23: no significant cross-linking was observed to Ffh or membrane 
components (data not shown). These results are consistent with the 
relatively modest hydrophobicity of the signal sequence and previously 
obtained cross-link data using other signal sequences of similar 
hydrophobicity (Houben et al., 2005; Valent et al., 1997). 

Together, the cross-link data argue that TM1 recruits the SRP for 
targeting of nascent CyoA and inserts into the membrane at the Sec-YidC 
insertase. 
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Discussion  
CyoA is one of the four integral membrane subunits of the 

cytochrome o oxidase complex in the E. coli inner membrane. CyoA is an 
unusual polytopic IMP in the sense that it is synthesized with an N-
terminal, lipoprotein type signal sequence that is cleaved from the precursor 
protein (Ma et al., 1997). This generates mature CyoA with two 
hydrophobic TMs and an N-terminal cysteine residue that is probably 
anchored to the inner membrane via three covalently attached acyl chains. It 
has been recently shown that, unlike most other polytopic IMPs, the level of 
CyoA in the inner membrane drops dramatically upon depletion of YidC, 
suggesting an important role of YidC in the biogenesis of CyoA (van der 
Laan et al., 2003). Evidence presented in this work, suggests that YidC is 
required and sufficient for assembly of the N-terminal region explaining its 
pivotal role in the assembly of the complete CyoA that probably proceeds in 
a vectorial co-translational mechanism.  

Fig. 6. The molecular environment of
nascent CyoA.(A) Schematic
representation of the nascent CyoA
118mer with a photo cross-linking probe
at position 56. The TMs and signal
sequence (SS) are indicated. (B) In vitro
translation of nascent CyoA was carried
out in the presence of (Tmd)Phe-
tRNAsup in the absence (lanes 1 and 2)
or presence of IMVs (lanes 3–6). After
translation, samples were either UV-
irradiated and acid precipitated (lanes 1
and 2) or extracted with sodium
carbonate (lane 3-6). Acid precipitates
and carbonate pellet fractions were
immunoprecipitated using antisera
against the indicated proteins (lanes 2
and 4-6) or directly analyzed (lanes 1
and 3). 
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In Fig. 7 a model is depicted that describes the targeting and 
membrane assembly of CyoA based on the in vivo protease mapping and in 
vitro cross-linking experiments described in this study. The SRP targets 
nascent CyoA via TM1 to the insertion site in the membrane judged by the 
observation that precursor CyoA accumulates in the cells in three SRP 
mutant strains under conditions where proOmpA, an outer membrane 
protein that is targeted via the SecB pathway, is normally processed. The in 
vitro cross-link experiments suggest that co-translational targeting is not 
initiated until TM1 is exposed at the ribosomal nascent chain exit site and 
associates with Ffh. The signal sequence emerging from the ribosome in 
shorter nascent chains does not contact the SRP nor inserts stably into the 
membrane. Rather, at this stage the signal sequence is proximal to the 
chaperone trigger factor and the ribosomal protein L23. The recently 
presented crystal structure of a ribosome-trigger factor complex 
demonstrates that trigger factor binds to L23 near the nascent chain exit site 
arching over the exit region and thus providing a secluded cavity (Ferbitz et 
al., 2004). This architecture may prevent premature contact of nascent 
CyoA with the translocon. Selection of TM1 rather than the signal sequence 
by the SRP is probably dictated by the more hydrophobic core of TM1 that 
is clearly above the threshold level for SRP binding in contrast to the much 
less hydrophobic core of the signal sequence (not shown). 

At this stage, TF and SRP may sequester the signal sequence and 
TM1 near L23 to facilitate the formation of a hairpin-like conformation that 
is required for the subsequent concerted membrane integration at YidC of 
the signal sequence, TM1 and intercalated periplasmic domain that contains 
the SPaseII cleavage site. The SRP is proposed to guide the ribosome-
nascent CyoA complex to YidC but mechanistic details of this step and a 
possible involvement of the SRP receptor FtsY remain unclear. 
Interestingly, in thylakoid membranes a functional interaction between 
chloroplast SRP, FtsY and the YidC homologue Alb3 has been 
demonstrated (Moore et al., 2003). It should be noted, however, that 
involvement of the SRP in targeting of Foc, another IMP that requires YidC 
for membrane insertion, is controversial (van Bloois et al., 2004; van der 
Laan et al., 2004; Yi et al., 2004). Targeting of membrane proteins via the 
second hydrophobic sequence is not unprecedented. Studies on the insertion 
of M13 procoat, the cystic fibrosis transmembrane regulator (CFTR) and 
the Shaker-like K+ channel revealed a prominent role for the second, more 
hydrophobic sequence in targeting and initiation of membrane insertion 
(M13 procoat) or TM1 (CFTR, Shaker-like K+ channel) (Lu et al., 1998; 
Rohrer and Kuhn, 1990; Tu et al., 2000). 
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If not necessary for targeting per se, what is the role for the CyoA 

signal sequence? It may be required to transfer the N-terminal hydrophilic 
domain in between the signal sequence and TM1 to the periplasmic side of 
the membrane in a concerted hairpin-type insertion (see below). Notably, 
deletion of Arg2 to Ser9 of the CyoA signal sequence eliminates 
incorporation of the oxidase in the membrane, although the stage of the 
defect was not determined (Ma et al., 1997). Furthermore, lipid 
modification of the conserved N-terminal cysteine, located at the SPaseII 
cleavage site might be required to anchor the N-terminus in the membrane. 
Interestingly, mutation of this conserved cysteine into an alanine abolishes 
lipid modification and signal sequence cleavage but does not affect 
membrane assembly and functioning of the oxidase (Ma et al., 1997). In 
this mutant, the uncleaved signal sequence probably functions as an 
additional TM, anchoring the downstream sequence to the membrane in the 
absence of lipid modification. 

Translocation of the periplasmic loop that precedes TM1 in CyoA 
requires YidC whereas the Sec-machinery is dispensable. Interestingly, the 
structure of the ubiquinol oxidase shows that this loop is only 11 residues 
long including one negatively and one positively charged residue 
(Abramson et al., 2000). It has been demonstrated recently that YidC is 
necessary and sufficient for translocation of the periplasmic domain in 
between the signal sequence and TM1 of M13 procoat (Chen et al., 2005). 
It was shown that translocation of this loop only becomes Sec-dependent 
when the net number of negatively charges (-3 in wild-type) or the length of 
the loop (20 residues in wild-type) is increased (Chen et al., 2005). 
Apparently, YidC is able to translocate small, relatively uncharged domains 

Fig. 7. Model for the membrane assembly of CyoA. The model is described in the text.
The (transient) association between YidC and the SecYEG complex is indicated by a
double arrow.
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in between a signal sequence and a TM. It remains to be investigated 
whether this translocation involves a channel like property of YidC or 
whether it is a “side-effect” of YidC-assisted formation of transmembrane 
helices.  

Cross-linking of membrane inserted nascent CyoA in which both 
the signal sequence and TM1 have emerged from the ribosome revealed 
that at this stage TM1 is not only close to YidC, as expected, but also to 
SecY and SecE that are only needed at a later stage in translation when 
TM2 is inserted and the large C-terminal domain is translocated into the 
periplasm. Possibly, the Sec-translocon is already recruited near the YidC 
insertase in response to sequences of CyoA that are still buried in the 
ribosomal exit tunnel. Alternatively, the YidC insertase is permanently or 
dynamically connected with the Sec-translocon. In this respect, it should be 
noted that there is no direct evidence for strictly separate pools of Sec-
associated and “free” YidC. Interestingly, a cryo electron-microscopy 
reconstruction of the dimeric E. coli SecYEG channel tethered to a 
ribosome-nascent FtsQ complex has been reported very recently giving an 
impression of the translocon structure caught in the act of inserting a 
membrane protein (Mitra et al., 2005). The structure suggests a dynamic 
and asymmetric distribution of features with greater lipid accessibility at the 
front of the channel. As proposed by the authors, YidC could be situated 
near this front side to regulate the transfer of nascent peptides between the 
lipid bilayer and the interior of the Sec-translocon. 

Clearly, the Sec-translocon is required for translocation of the large 
(~200 residues) periplasmic domain downstream of TM2. Most likely, TM2 
acts as a signal anchor sequence and inserts in the SecYEG-translocon to 
initiate translocation of the C-terminus in a SecA-dependent manner (Fig. 
7). This step is probably mechanistically similar to the assembly and 
translocation of other large periplasmic domains in IMPs such as those 
present in FtsQ and Lep (Luirink et al., 2005). It remains uncertain whether 
TM1 is kept near YidC at this stage prior to its transfer into the lipid 
bilayer. Finally, TM2 should move laterally from the Sec-translocon into 
the lipid bilayer, possibly via YidC, and assemble with TM1 into the tightly 
packed hetero-oligomeric oxidase complex. Notably, these latter steps were 
not explored by cross-linking and remain speculative.  

In conclusion, we have presented evidence that membrane assembly 
of CyoA occurs in two distinct sequential steps. Although the precise 
molecular mechanism awaits further analysis, the data suggest that in this 
case the Sec-translocase operates downstream of the YidC-insertase 
explaining the strongly reduced levels of CyoA in the inner membrane upon 
depletion of YidC. It remains to be investigated whether other membrane 
proteins follow this pathway for membrane integration. It is of interest that 
the data are to some extent reminiscent of Lep, a model IMP that has been 
extensively used in biogenesis studies. Lep has the same overall topology as 
CyoA (2 TMs, small N-terminal and large C-terminal periplasmic domain) 
but is synthesized without an N-terminal signal sequence. Lep is targeted by 
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the SRP that interacts with TM1 (de Gier et al., 1996; Valent et al., 1997). 
Similar to CyoA, translocation of the small N-terminal periplasmic domain 
does not require the Sec-machinery in contrast to the large periplasmic 
domain downstream of TM2 (Lee et al., 1992). On the other hand, depletion 
of YidC has little effect on the overall assembly of Lep (Fröderberg et al., 
2003) indicating that Lep is rather flexible in the use of different insertase 
components in contrast to the proposed hairpin-type insertion of the signal 
sequence/TM1 pair in CyoA and M13 procoat that appear strictly YidC-
dependent. 

Interestingly, Cox2p, the CyoA homologue in the inner membrane of 
mitochondria in Saccharomyces cerevisiae, displays similar distinct 
requirements for membrane assembly: the YidC homologue Oxa1p is 
required for translocation of both the N- and C-terminus across the inner 
membrane into the intermembrane space (He and Fox, 1997; Hell et al., 
1997) whereas a distant YidC homologue, Cox18 (Oxa2p) is specifically 
involved in topogenesis of the C-terminal domain (Funes et al., 2004; 
Saracco and Fox, 2002). So, despite the fact that mitochondria do not 
contain a Sec-translocon, the principle of a segmented insertion mechanism 
appears conserved. 
 

Materials and Methods 
 
Reagents, enzymes and sera 

Restriction enzymes, Expand long template PCR system and Lumi-
LightPLUS Western blotting substrate were from Roche Molecular 
Biochemicals. Megashort script T7 transcription kit was from Ambion Inc. 
[35S]methionine and proteinA-Sepharose were from Amersham 
Biosciences. T4 ligase and alkaline phosphatase were from Invitrogen. 
Pansorbin was from Merck. All other chemicals were supplied by Sigma. 
The SPaseII inhibitor globomycin was from our own stock. Antisera against 
YidC, Ffh, Trigger factor, OmpA, CyoA and SecY have been described 
previously or were from our own collection (Scotti et al., 2000; van Bloois 
et al., 2004). Antiserum against influenza haemagglutunin (HA) was from 
Sigma. 
 
Strains, plasmids and growth conditions  

E. coli strain MRE600 was used to prepare a lysate for translation of 
in vitro synthesized mRNA and suppression of UAG stop codons in the 
presence of (Tmd)Phe-tRNAsup. Strain MC4100 was used for the 
preparation of inverted membrane vesicles. Strain Top10F’ (Invitrogen) 
was used as routine host for all plasmid constructs. The 4.5S RNA depletion 
strain FF283, the SecE depletion strain CM124 and the YidC depletion 
strain JS7131 were grown as described (Fröderberg et al., 2003). The 
temperature-sensitive amber suppressor YidC depletion strain KO1672 and 
its isogenic control strain were grown as described (Fröderberg et al., 2004). 
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The Ffh depletion strain HDB51, strain HTP406, which expresses a mutant 
ffh allele, and its control strain JP313 were grown as described previously 
(Lee and Bernstein, 2001; Tian and Beckwith, 2002). The temperature-
sensitive SecY24 mutant IQ85 and its isogenic parent strain IQ86 (Shiba 
and Ceretti, 1984) were cultured overnight in M9 minimal medium at 30 oC. 
To inactivate SecY, overnight cultures were backdiluted 1:50 and grown to 
early-log phase at 42 oC in the same medium. All strains were routinely 
grown in Luria Bertani medium, unless indicated otherwise. Where 
appropriate, antibiotics were added to the culture medium. 

For in vivo protease accessibility assays, the cyoA gene was PCR 
amplified from E. coli K-12 genomic DNA including an HA-tag (Tyr-Pro-
Tyr-Asp-Val-Pro-Asp-Tyr-Ala), preceded by a flexible linker peptide (Pro-
Gly-Gly) at the C-terminus of CyoA. The PCR fragment was cloned into 
pC4Meth (Scotti et al., 2000), yielding pC4Meth-CyoA-HA. Subsequently, 
CyoA-HA coding sequences were introduced into pEH1, pEH3 
(Hashemzadeh-Bonehi et al., 1998) and into pASKIBA3 (IBA GmbH) to 
allow expression in strains of different genetic background. The plasmid 
pEH1-CyoA-wt, encoding the wild-type protein, was constructed by PCR 
using pC4Meth-CyoA-HA as template. pEH1-CyoA-HA∆77-315, encoding 
a truncated CyoA derivative, was constructed in a PCR based approach 
using pC4Meth-CyoA-HA as template. CyoA-HA∆77-315 comprises 
residues 1-76 fused to a C-terminal HA-tag, preceded by the flexible linker 
peptide (Pro-Gly-Gly) and a Lys-Lys-Lys-Lys stretch. 

For in vitro cross-link experiments, the plasmids pC4Meth-
118CyoA-TAG56 and pC4Meth-54CyoA-TAG10 were constructed by 
nested PCR as described (Scotti et al., 2000), using pC4Meth-CyoA-HA as 
template. The plasmids encode a truncated CyoA of 118 and 54 amino 
acids, respectively, including a C-terminal 4 x methionine tag to improve 
the labeling efficiency. Moreover, the CyoA derivatives contain an amber 
mutation at position 56 or 10 to allow sup-tRNA mediated incorporation of 
a photo cross-linking probe, as described (Scotti et al., 2000). The 
nucleotide sequence of all constructs was confirmed by DNA sequencing. 
 
Assay for in vivo membrane assembly 

Strains MC4100, HDB51, FF283, HTP406, JP313, IQ85, IQ86, 
CM124, JS713, KO1670 and KO1672 were grown to  early-log phase. Cells 
harboring derivatives of pEH1 or pEH3 (MC4100, HDB51, IQ85, IQ86, 
CM124, JS7131, KO1670 and KO1672) were induced for 3 min by adding 
IPTG (1 mM) and cells harboring derivatives of pASKIBA3 (FF283, 
HTP406 and JP313) were induced for 1 min by adding anhydrotetracycline 
(500 ng/ml). Cells were labeled with [35S]methionine (30 µCi/ml) and 
converted to spheroplasts as described previously (Fröderberg et al., 2003). 
Aliquots of the spheroplast suspension were incubated with or without 
proteinase K (0.3 mg/ml) for 1 h on ice. Subsequently, 
phenylmethylsulfonyl fluoride (PMSF) (0.33 mg/ml) was added to the 
spheroplast suspension to inhibit proteinase K. Finally, proteins were acid 
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precipitated and immunoprecipitated with antisera against OmpA, Trigger 
factor or the HA-tag (Scotti et al., 2000). Samples were analyzed by SDS-
PAGE and proteins were visualized by phosphorimaging. When indicated, 
the SPaseII inhibitor globomycin (100 µg/ml) was added 5 min prior to 
induction or sodium azide (2 mM) was added 4 min prior to induction to 
block SecA function. 
 
Sodium carbonate extraction of cells  

Strain JS7131 harboring derivatives of pEH1 was grown to mid-log 
phase. Aliquots containing 1 OD660 unit of cells were harvested and 
resuspended in 1 ml M9 minimal medium. IPTG (1 mM) was added for 1 
min to induce CyoA expression. Subsequently, cells were pulse-labeled 
with [35S]methionine (30 µCi/ml), converted to spheroplasts as described 
(Fröderberg et al., 2003) and supplied with sodium carbonate (0.2 M final 
concentration). Samples were vigorously vortexed, incubated on ice for 15 
min and centrifuged (30 min; 110,000 x g). The carbonate insoluble fraction 
was dissolved in 1% SDS and immunoprecipitated with SecB, Lep or HA 
antiserum (Scotti et al., 2000). The carbonate soluble fraction was acid 
precipitated, dissolved in 1% SDS and immunoprecipitated. Samples were 
analyzed by SDS-PAGE and proteins were visualized by phosphorimaging. 
 
In vitro cross-linking  

Truncated mRNA was prepared as described previously (Scotti et 
al., 2000) from HindIII linearized CyoA derivative plasmids. For photo 
cross-linking, (Tmd)Phe was site-specifically incorporated into CyoA 
nascent chains by suppression of an UAG stop codon using (Tmd)Phe-
tRNAsup in an E.coli in vitro translation system containing [35S]methionine 
to label the nascent chains. Targeting to IMVs, photo cross-linking and 
carbonate extraction were performed as described (Scotti et al., 2000). 
Carbonate soluble and insoluble fractions were acid precipitated or 
immunoprecipitated. Samples were analyzed by SDS-PAGE and visualized 
by phosphorimaging as described (Scotti et al., 2000). 
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Abstract 
 YidC plays a role in the integration and assembly of many, if 
not all Escherichia coli inner membrane proteins. Strikingly, YidC 
operates in two distinct pathways: one associated with the Sec-
translocon that also mediates protein translocation across the inner 
membrane and one independent from the Sec-translocon. YidC is 
homologous to Alb3 and Oxa1 that function in the integration of 
proteins into the thylakoid membrane of chloroplasts and inner 
membrane of mitochondria, respectively. Here, we have expressed the 
conserved region of yeast Oxa1 in a conditional E. coli yidC mutant. 
We find that Oxa1 restores growth upon depletion of YidC. Data 
obtained from in vivo protease protection assays and in vitro cross-
linking and folding assays suggest that Oxa1 complements the insertion 
of Sec-independent proteins but is unable to take over the Sec-
associated function of YidC. Together, our data indicate that the Sec-
independent function of YidC is conserved and essential for cell 
growth. 
 
Introduction 
 Membrane proteins destined for the mitochondrial inner membrane, 
chloroplast thylakoid membrane or plasma membrane of bacteria are 
targeted and inserted via distinct and partly conserved pathways (Dalbey 
and Kuhn, 2004; Kuhn et al., 2003; Luirink et al., 2001; Stuart, 2002). In 
Escherichia coli, two pathways have been identified by which membrane 
proteins integrate into the inner membrane. One pathway involves both the 
Sec-translocon and YidC (the Sec-YidC pathway), whereas the other only 
involves YidC (the “YidC-only” pathway) (Chen et al., 2002; de Gier and 
Luirink, 2003). 

 Most inner membrane proteins (IMPs) appear to follow the Sec-
YidC pathway. Targeting to the Sec-translocon is mediated by the signal 
recognition particle (SRP) that associates with a hydrophobic targeting 
signal in a nascent IMP near the ribosomal exit site (Koch et al., 2003; 
Luirink and Sinning, 2004). The nascent IMP is then transferred to the Sec-
translocon in the inner membrane. The mechanism of targeting and transfer 
is not fully understood but most likely involves both the SRP receptor FtsY 
that is in part associated with the inner membrane, and the large ribosomal 
subunit that has affinity for the Sec-translocon. The core of the Sec-
translocon is the heterotrimeric SecYEG complex that functions not only as 
the insertion site for IMPs but also as the general translocation channel for 
secretory proteins (Mori and Ito, 2001; Rapoport et al., 2004). Translocation 
of secretory proteins and of large periplasmic domains of IMPs is powered 
by the cytosolic ATPase SecA that is connected with the Sec-translocon 
during the translocation process. Cross-link and pull-down experiments 
have identified YidC as another Sec-associated component that interacts 
with Sec-dependent IMPs during their membrane insertion (Houben et al., 
2000; Scotti et al., 2000). The contact with YidC is transient and specific 
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for trans-membrane segments (TMs) of substrate IMPs. The function of 
Sec-associated YidC is enigmatic and may be versatile. Order of interaction 
studies using nascent IMPs suggest a role for YidC both in the reception 
and the lateral diffusion of individual TMs from the Sec-translocon into the 
lipid bilayer (Houben et al., 2004; Houben et al., 2002; Urbanus et al., 
2001) as well as in assembly of multiple TMs near the Sec-translocon (Beck 
et al., 2001). In support of this proposed function, membrane insertion of 
subunit a of F1Fo-ATPase is affected upon depletion of YidC (Yi et al., 
2004). Notably, YidC is not per se essential for insertion of all Sec-
dependent IMPs though it may enhance the fidelity and efficiency of this 
process (Urbanus et al., 2001; van der Laan et al., 2004). A recent study 
indicates that YidC plays an important role in the folding of the Sec-
dependent lactose permease (LacY) suggesting a function for YidC as a 
chaperone or folding catalyst (Nagamori et al., 2004).  

In addition, YidC is involved in a Sec-independent integration 
process (Samuelson et al., 2000). Substrates of this “YidC-only” pathway 
include small phage coat proteins and the important endogenous IMP Foc 
(subunit c of F1Fo-ATPase) (reviewed in Dalbey and Kuhn, 2004). Recent 
in vitro reconstitution experiments reveal a direct catalytic, but otherwise 
undefined function of the Sec-independent form of YidC in membrane 
insertion (Serek et al., 2004; van der Laan et al., 2004). 

Interestingly, YidC is a member of the YidC/Oxa1/Alb3 protein 
family (Dalbey and Kuhn, 2004; Kuhn et al., 2003; Luirink et al., 2001; 
Stuart, 2002). Alb3 and Oxa1 are involved in insertion of proteins into the 
chloroplast thylakoid and mitochondrial inner membrane, respectively. 
Alb3 is required for insertion of subunits of the light-harvesting 
chlorophyll-binding protein (LHCP) in an apparently Sec-independent 
process. However, association of Alb3 with SecY has been demonstrated in 
Arabidobsis thaliana (Klostermann et al., 2002) and Alb3 can functionally 
complement a conditional E. coli yidC mutant in both the Sec-YidC 
pathway as well as the “YidC only” pathway suggesting the involvement of 
Alb3 in distinct insertion pathways similar to E. coli YidC (Jiang et al., 
2002).  

 Oxa1 is the first identified and best studied member of this family 
(reviewed in Stuart, 2002). Oxa1 was found to mediate insertion and 
assembly of various proteins into the mitochondrial inner membrane 
without being absolutely essential for this process. Substrates of Oxa1 
include both nuclear and mitochondrially encoded IMPs, most notably 
subunits of respiratory chain complexes. Cross-linking experiments 
revealed direct proximity between Oxa1 and its substrates early during their 
biogenesis and membrane integration as observed for E. coli YidC (Hell et 
al., 2001). Oxa1 has been purified as a homo-oligomeric, probably 
tetrameric, complex from Neurospora crassa mitochondria (Nargang et al., 
2002) consistent with the fact that mitochondria do not possess a Sec-
translocon (Glick and von Heijne, 1996). Based on these considerations, it 
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has been postulated that Oxa1 and the Sec-independent form of YidC share 
structural and functional properties. 

In the present study, we have expressed the conserved region of 
yeast Oxa1 fused to a non-essential targeting domain of YidC in a 
conditional E. coli yidC mutant. The hybrid Oxa1 restores growth upon 
depletion of YidC and complements the insertion of Sec-independent 
proteins but appears incapable to take over the Sec-associated function of 
YidC. Thus, the Sec-independent function of YidC appears conserved and 
essential for cell growth. 
 
Results 
 
ecOxa1 is expressed in E. coli and complements the growth defect of a 
conditional yidC strain 

Members of the YidC/Oxa1/Alb3 family are ubiquitous membrane 
proteins that share a similar topology with a conserved core of 5 TMs 
separated by relatively short loops (Fig. 1A). E. coli YidC has an additional 
TMs, upstream from this core followed by a large periplasmic domain. The 
organellar Alb3 and Oxa have extended C-terminal domains downstream of 
the last TMs. Alb3 and Oxa are initially synthesized with an N-terminal 
targeting signal that is cleaved from the mature protein. 

To study the function of Oxa1 in E. coli, a chimeric protein was 
constructed consisting of the first 247 amino acids of YidC fused to 
residues 43-402 of Oxa1 separated by a linker sequence at the fusion point 
(Fig. 1B). The fused N-terminal region of YidC comprises the first TMs and 
part of the periplasmic loop (Fig. 1A). The first TMs has been shown to 
function in the targeting of YidC to the inner membrane (Koch et al., 2002; 
Urbanus et al., 2002). The periplasmic region downstream of the first TMs 
is neither conserved nor essential for YidC functioning per se (Jiang et al., 
2003; Jiang et al., 2002). The fused Oxa1 part consists of the conserved 
mature Oxa1, lacking its matrix targeting sequence. The hybrid construct 
was named ecOxa1 for E. coli-targeted Oxa1 and was cloned under lac 
promoter control in the medium and low copy expression plasmids pEH1 
and a pCL1921 derivative, respectively (Hashemzadeh-Bonehi et al., 1998; 
Lerner and Inouye, 1990). The plasmids were introduced into strain JS7131 
that depends on arabinose for YidC expression and, hence, for growth. To 
minimize uninduced expression of the ecOxa1 construct in pCL1921.Km, a 
compatible lacIq plasmid (pEH3) was used. 
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Complementation of the growth defect upon depletion of YidC 
was assayed by monitoring growth on solid medium in the absence of 
arabinose. As a control, JS7131 cells containing wild-type yidC in the 
low copy vector pCL1921.Km (see Materials and Methods) grew only 
when IPTG was present in the medium to induce YidC expression thus 
validating our assay conditions (Fig. 2A, compare panel 1 and 3). The 
ecOxa1 construct expressed from the same low copy expression vector 
could not complement depletion of YidC under these conditions (not 
shown). However, induced expression of the hybrid from the medium 
copy vector pEH1 did restore growth of JS7131 in the absence of 
arabinose (Fig. 2B, compare panel 1 and 3) indicating that Oxa1 can 
complement depletion of YidC.  

Fig.1. (A) Membrane topology of
Alb3/Oxa1/YidC family members.
Oxa1 and Alb3 are initially
synthesized with an N-terminal
mitochondrial and chloroplast
targeting sequence, respectively, that
is proteolytically removed upon
import. Mature Oxa1 (Oxa1) and
mature Alb3 (Alb3) are polytopic
membrane proteins, comprising five
TMs. E.coli YidC is a polytopic
membrane protein comprising six
TMs of which the first TMs functions
as an uncleaved signal sequence. The
position of amino acid 247 is
indicated. (B) Schematic
representation of the ecOxa1 fusion
construct. The hybrid construct
comprises the first 247 amino acids of
YidC, a linker sequence (hatched) and
amino acids 43-402 of mature Oxa1. 
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To examine whether the plasmid-dependent complementation is 
related to a difference in expression levels, strain JS7131 harboring the 
various constructs was grown in liquid LB in the presence of IPTG or 
arabinose and analyzed by immunoblotting for ecOxa1 content (Fig. 3). 
The plasmids that were shown to complement the yidC conditional strain 
in Fig. 2, expressed comparable levels of YidC and ecOxa1 (IPTG-
induced expression of pCL-YidC in the presence of pEH3 (lane 5) 
versus pEH1-ecOxa1 alone (lane 6)). Expression of ecOxa1 from the 
low copy plasmid pCL1921.Km could be enhanced to almost identical 
levels by using a higher concentration of IPTG (lane 7). Under the latter 
conditions, the growth defect upon depletion of YidC was restored, but 
only on minimal medium plates (data not shown). Notably, under these 
conditions expression of ecOxa1 is higher than the arabinose induced 
expression of YidC from the chromosomal yidC gene (lane 2) that yet 

Fig.2. ecOxa1 complements growth in the YidC depletion strain JS7131.(A)
JS7131 containing wild-type yidC in the low copy expression plasmid pCL1920
was streaked on LB plates supplemented with 0.2% L-arabinose or 50 µM IPTG
to induce expression of either the chromosomal yidC or the plasmid encoded
yidC. To deplete cells for YidC, arabinose and IPTG were omitted. The plates
were incubated overnight at 37oC. (B) JS7131 harboring ecOxa1 in the medium
copy expression plasmid pEH1 was streaked and grown on LB plates as
indicated under A. 
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fully supports cell growth in any tested medium. The difference in 
expression levels between wild-type YidC and ecOxa1 was already 
observed in cells grown in the presence of arabinose, but in the absence 
of IPTG. pEH1-YidC showed much stronger background expression 
than pEH1-ecOxa1 indicating a relatively low expression of the ecOxa1 
construct (compare lanes 1 and 3) possibly due to inefficient codon 
usage.  

 

 

 
 
ecOxa1 is localized in the inner membrane and complements the PspA 
response 

To verify that ecOxa1 is correctly localized in the E. coli inner 
membrane, IMVs were gradient-purified from JS7131 cells expressing 
ecOxa1. As expected (Jiang et al., 2002; Urbanus et al., 2002; Koch et al., 
2002) and shown by immunoblotting using anti-YidC (Fig. 4, lane 1) and 
anti-Oxa1 serum (not shown), the hybrid was copurified with the IMVs 
indicative of its localization in the inner membrane. 

We have shown that IMVs devoid of YidC contain massive 
amounts of phage shock protein A (PspA) (van der Laan et al., 2003; Fig. 4, 
compare lanes 2 and 4). PspA is a stress protein that responds to dissipation 
of the proton motive force (PMF), a consequence of YidC depletion due to 
defects in the functional assembly of cytochrome o oxidase and the F1Fo- 
ATPase complex (van der Laan et al., 2003 and references therein). As 
shown in Fig. 4, the PspA response upon depletion of YidC is almost 
completely prevented by simultaneous expression of ecOxa1. This suggests 

Fig.3. Expression of YidC and
ecOxa1 in the YidC depletion strain
JS7131. Strain JS7131 harboring the
indicated constructs was grown in LB
medium in the presence of 0.2% L-
arabinose (lane 1-4) or IPTG (50 µM,
lane 5-6; 1 mM, lane 7). Cell samples
were taken at mid-log phase and 0.05
OD660 units of cells were analyzed by
SDS-PAGE and immunoblotting for
YidC and ecOxa1 content, using
YidC antiserum. The position of
ecOxa1 is indicated by an asterisk and
the position of YidC is indicated by
an arrowhead. 
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that cells expressing ecOxa1 are able to sustain the pmf, and that ecOxa1 
complements the assembly of respiratory membrane complexes in E. coli. 

 
 
 
 
ecOxa1 can fulfill the Sec-independent membrane integration function of 
YidC 

A subset of IMPs in E. coli integrates into the membrane via a Sec-
independent mechanism that probably only involves YidC. To investigate 
whether ecOxa1 can replace YidC and facilitate the membrane integration 
of Sec-independent IMPs, we tested insertion and translocation of M13P2. 
M13P2 is an M13 procoat derivative extended at its C-terminus with the P2 
domain of Lep. M13P2 is synthesized with a signal sequence that is 
processed by Lep, resulting in mature M13P2 (Fig. 5A). Processing and 
membrane integration of M13P2 is, like wild-type M13 procoat, strongly 
affected by YidC depletion but not by depletion of Sec components 
(Fröderberg et al., 2003). 

Using immunoblot analysis under steady state conditions, we 
monitored processing of pre-M13P2 expressed from a plasmid in the 
conditional yidC strain JS7131 that also contained a compatible ecOxa1 
expression plasmid. JS7131 cells harboring both plasmids were grown in 
the presence (control cells) or absence (YidC depleted cells) of arabinose or 
in the absence of arabinose combined with the presence of IPTG (ecOxa1 
expressing cells). In control cells, most pre-M13P2 is converted into the 
mature form whereas processing is completely inhibited upon depletion of 
YidC, as expected (Fig. 5B; Fröderberg et al., 2003). Expression of ecOxa1 
restored processing of pre-M13P2 to the level of control cells arguing that 
ecOxa1 can mediate insertion of at least the signal peptide of M13P2 in a 
conformation that is suited for cleavage by Lep. 

To examine membrane assembly of M13P2 in more detail, a 
protease accessibility assay was conducted using the YidC/ecOxa1 

Fig.4. ecOxa1 is targeted to the IM and
suppresses the PspA response. JS7131
cells expressing ecOxa1 or YidC were
grown to mid-log phase in the presence
of 30 µM IPTG (lane 1) or 20 µM IPTG
(lane 3). Subsequently, IMVs were
isolated by sucrose gradient
centrifugation and analyzed by SDS-
PAGE and immunoblotting using YidC
or PspA antiserum. As controls, YidC
levels and PspA levels were also
analyzed in YidC depleted IMVs (lane
2) and IMVs isolated from wild-type E.
coli MC4100 (lane 4). The position of
ecOxa1 is indicated by an asterisk and
the position of YidC is indicated by an
arrowhead. 
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expression regime described above. Cells were pulse-labeled, converted to 
spheroplasts and treated with proteinase K to degrade external (periplasmic) 
protein (-domains). In spheroplasts derived from control cells, the 
periplasmic N-terminal tail of mature M13P2 was degraded by proteinase 
K, resulting in a smaller proteolytic fragment of distinct size (pf; Fig. 5C). 
OmpA and Trigger factor are outer membrane and cytoplasmic control 
proteins, used to monitor spheroplast formation and proteinase K treatment, 
respectively. Upon depletion of YidC, processing and protease accessibility 
of M13P2 were severely affected as shown before (Fig. 5C; Fröderberg et 
al., 2003). The accumulated pre-M13P2 was degraded in detergent-
solubilized samples (data not shown) demonstrating that this form is not 
intrinsically proteinase K resistant but rather does not cross the inner 
membrane under these conditions. Notably, the defect in processing 
appeared less prominent than under steady state conditions (Fig. 5B) which 
might be due to a difference in expression of pre-M13P2 under these 
conditions. In ecOxa1 expressing cells, processing of pre-M13P2 was 
restored and mature M13P2 was degraded by proteinase K to a similar 
extent and size as in the control cells, indicating that M13P2 is efficiently 
and correctly inserted with a translocated (accessible) N-terminus and a 
cytosolic (protected) P2-domain (Fig. 5C). Translocation of OmpA 
appeared unaffected in both YidC depleted and ecOxa1 complemented 
cells, demonstrating that indirect inactivation of the Sec-translocon had not 
occurred under these conditions. To verify the YidC and ecOxa1 expression 
conditions, cell samples were taken just before labeling. YidC and ecOxa1 
levels were analyzed by SDS-PAGE and immunoblotting in these samples, 
using a YidC antiserum (Fig. 5D). Clearly, only ecOxa1 (indicated by an 
asterisk) is produced in cells grown in the absence of arabinose and induced 
with IPTG, whereas YidC (indicated by an arrowhead) is only detected 
when cells are grown in the presence of arabinose. 
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Fig.5. ecOxa1 promotes membrane insertion of M13P2. (A) Membrane topology of
the model protein M13P2. M13P2 is a M13 procoat derivative that is extended at its
C-terminus with the last 106 amino acids of the P2 domain of Leader peptidase
(Lep). M13P2 is synthesized as precursor (pre-M13P2) with a signal sequence (SS)
that is processed by Lep (arrow) to mature M13P2.(B) Steady state analysis of
M13P2 processing in strain JS7131 harboring a low copy ecOxa1 expression
plasmid. Cells were grown either in the presence of 0.2 % L-arabinose (control cells)
or 1 mM IPTG (ecOxa1 complemented cells). To deplete cells for YidC, arabinose
and IPTG were omitted from the medium (YidC depleted cells). Expression of
M13P2 was induced for 15 minutes and M13P2 processing and YidC/ecOxa1 levels
were analyzed in 0.1 OD660 units of cells by SDS-PAGE and immunoblotting, using
antibodies directed against the P2 domain of Lep and YidC, respectively. The
position of YidC is indicated by an arrowhead and the position of ecOxa1 is indicated
by an asterisk. (C) Proteinase K accessibility assay to monitor translocation of the N-
terminus of M13P2 in strain JS7131 harboring a low copy ecOxa1 expression
plasmid. Cells were grown as described under B, radiolabeled, converted to
spheroplasts and treated with proteinase K as described under Materials and Methods.
The samples were immunoprecipitated using antibodies directed against the P2
domain of Lep (bottom panel) and antibodies against OmpA and TF (top panel).
OmpA (outer membrane protein) and TF (cytoplasmic protein) were used to monitor
proteinase K treatment and spheroplasts formation, respectively. Immunoprecipitated
material was analyzed by SDS-PAGE and visualized by phosphorimaging. pf,
proteolytic fragment of M13P2. (D) Expression analysis of YidC and ecOxa1 in cell
samples used under C. 0.1 OD660 unit of cells was analyzed by immunoblotting, using
YidC antiserum. The position of YidC is indicated by an arrowhead and the position
of ecOxa1 is indicated by an asterisk. 



                                                                  Chapter 4 
________________________________________________________ 

 79 
 

As a second representative of this “YidC-only” integration pathway 
we analyzed insertion of the Foc subunit of the F1Fo-ATPase in the same 
experimental set-up, using the temperature-sensitive amber suppressor 
YidC depletion strain KO1672 along with its isogenic control strain 
KO1670. Foc is a small, double spanning membrane protein with a short N- 
and C-terminus exposed to the periplasm (Fig. 6A). We and others have 
recently shown that this native E. coli IMP requires only YidC for 
membrane integration (van Bloois et al., 2004; van der Laan et al., 2004; Yi 
et al., 2004). To permit immuno-detection in protease accessibility 
experiments, a HA-tag has been added to the periplasmic C-terminus of Foc 
(van Bloois et al., 2004). It is shown in Fig. 6B that depletion of YidC 
severely affects the accessibility of the HA-tag as shown before (van Bloois 
et al., 2004) indicating that Foc integration is compromised. Accessibility of 
the tag is restored upon expression of ecOxa1 indicating that Oxa1 can 
support integration and topogenesis of Foc consistent with the 
complementation of the PspA response under these conditions (see Fig. 4). 
Expression of YidC and ecOxa1 was verified in Fig. 6C. 

Together, these data show that ecOxa1 mediates correct and 
efficient insertion of YidC-dependent/Sec-independent IMPs reminiscent of 
the role of Oxa1 in membrane protein insertion in mitochondria that lack a 
Sec-translocon.  
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ecOxa1 is not cross-linked to nascent Sec-dependent membrane proteins 

Next, we addressed whether ecOxa1 is capable of functioning in the 
Sec/YidC pathway of protein insertion. First, we investigated direct 
physical contacts of substrates of this integration pathway that are trapped 
during integration in the membrane. To monitor interactions we used an in 
vitro site-specific photo cross-linking approach that was previously applied 
to demonstrate the proximity of YidC to a nascent Sec-dependent IMP, 
FtsQ (Scotti et al., 2000). Truncated FtsQ was synthesized to a length of 
108 amino acids with a photo cross-linking probe incorporated at position 

Fig.6. ecOxa1 promotes membrane insertion of Foc. (A) Membrane topology of the
model protein Foc, a small double spanning membrane protein with a short N- and C-
terminus exposed to the periplasm. To facilitate detection of Foc an HA-tag has been
attached to the C-terminus that is accessible to proteinase K (arrow) in spheroplasts.
(B) Proteinase K accessibility assay to monitor translocation of the C-terminal HA-tag
of Foc in the temperature sensitive amber suppressor YidC depletion strain KO1672 and
its isogenic control strain KO1670 harboring a low copy ecOxa1 expression plasmid.
To deplete KO1672  for YidC, cells were grown at 42 oC to mid log-phase (YidC
depleted cells). IPTG (1 mM) was added to induce expression of ecOxa1 (ecOxa1
complemented cells). Samples were prepared and processed as described under Fig. 5C.
Anti-HA serum was used to immunoprecipitate FocHA. (C) Expression analysis of
YidC and ecOxa1 in cell samples used under B, prepared and analyzed as described
under Fig. 5D. 
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40 in the exposed signal anchor sequence (Fig. 7A), and IMVs were added 
to allow membrane integration of the translation intermediate. 
Subsequently, cross-linking was induced by UV-irradiation and membrane 
integrated material was recovered by extraction with sodium-carbonate. The 
IMVs used were derived from wild-type cells, cells that overexpress YidC 
and cells depleted for YidC but expressing ecOxa1 (see Fig. 4 for YidC and 
ecOxa1 content of the IMVs used). As shown before (Scotti et al., 2000), 
108FtsQTAG40 was cross-linked to YidC (Fig. 7B, lane 1, enhanced upon 
overproduction of YidC, lane 2) and to SecY. Using IMVs that contain 
ecOxa1 instead of YidC, no cross-linking product was detected in the ~70 
kDa region (Fig. 7B, lane 3) indicating that YidC is effectively depleted and 
that ecOxa1 is not close to the inserting FtsQ TMs. Importantly, cross-
linking to SecY was not affected under these latter conditions confirming 
previous data that showed that the initial insertion of nascent Sec-dependent 
proteins does not require YidC (Urbanus et al., 2001). 

The absence of cross-linking of ecOxa1 to 108FtsTAG40 suggests 
that ecOxa1 is not near the insertion site for the FtsQ TMs in the Sec-
translocon. However, the lack of photo cross-linking could also be due to a 
different orientation of the FtsQ TMs in the ecOxa1 containing IMVs. We 
therefore decided to analyze a second representant of this Sec/YidC 
integration pathway, Lep, for its molecular environment during membrane 
integration using the same cross-linking approach. Interactions of nascent 
Lep derivatives have been studied in great detail providing profound 
knowledge of the initial stages of membrane insertion of Lep (Houben et 
al., 2004; Houben et al., 2002). Here, we have analyzed cross-linking from 
positions 10 and 15 in the first TMs of 50Lep (Fig. 7A) that, in wild-type 
IMVs, predominantly cross-link YidC and SecY, respectively, illustrating 
the oriented insertion of the TMs at this nascent chain length (Houben et al., 
2002; Fig. 7B, lanes 4 and 7). Clearly, both 50LepTAG10 and -TAG15 
constructs were not cross-linked to ecOxa1 suggesting that ecOxa1 is not in 
contact with TM1 of membrane inserted nascent Lep (Fig. 7B, lanes 6 and 
9). Cross-linking of 50Lep TAG15 to SecY was less efficient in the ecOxa1 
IMVs which may reflect a somewhat altered orientation of TM1 in the 
YidC-free Sec-translocon (Fig. 7B, compare lanes 7 and 9). 

Taken together, the cross-link data are consistent with the notion 
that ecOxa1 is unable to contact the TMs of nascent Sec-dependent IMPs 
during membrane integration.  
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Fig.7. ecOxa1 is not in close proximity to nascent, membrane inserted FtsQ and Lep.
(A) Schematic representation of the FtsQ 108mer and the Lep 50mer with photo
cross-linking probes at positions 40 (108FtsQ) and 10 or 15 (50Lep). The TMs are
presented as thick lines. (B) In vitro translation of nascent 108FtsQTAG40,
50LepTAG10 and 50LepTAG15 constructs was carried out in the presence of
(Tmd)Phe-tRNAsup and IMVs derived from a wild-type E.coli strain (MC4100), a
YidC overexpressing strain (YidC) or a strain depleted for YidC but expressing the
ecOxa1 (ecOxa1) as indicated. YidC and ecOxa1 content of the IMVs used is shown
in Fig. 4, top panel. After translation, samples were kept in the dark or irradiated with
UV light to induce cross-linking and extracted with sodium carbonate to recover
membrane inserted material. The pellet fractions were analyzed by SDS-PAGE and
visualized by phosphorimaging. Pellet fractions from UV-irradiated samples are
shown. The position of peptidyl tRNA is indicated by an asterisk. 
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ecOxa does not support folding of a Sec-dependent IMP 
Recently, we have shown that depletion of YidC has little effect on 

the efficiency of membrane insertion of the Sec-dependent IMP LacY, as 
seems true for all studied Sec-dependent IMPs (Nagamori et al., 2004). 
However, YidC appears required for folding of LacY into its correct three-
dimensional structure (Nagamori et al., 2004). To examine whether ecOxa1 
is able to complement functioning of YidC in folding of LacY we used our 
previously described in vitro assay (Nagamori et al., 2004). In this assay, 
co-translational insertion of in vitro synthesized LacY into IMVs is 
determined by ultracentrifugation of reaction mixtures treated with urea to 
remove LacY that is not inserted into the lipid bilayer. Moreover, LacY 
inserted into wild-type IMVs in vitro is functional (Nagamori et al., 2003). 
Folding of membrane inserted LacY is assayed by analyzing recognition of 
two different conformational epitopes by specific monoclonal antibodies: 
mAb4B1 which binds to periplasmic loop VII/VIII and mAb4B11 which 
binds to a discontinuous epitope containing determinants from cytoplasmic 
loops VIII/IX and X/XI (Nagamori et al., 2004 and references therein). 

As shown in Fig. 8, LacY is synthesized and inserted into wild-type 
membranes, YidC-depleted membranes and YidC depleted/ecOxa1 
proficient membranes with approximately the same efficiency (lanes 1-3). 
Thus, according to the criteria used, the presence of YidC or ecOxa1 has no 
significant effect on membrane insertion of LacY. This again indirectly 
indicates that the Sec-translocon is intact under these conditions. 
Importantly, both mAb4B1 and mAb4B11 are less efficient in 
immunoprecipitating membrane inserted LacY from YidC depleted 
membranes (lanes 4,5,7,8) as observed before (Nagamori et al., 2004). The 
presence of ecOxa1 can only slightly reverse this effect (lanes 6,9) (see Fig. 
4. for YidC/ecOxa1 content of IMVs utilized). Apparently, Oxa1 is unable 
to efficiently substitute for YidC with respect to proper folding of the Sec-
dependent LacY. 
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Discussion 

E. coli YidC is a member of the conserved YidC/Oxa1/Alb3 protein 
family found throughout prokaryotes and eukaryotes (Dalbey and Kuhn, 
2004; Kuhn et al., 2003; Luirink et al., 2001; Stuart, 2002). Family 
members constitute or contribute to a membrane insertion machinery that 
mediates insertion and assembly of hydrophobic membrane proteins into 
the inner membrane of bacteria and mitochondria and the thylakoid 
membrane of chloroplasts. E. coli YidC is in contact with the Sec-
translocon and associated with Sec-dependent IMPs during membrane 
insertion (Houben et al., 2000; Scotti et al., 2000). However, YidC is 
present in excess over the Sec-translocon and the “free” YidC appears to 
constitute a separate “insertase” that is both necessary and sufficient for 
membrane insertion of a subset of Sec-independent IMPs (Samuelson et al., 
2000; Serek et al., 2004; van der Laan et al., 2004). In contrast, 
mitochondria lack a Sec-translocon (Glick and von Heijne, 1996) and Oxa1 
most likely forms an homo-oligomeric insertion complex in the inner 
membrane (Nargang et al., 2002).  

In this report, we demonstrate that yeast Oxa1 (fused to the non-
essential first TMs and periplasmic region of YidC, ecOxa1) can 
complement the growth defect that occurs upon depletion of YidC in a 
conditional strain. We found that this ecOxa1 can mediate insertion and 
translocation of two Sec-independent IMPs suggesting that Oxa1 is fully 
capable to fulfill the Sec-independent function of YidC. In contrast, two 
independent assays suggest that ecOxa1 fails to function in connection with 

Fig.8. ecOxa1 does not support the folding of LacY. In vitro synthesis and co-
translational insertion of LacY into YidC depleted IMVs (lane 1), wild-type IMVs
(lane 2) or YidC depleted /ecOxa1 proficient IMVs (lane 3). After translation and
insertion samples were extracted with urea. Folding of LacY was assayed by
immunoprecipitation of membrane inserted LacY with monoclonal antibody
mAb4B1 (lanes 4-6) that binds to periplasmic loop VII/VIII or mAb4B11 (lanes 7-
9) that recognizes a discontinuous epitope containing determinants from
cytoplasmic loops VIII/IX and X/XI. Quantification was approximated by
measuring the density of the bands by phosphorimaging. 
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the Sec-translocon. First, ecOxa1 is unable to replace YidC in the folding of 
LacY, a Sec-dependent IMP. Second, ecOxa1 is not cross-linked to two 
Sec-dependent IMPs during membrane insertion. Together the data suggest 
that the Sec-independent function of YidC is conserved and essential for 
growth. 

Yeast Oxa1 functions in the assembly of respiratory chain 
complexes such as the cytochrome oxidase and ATPase complex in the 
mitochondrial inner membrane (reviewed in Stuart, 2002). Most likely, 
Oxa1 operates on its own. This implies that it combines a range of functions 
necessary for insertion and assembly of membrane proteins (complexes). 
Recently, it has been demonstrated that the matrix-exposed C-terminus of 
Oxa1 is required for the co-translational targeting of mitochondrially 
encoded membrane proteins by interacting with mitochondrial ribosomes 
thus obviating the need for a targeting factor (such as the SRP) and a 
separate ribosome receptor (Jia et al., 2003; Szyrach et al., 2003). In 
addition, Oxa1 must assist lipid partitioning of hydrophobic sequences in 
both nuclear and mitochondrially encoded membrane proteins. Finally, 
Oxa1 must translocate hydrophilic domains of membrane proteins and 
perhaps assist in the assembly of multi-subunit complexes. How these 
diverse functions are realized and combined is unclear. It has been 
suggested that Oxa1 functions as a chaperone to accelerate and facilitate 
membrane integration without being absolutely essential for this process 
(Lemaire et al., 2000). 

The fact that Oxa1 can complement bacterial growth in the absence of 
YidC is surprising at first sight but perhaps not totally unexpected. First, the 
replaced regions of Oxa1 and YidC are similar in sequence (though not 
dramatically so) and topology. Second, YidC is remarkably tolerant towards 
replacement even of conserved amino acid residues. In an extensive 
mutagenesis study none of the analyzed residues appeared to be absolutely 
essential for YidC functioning (Jiang et al., 2003). Third, thylakoid Alb3 
has been shown to functionally replace YidC in vivo using a comparable 
hybrid construct (Jiang et al., 2002). Similarly, the Arabidopsis thaliana 
protein ARTEMIS that contains an Alb3/Oxa1/YidC-like domain can 
partially take over the function of yeast Oxa1 (Funes et al., 2004). At 
second sight, mitochondria lack any of the known Sec-components and do 
not possess an SRP or SRP receptor in contrast to bacteria and chloroplasts 
pointing to divergence in targeting and insertion mechanisms (Glick and 
von Heijne, 1996).  

To confirm complementation of the Sec-independent function of 
YidC, we verified the ability of ecOxa1 to support insertion and 
translocation of two proteins diagnostic for this route. The hybrid M13P2 
construct has been used before for this purpose (Fröderberg et al., 2003; 
Samuelson et al., 2001). It is strictly YidC-dependent but derived from 
phage M13 procoat, which obviously is not an authentic nor permanent 
resident of the E. coli inner membrane. The Foc subunit of the F1Fo-ATPase 
is a native E. coli protein that was recently shown to require only YidC for 
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membrane insertion in three independent studies (van Bloois et al., 2004; 
van der Laan et al., 2004; Yi et al., 2004). The mechanism of targeting of 
the Foc subunit to YidC is a controversial issue. SRP has been implicated 
(van Bloois et al., 2004) but other studies point to a spontaneous mechanism 
(van der Laan et al., 2004; Yi et al., 2004). It remains to be determined 
whether the C-terminal ribosome-binding region of Oxa1 contributes to the 
targeting process in the complementant. Notably, the C-terminal region of 
YidC is neither conserved nor essential for cell viability and growth (Jiang 
et al., 2003). 

Complementation of the Sec-associated function of YidC has been 
investigated previously by monitoring the translocation of periplasmic 
domains of Sec-dependent IMPs such as Lep in vivo (Jiang et al., 2002; 
Samuelson et al., 2000; Urbanus et al., 2001). In our view, this is not a 
dependable assay for Sec-dependent substrates since the observed effects 
are small and occur only upon prolonged depletion of YidC when 
secondary effects such as a diminished pmf and decreased levels of subunits 
of the Sec-translocon can not be excluded. Here, we used an unbiased in 
vitro cross-linking assay to demonstrate that ecOxa1 does not cross-link to 
two different Sec-dependent IMPs probed from a position and at a stage 
during insertion where cross-linking to YidC is eminent (Fig. 7). The 
simplest interpretation of this observation is that ecOxa1 is not near 
inserting nascent Sec-dependent IMPs because it does not associate with the 
E. coli Sec-translocon at all. This property of YidC might have been lost 
concomitantly with the Sec-translocon during the evolution of mitochondria 
from endosymbiotic bacteria.  

The function of the Sec-associated form of YidC is enigmatic. As 
discussed above, YidC is not critical for the insertion of IMPs into the Sec-
translocon nor for the translocation of their periplasmic loops. Interestingly, 
it has been shown recently that YidC is required for folding of the 12 
membrane-spanning Sec-dependent IMP LacY using conformation-specific 
monoclonal antibodies to pull down in vitro inserted LacY (Nagamori et al., 
2004). Here, ecOxa1 appeared unable to restore efficient formation of the 
conformational epitopes in the absence of YidC whereas insertion of LacY 
was unaffected indicative of an intact Sec-translocon. This indicates that 
ecOxa1 is unable to assist folding of LacY in the same manner as YidC. 
Considering that folding of LacY has been shown to occur during 
translation and membrane insertion (Nagamori et al., 2003), it seems 
plausible that ecOxa1 is unable to receive TMs and support formation of the 
three-dimensional structure of LacY due to its physical separation from the 
Sec-translocon.  

Our data indicate that ecOxa1 can complement the Sec-independent 
but not the Sec-associated function of YidC. Interestingly, in reciprocal 
experiments presented in the accompanying study by Preuss et al., it was 
shown that YidC expressed in mitochondria can functionally replace Oxa1. 
However, for complementation the C-terminal ribosome-binding domain of 
Oxa1 had to be appended onto YidC, suggesting this acquired function of 
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Oxa1 is essential for functioning in mitochondria. Taken together, these 
data suggest that the function of YidC and Oxa1 is generally conserved but 
nevertheless they are adapted to their specific needs. 

Our data also imply that the Sec-associated function of YidC is not 
essential for E. coli growth. It should be noted that this general conclusion 
is based on both in vitro and in vivo assays but using only a limited number 
of IMPs. Conceivably, folding of Sec-dependent IMPs can proceed in the 
absence of YidC but at a slower pace which may pose no major problem 
under standard laboratory growth conditions. The Sec-independent function 
of YidC may be more vital as it directly affects the levels of important 
membrane protein complexes such as the F1Fo-ATPase and cytochrome o 
oxidase (van der Laan et al., 2003). It is expected that the ecOxa1 construct 
will prove an important tool to dissect the dual functioning of the versatile 
YidC protein in more detail. 
 
 
Materials and methods 
 
Reagents and sera 

Restriction enzymes and the Expand Long Template PCR system 
were obtained from Roche GmbH. T4 DNA ligase was from Invitrogen. 
MEGAshortscript T7 transcription kit was from Ambion Inc. 
[35S]methionine and protein A-sepharose were from Amersham 
Biosciences. All other chemicals were supplied by Sigma. Antiserum 
against the hemagglutinin (HA) tag was purchased from Sigma and antisera 
against YidC, leader peptidase (Lep), trigger factor (TF) and OmpA have 
been described previously (Scotti et al., 2000; van Bloois et al., 2004). 
 
Strains, plasmids and growth conditions 

E.coli strain Top10F’ (Invitrogen) was used for cloning and 
maintenance of plasmid constructs. Strain MRE600 was used to prepare 
translation lysate for suppression of TAG stop codons in the presence of 
L[3-(trifluoromethyl)-3-diazirin-3H-yl] phenylalanine ((Tmd)Phe)-tRNAsup 
(Scotti et al., 2000). Strain MC4100 was used to obtain inner membrane 
vesicles (IMVs) (prepared as described in De Vrije et al., 1987). The YidC 
depletion strain JS7131 (Samuelson et al., 2000) was used for the 
preparation of IMVs and for in vivo protease accessibility experiments. The 
temperature-sensitive amber suppressor YidC depletion strain KO1672 and 
its isogenic parent strain KO1670 (Fröderberg et al., 2004) were used for in 
vivo protease accessibility experiments. All strains were routinely grown in 
Luria Bertani (LB) medium with appropriate antibiotics. 

Plasmids pC4Meth108FtsQTAG40, pC4Meth50LepTAG10 and 
pC4Meth50LepTAG15 have been described before (Houben et al., 2002; 
Scotti et al., 2000). 

Plasmid pEH1-ecOxa1His harbors the ecOxa1 fusion construct 
with a N-terminal hexahistidinyl tag under control of a lac promoter. For 
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construction of this plasmid, the sequence encoding residues 2 through 247 
of YidC was amplified by PCR from DNA isolated from E. coli DH5α. 
Codons for one methionine, one alanine and six histidine residues were 
introduced via the 5' primer directly upstream of the YidC sequence. The 
PCR product was cleaved by NcoI and KpnI and cloned into the expression 
plasmid pEH1 (Hashemzadeh-Bonehi et al., 1998). The sequence encoding 
residues 43 through 402 of Oxa1 was amplified from genomic yeast DNA 
using an upstream primer that introduced a short linker containing a TEV 
cleavage site. The resulting PCR product was digested with KpnI and SmaI 
and also cloned into the pEH1 plasmid, giving rise to plasmid pEH1-
ecOxa1His. For complementation studies, a low copy ecOxa1 plasmid was 
constructed as follows. The EcoRV/AgeI fragment of pEH1-ecOxa1His was 
replaced by the corresponding fragment of pEH1-YidCX (lab collection), 
thereby removing the hexahistidinyl tag and introducing an XbaI site 
upstream of the YidC coding region. The hybrid construct lacking the tag 
was cloned XbaI/SmaI into pUC19, yielding pUC19-ecOxa1. Subsequently, 
the ecOxa1 coding sequence was cloned XbaI/SacI into the low copy 
expression plasmid pCL1921.Km, yielding pCL-ecOxa1. pCL1921.Km is a 
derivative of pCL1921 (Lerner and Inouye, 1990) containing the HincII 
fragment of pUC4K, harboring the kanamycin resistance gene, cloned into 
the NaeI site in the streptomycin resistance gene. ecOxa1 expression 
plasmids were introduced into strain JS7131, KO1672 and KO1670 
together with a compatible LacIq plasmid (when indicated) to suppress 
uninduced expression of the ecOxa1 construct. For in vivo protease 
accessibility experiments, the previously described pASKIBA3-M13P2 and 
pBAD24-FocHA were used (van Bloois et al., 2004).  

 
 
In vivo protease K accessibility assay 

Strain JS7131 harboring pCL-ecOxa1 together with pASKIBA3-
M13P2 was essentially grown as described (Samuelson et al., 2000). 
Briefly, cells were grown overnight in LB medium supplemented with 0.2 
% L-arabinose. The overnight culture was diluted 1:50 in fresh LB 
supplemented with 0.2% L-arabinose to express YidC. To deplete cells for 
YidC, L-arabinose was omitted from the medium and for the expression of 
the ecOxa1 construct IPTG was added to the medium as indicated. Cells 
were grown to mid-log phase, harvested and resuspended in M9 minimal 
medium. Expression of M13P2 was induced for 10 min by adding 
anhydrotetracycline (500 ng/ml). Subsequently, the cells were pulse-labeled 
with [35S]methionine (30 µCi/ml), converted to spheroplasts and processed 
as described previously (Fröderberg et al., 2003). For Foc protease 
accessibility assays, the temperature sensitive YidC depletion strain 
KO1672 and its isogenic control strain KO1670 harboring pCL-ecOxa1 
together with pBAD24-FocHA were grown as described (Fröderberg et al., 
2004). Briefly, both strains were grown overnight at 30 oC in LB medium. 
The overnight culture was diluted 1:50 into fresh LB. To deplete KO1672 
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for YidC, cells were grown at 42 
oC and for the expression of the ecOxa1 

construct IPTG was added to the medium as indicated. Cells were grown to 
mid-log phase, harvested and resuspended in M9 minimal medium. 
Expression of FocHA was induced for 10 min by adding L-arabinose 
(0.2%). Subsequently, the cells were pulse-labeled with [35S]methionine (30 
µCi/ml), converted to spheroplasts and processed as described previously 
(Fröderberg et al., 2003). As a control for depletion and expression, YidC 
and ecOxa1 levels were analyzed by SDS-PAGE and immunoblotting using 
YidC antiserum. 
 
In vitro transcription, translation, targeting and cross-linking 

Truncated mRNA was prepared as described (Scotti et al., 2000) 
from HindIII linearized pC4Meth constructs. In vitro translation and cross-
linking of nascent FtsQ and Lep derivatives carrying the photo-activatable 
amino acid (Tmd)Phe were carried out as described (Scotti et al., 2000). 
Targeting to IMVs and carbonate extraction have been described previously 
(Scotti et al., 2000; Urbanus et al., 2001). High salt sucrose pellet fractions 
and carbonate insoluble fractions were analyzed directly by SDS-PAGE and 
phosphorimaging. 
 
Folding of in vitro synthesized lacY 

In vitro transcription/translation/insertion was performed at 30 ºC 
for 15 min, and IMVs containing in vitro synthesized LacY were collected 
onto 50 % sucrose and washed with urea as described (Nagamori et al., 
2003). Immunoprecipitation of the in vitro synthesized LacY was carried as 
described previously (Nagamori et al., 2004) with minor modifications 
described below. After in vitro transcription/translation/insertion of LacY, 
IMVs were washed with 50 mM Tris.HCl (pH 7.5) and incubated with 
purified monoclonal antibodies (mAb) (25 µg/ml) as specified in 50 mM 
Tris.HCl (pH 7.5)/150 mM NaCl/1.0 mM ethylenediaminetetraacetate 
(EDTA)/2% dodecyl-β-D-maltopyranoside (DDM) for 6 h at 4ºC.  Before 
addition of mAb, 5% of each reaction mixture was saved for quantification 
of LacY “Insertion” (see Fig. 8). Supernatants obtained by 
ultracentrifugation were treated with protein A Sepharose beads for 2 h at 4 
ºC with continuous rotation. The beads were collected by a brief 
centrifugation, washed five times for 5 min at 4 ºC with 100-fold protein A 
volumes of wash buffer (50 mM Tris.HCl (pH 7.5)/150 mM NaCl/1 mM 
EDTA/0.2 % DDM), and then resuspended in 1% DDM and 1.0 mM 
dithiothreitol (DTT). Samples were kept at room temperature for 30 min 
and mixed occasionally. Samples were then analyzed as described 
(Nagamori et al., 2003). mAb4B1 and mAb4B11 were purified as described 
(Nagamori et al., 2004). 
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Abstract 
Members of the YidC/Oxa1/Alb3 protein family function in the 
biogenesis of membrane proteins in bacteria, mitochondria and 
chloroplasts. In Escherichia coli, YidC plays a key role in the 
integration and assembly of many inner membrane proteins (IMPs). 
Interestingly, YidC functions both in concert with the Sec-translocon 
and as a separate insertase independently of the translocon. 
Mitochondria of higher eukaryotes contain two distant homologues of 
YidC, Oxa1 and Cox18/Oxa2. Oxa1 is required for the insertion of 
membrane proteins into the mitochondrial inner membrane. 
Cox18/Oxa2 plays a poorly defined role in the biogenesis of the 
cytochrome c oxidase complex. Employing a genetic complementation 
approach by expressing the conserved region of yeast Cox18 in E. coli 
we show here that Cox18 is able to complement the essential Sec-
independent function of YidC. This identifies Cox18 as a bona fide 
member of the YidC/Oxa1/Alb3 family. 
 
Introduction 

Conserved mechanisms are used for the targeting and assembly of 
membrane proteins in bacteria, mitochondria and chloroplasts. This is 
illustrated by the conserved YidC/Oxa1/Alb3 protein family that constitutes 
a class of proteins involved in the biogenesis of proteins of the bacterial 
inner membrane, mitochondrial inner membrane and chloroplast thylakoid 
membrane. YidC functions in the biogenesis of IMPs in E. coli both in 
concert with the Sec-translocon and as a Sec-independent insertase 
(reviewed in Kiefer and Kuhn, 2007; Luirink et al., 2005). The Sec-
translocon works as a protein conducting channel for secretory proteins and 
IMPs. The translocon may include multiple components but the core is 
formed by a heterotrimeric complex of SecY, SecE and SecG (Osborne et 
al., 2005). Translocation of secretory proteins and larger periplasmic 
domains of IMPs is driven by the ATPase SecA which is peripherally 
associated with the SecYEG complex (Vrontou and Economou, 2004). In 
contrast, many IMPs do not rely on the activity of SecA but are inserted in a 
co-translational process which requires the signal recognition particle (SRP) 
and its receptor FtsY. The SRP binds to hydrophobic targeting signals 
present in nascent IMPs, typically transmembrane segments (TMs), and the 
ribosome nascent chain-SRP complex is then transferred to the Sec-
translocon via membrane-associated FtsY (Luirink and Sinning, 2004). 

The role of YidC in the context of the translocon is currently not 
well understood and may be versatile. Pull-down experiments have 
identified YidC as a Sec-associated component (Nouwen and Driessen, 
2002; Scotti et al., 2000; Xie et al., 2006). In vitro cross-link studies suggest 
that YidC operates downstream of the Sec-translocon for several complex 
IMPs to assist the transfer and assembly of TMs into the lipid bilayer (Beck 
et al., 2001; Houben et al., 2004; Houben et al., 2005; Urbanus et al., 2001). 
Remarkably, YidC seems largely dispensable for insertion of Sec-
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dependent IMPs per se implying a later role of YidC in the biogenesis of 
IMPs (Fröderberg et al., 2003; Houben et al., 2002; Urbanus et al., 2001; 
van der Laan et al., 2004b). Consistently, YidC has recently been shown to 
function in folding of the polytopic IMP LacY (Nagamori et al., 2004). In 
contrast, YidC is absolutely required for the insertion of most Sec-
independent IMPs. Substrates of this “YidC-only” pathway include the 
phage coat proteins M13 and Pf3 and the endogenous IMPs Foc (subunit of 
the F1Fo-ATPase complex) and MscL (mechanosensitive channel of large 
conductance) (Facey et al., 2007; Samuelson et al., 2000; Serek et al., 2004; 
van Bloois et al., 2004; van der Laan et al., 2004a; Yi et al., 2004). 
Consistent with an additional, Sec-independent function, YidC is present in 
excess when compared to Sec-translocon components (Urbanus et al., 
2002). 

Mitochondria of plants, fungi and animals harbor two distant YidC 
homologues, Oxa1 and Cox18/Oxa2 (Funes et al., 2004). Both Oxa1 and 
Cox18/Oxa2 function in the assembly of respiratory chain complexes, but 
are apparently non-redundant since mutants in one component cannot be 
complemented by overexpression of the other (Funes et al., 2004). The 
Oxa1 protein of S. cerevisiae is the founding member of the 
YidC/Oxa1/Alb3 family and was originally identified as a factor involved 
in the biogenesis of respiratory chain complexes (Bauer et al., 1994; 
Bonnefoy et al., 1994). Oxa1 is required for the insertion of mitochondrially 
encoded proteins into the inner membrane, in particular subunits of the 
cytochrome c oxidase and ATPase complex, as well as for the insertion of 
some nuclear encoded proteins (Altamura et al., 1996; Bonnefoy et al., 
1994; He and Fox, 1997; Hell et al., 1997; Hell et al., 2001; Herrmann et 
al., 1997). Cox18 was originally identified as a component required for 
biogenesis or stability of cytochrome c oxidase (Hikkel et al., 1997; Souza 
et al., 2000). In an independent genetic analysis Cox18/Oxa2 was found to 
be required for the efficient topogenesis of Cox2, one of the central subunits 
of the cytochrome c oxidase complex (Saracco and Fox, 2002). 
Cox18/Oxa2 thereby directly interacts with Cox2 (Funes et al., 2004), but 
its molecular role is not clear. Although predictions suggest significant 
similarity in secondary structure and topology between YidC, Oxa1 and 
Cox18/Oxa2, the overall level of primary sequence conservation between 
these proteins is low (15-20%). A conserved function is therefore not 
immediately obvious especially since Cox18-deficient strains cannot be 
complemented by Oxa1 overexpression. We reported previously that 
despite the low degree of sequence similarity, Oxa1 can complement a 
YidC defect in E. coli to some extent and vice versa suggesting functional 
conservation between Oxa1 and YidC (Preuss et al., 2005; van Bloois et al., 
2005). In this work, we addressed a functional correlation between yeast 
Cox18 and YidC using a similar genetic complementation approach in E. 
coli. The data demonstrate that Cox18 complements the essential Sec-
independent function of YidC. Hence, by this criterion Cox18 can be 
considered a bona fide member of the YidC/Oxa1/Alb3 family. 
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Results 
 
Properties of YidC, Oxa1 and Cox18  

Members of the YidC/Oxa1/Alb3 family are characterized by a 
conserved hydrophobic core domain of ~200 residues comprising 5 
predicted TMs (Fig. 1A) (Kiefer and Kuhn, 2007). The core domains of 
bacterial and mitochondrial homologues are flanked by non-related regions. 
The E. coli core domain is preceded by a large periplasmic loop and an 
additional TM. Mitochondrial Oxa1 and Cox18 lack this region but are 
initially synthesized with an N-terminal presequence that is required for 
mitochondrial import and is cleaved from the mature protein in the matrix 
(Funes et al., 2004; Herrmann et al., 1997). Downstream of the last TM, 
Oxa1 has an extended C-terminal domain of ∼90 residues that protrudes 
into the matrix and functions as a ribosome binding domain (RBD) (Jia et 
al., 2003; Szyrach et al., 2003). This domain is not conserved in YidC and 
Cox18.  
  

 
 

 
 

Fig.1. Characteristics of E. coli
YidC and its mitochondrial
homologues Oxa1 and Cox18.
(A) Membrane topology of YidC
and mature Oxa1 and Cox18.
The Oxa1 and Cox18 proteins
are initially synthesized with a
matrix targeting sequence which
is proteolytically removed upon
import. Mature Oxa1 and Cox18
span the mitochondrial inner
membrane five times. Oxa1 has
an extended ribosome-binding
domain (RBD) at its C-terminus
that protrudes into the matrix. E.
coli YidC has 6 TMs of which
the first functions as a uncleaved
signal sequence. (B) Schematic
representation of the Cox18
(ecCox18) and Oxa1 (ecOxa1)
fusion constructs used in this
study. The constructs comprise
mature Cox18 (residues 35-316),
or Oxa1 (residues 43-402) fused
to the N-terminal targeting
domain of YidC (residues 1-
247).  A linker sequence
(hatched area) is included in the
Oxa1 hybrid. 
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To study the functioning of Cox18 in E. coli, a hybrid protein was 
constructed consisting of the first 247 amino acids of YidC fused to the 
mature part of yeast Cox18 (residues 35-316) and was named ecCox18 for 
E. coli-targeted Cox18 (Fig. 1B). The YidC portion was fused to mature 
Cox18 to enable membrane targeting of the hybrid and contains: (i) TM1 
which functions as an uncleaved signal sequence (Urbanus et al., 2002) and 
(ii) part of the first periplasmic loop. Importantly, the periplasmic loop is 
not conserved and over 90% can be deleted without loss of function. The C-
terminal region of the periplasmic loop is crucial for YidC activity (residues 
323-346) (Xie et al., 2006) but this portion is not included in our fusion 
construct. Previously, we studied the functioning of Oxa1 in E. coli using a 
similar fusion construct termed ecOxa1 (van Bloois et al., 2005) that is 
included in the present work as a positive control. Both fusion constructs 
were cloned into the medium and low copy IPTG-inducible expression 
plasmids pEH1 and pCL1921.  

 
ecCox18 complements the growth defect of a YidC depletion strain 

To examine whether ecCox18 is able to complement growth in the 
absence of YidC, ecCox18 was expressed from a plasmid in strain JS7131 
in which the yidC gene is under arabinose promoter control. As controls the 
empty vector and an ecOxa1 expression plasmid were used. ecOxa1 has 
previously been shown to complement growth of JS7131 upon depletion of 
YidC (van Bloois et al., 2005). Cells were grown until mid-log phase, 
tenfold serial dilutions were prepared and spotted on solid medium as 
indicated (Fig. 2). Cells grown in the presence of arabinose to induce 
endogenous yidC expression showed normal growth as expected (Fig. 2A). 
In the absence of arabinose, no growth was observed unless expression of 
ecCox18 (or ecOxa1) was induced by the presence of IPTG in the growth 
medium (Fig. 2B and C). Apparently, like ecOxa1, expression of ecCox18 
can efficiently restore growth of JS7131 depleted for YidC, arguing that 
Cox18 can functionally complement depletion of YidC under these 
conditions.  
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To verify expression of ecOxa1 and ecCox18, the strains used in 

Fig. 2 were grown in liquid medium and analyzed by immunoblotting using 
antiserum against YidC. In the presence of arabinose, expression of YidC is 
observed in cells harboring the empty vector, whereas no YidC is detected 
in the absence of arabinose (Fig. 3A, lanes 1 and 2). In the presence of 
IPTG but absence or arabinose, the fusion constructs ecOxa1 and ecCox18 
are exclusively detected (Fig. 3A, lanes 3 and 4), confirming that under 
these conditions, ecOxa1 and ecCox18 are expressed but not YidC. 
Furthermore, we confirmed that, like YidC, ecCox18 is localized in the 
inner membrane using ultracentrifugation to separate cell fractions (data not 
shown). 

Depletion of YidC has been shown to rapidly induce expression of 
Phage shock protein A (PspA), a stress protein that responds to a dissipation 
of the proton motive force (PMF). This in turn is caused by defects in the 
membrane assembly of the cytochrome o oxidase and F1Fo-ATPase 

Fig.2. ecCox18 complements growth of the YidC depletion strain JS7131. JS7131
containing ecCox18 in the expression plasmid pEH1 or as controls the empty vector or
ecOxa1 in the expression plasmid pEH1 were grown to mid-log phase in liquid LB
medium. 10-fold serial dilutions of the cultures were prepared and spotted on LB plates
supplemented with 0.2% L-arabinose (A) or 50 µM IPTG (C) to induce expression of
either the chromosomal yidC or the plasmid encoded fusion constructs. To deplete cells
for YidC and minimize expression of the fusion constructs, arabinose and IPTG were
omitted from the plates (B). The plates were incubated overnight at 37 oC. 
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complexes, which appears a direct consequence of YidC depletion (van der 
Laan et al., 2003). To monitor whether ecCox18 is able to suppress the 
PspA response in the absence of YidC, PspA levels of the cell samples 
described above were analyzed by immunoblotting (Fig. 3B). In the absence 
of YidC, increased amounts of PspA were detected in cells harboring the 
empty vector when compared to the same cells not depleted for YidC (Fig. 
3B, lanes 1 and 2). Consistent with previous data, the PspA response is 
suppressed by expression of ecOxa1 (Fig. 3B, lane 3) (van Bloois et al., 
2005). Similarly, no PspA is detected in cells depleted for YidC but 
expressing ecCox18 (Fig. 3B, lane 4). This suggests that ecCox18 supports 
proper membrane assembly of E. coli respiratory chain complexes thus 
sustaining the PMF.  
 

 
 
 
 
 
 
 
 
 
 
 
ecCox18 functions as a Sec-independent insertase 

Some IMPs or domains of IMPs do not require the Sec-translocon 
for insertion but are directly inserted via YidC (Celebi et al., 2006; du 
Plessis et al., 2006; Facey et al., 2007; Samuelson et al., 2000; Serek et al., 
2004; van Bloois et al., 2006; van Bloois et al., 2004; van der Laan et al., 
2004a; Yi et al., 2004). To test whether ecCox18 can replace YidC in this 
Sec-independent pathway, we analyzed its ability to mediate membrane 
insertion of M13P2. M13P2 is a M13 procoat derivative that is extended at 
its C-terminus with the P2 domain of leader peptidase (Lep; Fig. 4A). 
M13P2 is synthesized with a signal sequence that is processed by signal 
peptidase I. Processing and membrane integration of M13P2 is, like wild-

Fig.3. ecCox18 is expressed and suppresses the PspA response in the YidC
depletion strain JS7131. JS7131 cells harboring the constructs indicated under
Fig.2 were grown to mid-log phase in liquid LB medium in the presence of 0.2%
L-arabinose (lane 1) or 50 µM IPTG (lane 3 and 4) to induce expression of either
the chromosomal yidC or the plasmid encoded fusion constructs. Arabinose and
IPTG were omitted from the culture medium to deplete cells for YidC (lane 2).
Cell samples were taken and 0.1 OD660 units of cells were analyzed by SDS-PAGE
and immuno blotting, using antiserum against YidC (A) or PspA (B). 
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type M13 procoat, strictly dependent on YidC but not on the Sec-machinery 
(Fröderberg et al., 2003; Samuelson et al., 2001; van Bloois et al., 2004). 
Here, M13P2 and ecCox18 were expressed in the conditional yidC strain 
JS7131 from compatible plasmids. Processing of M13P2 was monitored 
upon pulse-labeling in order to clearly distinguish between the precursor 
and mature forms. In the presence of YidC, precursor M13P2 is converted 
into its mature form (Fig. 4B upper panel, lane 1). In the absence of YidC, 
the processing of the precursor is strongly affected (Fig. 4B upper panel, 
lane 2) as observed before. However, efficient processing is completely 
restored when ecCox18 is expressed instead of YidC (Fig. 4B upper panel, 
lane 3), suggesting that ecCox18 can mediate insertion and translocation of 
M13P2. To verify depletion of YidC and expression of ecCox18 under 
these conditions, cell samples taken prior to pulse-labeling were analyzed 
by immunoblotting (Fig. 4B bottom panel). 
 To further confirm Sec-independent functioning of ecCox18, we 
analyzed its ability to insert the N-terminal domain of pre-CyoA. CyoA is a 
subunit of the cytochrome o oxidase that is synthesized with a lipoprotein 
type signal sequence (Fig. 4C). YidC is sufficient to mediate translocation 
of the N-terminal periplasmic loop and processing of the signal peptide by 
the lipoprotein specific signal peptidase II (Celebi et al., 2006; du Plessis et 
al., 2006; van Bloois et al., 2006). These initial steps are also a prerequisite 
for translocation of the large C-terminal domain that involves both the Sec-
translocon and SecA. Here, we analyzed processing of HA-tagged pre-
CyoA under steady state conditions to indicate insertion and translocation 
of the N-terminal domain (Fig. 4D). Pre-CyoA and ecCox18 were 
expressed in the conditional yidC strain JS7131 from compatible plasmids. 
As shown before, processing of pre-CyoA is severely affected upon 
depletion of YidC (Fig. 4D upper panel, lanes 1 and 2). Efficient processing 
is completely restored when ecCox18 is expressed instead of YidC (Fig. 4D 
upper panel, lane 3), suggesting that ecCox18 can mediate insertion and 
translocation of the N-terminus of pre-CyoA. Remarkably, the processing 
efficiency of pre-CyoA is most efficient in the presence of ecCox18. Most 
likely, this relates to a slightly higher expression of plasmid-encoded 
ecCox18 as compared to endogenous YidC expression (Fig. 4D, bottom 
panel). Together, the data demonstrate that ecCox18 mediates efficient 
insertion of YidC-dependent/Sec-independent IMPs consistent with its 
ability to restore growth in the absence of YidC expression. 
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Fig.4. ecCox18 promotes membrane insertion of M13P2 and CyoA. (A) Membrane
topology model of M13P2. M13P2 is an M13 procoat derivative that is extended at its
C-terminus with the P2 domain of Lep. M13P2 is synthesized with a signal sequence
that is processed by Signal peptidase I (SPaseI) (arrow). (B) Pulse-label analysis of
M13P2 processing in strain JS7131 harboring an ecCox18 expression plasmid or as a
control the empty vector. Cells were grown and processed as described under
“Materials and methods”. Prior to pulse-labeling, a cell sample was taken and analyzed
by SDS-PAGE and immunoblotting using antiserum against YidC (lower panel). The
precursor and mature forms are denoted p and m. The signal sequence is represented by
a solid white bar and TMs are represented by solid black bars. (C) Membrane topology
model of CyoA-HA. CyoA is synthesized with a lipoprotein-type signal sequence that is
processed by SPaseII (arrow). Mature CyoA comprises two TMs connected by a small
cytoplasmic loop and two translocated termini: a lipid-modified N-terminus and a large
C-terminus. To permit immunodetection, an HA-tag was attached to the C-terminus.
(D) Steady state analysis of CyoA processing in strain JS7131 harboring an ecCox18
expression plasmid or as a control the empty vector. Cells were grown and processed as
described in “Materials and methods”. CyoA processing was analyzed in 0.1 OD660
units of cells by SDS-PAGE and immunoblotting using HA-antiserum. YidC/ecCox18
levels in the cells used (monitored as described under B), are shown in the lower panel. 
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ecCox18 is not cross-linked to nascent chains of Sec-dependent IMPs 
Although YidC appears dispensable for membrane insertion of Sec-

dependent IMPs, it has been shown to function at a later stage in biogenesis 
of IMPs assisting in folding and assembly into their native structure 
(Nagamori et al., 2004). This role is reflected in relatively late contacts 
between YidC and nascent Sec-dependent IMPs as evidenced by photo 
cross-linking studies (Beck et al., 2001; Houben et al., 2004; Scotti et al., 
2000; Urbanus et al., 2001). To examine whether Cox18 is able to 
participate in this Sec-dependent pathway we have analyzed putative 
contacts between ecCox18 and substrates of this pathway that are trapped 
during integration in the inner membrane. Initially, we analyzed interactions 
of the Sec-dependent IMP FtsQ by photo cross-linking. Radiolabeled 
nascent chains of FtsQ with a length of 108 residues were generated by in 
vitro translation of truncated mRNA in a cell free translation system in the 
presence of [35S]methionine. During translation, a photo reactive cross-
linking probe was specifically incorporated into the nascent chains at 
position 40 in the TM (Fig. 5A). IMVs derived from JS7131 cells that 
express ecCox18 or YidC as a control (see Fig. 5C for YidC/ecCox18 
content; a presumed ecCox18 degradation product is indicated by an 
arrowhead) were added to allow co-translational targeting of the translation 
intermediate. Subsequently, the cross-linking probe was activated by UV 
irradiation followed by sodium carbonate extraction to recover membrane 
integrated material. Almost exclusive cross-linking to YidC and SecY was 
observed when control IMVs were used (Fig. 5B, lane 1; see also (Scotti et 
al., 2000). The identity of the cross-linked adducts was confirmed by 
immunoprecipitation (Fig. 5B, lanes 7 and 8). Using IMVs that contain 
ecCox18 instead of YidC, no cross-linking product was observed in the ~70 
kDa region, whereas cross-linking to SecY was unaffected (Fig. 5B, lanes 
4, 9 and 10). These data indicate that ecCox18 is not in the vicinity of the 
FtsQ signal anchor sequence during membrane insertion. The observed 
cross-linking to SecY suggests normal membrane insertion of FtsQ nascent 
chains under these conditions confirming that YidC is not required for 
initial insertion of FtsQ per se (van Bloois et al., 2005; van der Laan et al., 
2004b). The lack of ecCox18 cross-linking indicates that ecCox18 is not 
located near the Sec-translocon. However, it can not be excluded that the 
cross-linking probe in FtsQ is close to ecCox18 but rigidly oriented in 
another direction. To address this point further, we analyzed interactions of 
a second Sec-dependent nascent IMP, Lep with a length of 50 residues and 
a cross-linking probe at position 10 or 15 in the first TM (Fig. 5A). As 
shown previously, 50LepTAG10 shows strong cross-linking to YidC, 
whereas 50LepTAG15 predominantly contacts SecY when control IMVs 
are used (Fig. 5B, lanes 2 and 3; see also Houben et al., 2002). No cross-
linking to ecCox18 was observed using both constructs suggesting that the 
first TM of Lep is not in proximity to ecCox18 during membrane insertion 
(Fig. 5B, lanes 5 and 6). 
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Combined, the data suggest that ecCox18 does not contact nascent 
Sec-dependent IMPs probably due to its inability to associate with the Sec-
translocon that is notably absent in mitochondria (Glick and von Heijne, 
1996). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. ecCox18 is not in close proximity to membrane inserted nascent FtsQ and Lep during
membrane insertion. (A) Schematic representation of the FtsQ 108mer and Lep 50mer with
cross-linking probes at position 40 (108FtsQ) and 10 or 15 (50Lep). TMs are presented by thick
lines. (B) In vitro translation of 108FtsQTAG40, 50LepTAG10 and 50lepTAG15 was carried
out in the presence of (Tmd)Phe-tRNAsup and IMVs derived from JS7131 cells expressing
either YidC or ecCox18 as indicated. After translation, samples were irradiated with UV-light
to induce cross-linking and extracted with sodium carbonate to recover membrane integrated
material. The pellet fractions were either directly analyzed (lanes 1-6) or immunoprecipitated
(IP) using antiserum against YidC (lanes 7 and 9) or SecY (lanes 8 and 10). (C) The
YidC/ecCox18 content of the IMVs used was analyzed by SDS-PAGE and immuno blotting,
using antiserum against YidC and Lep (control protein for IM localization). The position of
ecCox18 is indicated by an asterisk. A presumed ecCox18 degradation product is indicated by
an arrowhead 
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Discussion 
Members of the YidC/Oxa1/Alb3 protein family are involved in the 

biogenesis of membrane proteins in bacteria, mitochondria and chloroplasts. 
Complementation studies have shown that despite little similarity at the 
primary sequence level, the members of this family are to a large extent 
functionally conserved (Jiang et al., 2002; Preuss et al., 2005; van Bloois et 
al., 2005). Despite this general exchangeability, mitochondria of higher 
eukaryotes consistently contain a second Oxa1-like protein, Oxa2/Cox18 
that is unable to complement the function of Oxa1. It rather fulfills a 
specific function, presumably in the translocation of the C-terminal domain 
of Cox2 (Fiumera et al., 2007; Funes et al., 2004; He and Fox, 1997; 
Saracco and Fox, 2002). Here, we show that yeast Cox18, like Oxa1, can 
take over the essential Sec-independent function of YidC (van Bloois et al., 
2005). Vice versa, we have recently demonstrated that YidC can partly 
complement Cox18 functioning in mitochondria (Preuss et al., 2005). 
Together, these studies define Cox18 as a bona fide member of the 
YidC/Oxa1/Alb3 protein family sharing an intrinsic insertase/translocase 
activity. 

The conclusion that Cox18 can take over the Sec-independent 
function of YidC is based on several observations. First, expression of 
ecCox18 (Cox18 fused to the non-essential first TM and part of the first 
periplasmic loop of YidC) is able to sustain growth in the absence of YidC. 
Previous studies have shown that the Sec-independent function of YidC is 
essential for growth (van Bloois et al., 2005). Second, ecCox18 is able to 
promote membrane insertion of the model IMP M13P2 and the N-terminus 
of the cytochrome o oxidase subunit CyoA that both have been shown to 
insert via a YidC-dependent but Sec-independent mechanism (Celebi et al., 
2006; du Plessis et al., 2006; Fröderberg et al., 2003; van Bloois et al., 
2006; van Bloois et al., 2004). Third, ecCox18 expression completely 
suppresses upregulation of the stress protein PspA upon depletion of YidC. 
PspA has been shown to respond to a dissipation of the PMF caused by 
defects in the assembly of respiratory chain complexes when YidC is 
depleted (van der Laan et al., 2003). Notably, insertion of the Foc subunit of 
the F1Fo-ATPase and of the N-terminus of CyoA (see above) is exclusively 
dependent on YidC. Consequently, F1Fo-ATPase and cytochrome o oxidase 
activity are severely diminished when YidC is depleted. 

Apparently, both Oxa1 and Cox18 can functionally replace YidC in 
the “YidC-only” pathway suggesting that despite distinct functions and 
interactions in mitochondria, both components share a conserved insertase-
like core activity. It is not clear how members of the YidC/Oxa1/Alb3 
family recognize their substrate proteins. In E. coli, the SRP has been 
implicated in targeting of the endogenous substrates Foc and MscL to YidC 
(Facey et al., 2007; van Bloois et al., 2004). Moreover, in chloroplasts a 
cpSRP/Alb3 pathway is operational and is used by LHCP. Consistently, a 
functional interaction between cpSRP, cpFtsY and Alb3 was demonstrated 
(Facey et al., 2007; Moore et al., 2003; Moore et al., 2000; van Bloois et al., 
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2004). Mitochondria have lost the SRP system and in this case co-
translational insertion is mediated by a physical contact of Oxa1 to 
ribosomes. However, Cox18 lacks the RBD and fails to bind ribosomes in 
mitochondria (our unpublished observations). It is therefore exciting to see 
that ecCox18 complements the YidC-depletion strain which suggests that, 
at least in the bacterial context, Cox18 can facilitate SRP-mediated protein 
insertion. 

The suggestion that Cox18 is unable to complement the Sec-
dependent function of YidC is based on in vitro site-specific photo cross-
linking of nascent Sec-dependent IMPs synthesized in the presence of IMVs 
that contain ecCox18 instead of YidC. Clearly, ecCox18 was not cross-
linked to the nascent substrates from positions in the TM that were strongly 
cross-linked to YidC in wild-type IMVs. Strikingly, nascent FtsQ and Lep 
were still able to insert in these IMVs at SecY like in wild-type IMVs. 
These results are reminiscent of the inability of ecOxa1 to replace YidC in 
this assay (van Bloois et al., 2005). In addition, ecOxa1 appeared less able 
to complement the supporting role of YidC in folding of the Sec-dependent 
IMP LacY (van Bloois et al., 2005). Most likely, both ecCox18 and ecOxa1 
are unable to associate with the Sec-translocon and receive TM segments of 
nascent IMPs that insert at the Sec-translocon. Cox18 and Oxa1 have 
probably lost affinity for the Sec-translocon that is absent in mitochondria. 
Furthermore, the N-terminus of YidC that is fused in the ecCox18 and 
ecOxa1 constructs does not include the C-terminal region of the first 
periplasmic loop that has been implicated in connecting YidC to the Sec-
translocon (Xie et al., 2006). 

The biogenesis of both mitochondrial Cox2 and its bacterial 
homologue CyoA are complex, multistep processes for reasons that are not 
immediately obvious. Insertion of Cox2 requires the sequential action of 
two YidC family members, Oxa1 and Cox18 to ensure proper translocation 
of the N- and C-terminus of Cox2 (Fiumera et al., 2007; He and Fox, 1997; 
Hell et al., 1997; Saracco and Fox, 2002). Insertion of CyoA involves a 
sequential action of YidC to translocate the N-terminus and allow signal 
peptide processing and of the Sec-translocon to translocate the large C-
terminal domain (Celebi et al., 2006; du Plessis et al., 2006; van Bloois et 
al., 2006). Possibly, Cox18 has specifically evolved to translocate the Cox2 
C-terminus in mitochondria that have lost the Sec-translocon. Remarkably, 
Cox18 achieves this by using a conserved, YidC-type insertase activity. 

 
Materials and methods 
 
Reagents, enzymes and sera 

The restriction enzymes, Expand template long PCR systen and 
Lumi-LightPLUS Western blotting blotting substrate were from Roche 
Molecular Biochemicals. [35S]methionine and Protein A sepharose were 
from Amersham Biosciences. T4 ligase and alkaline phosphatase were from 
Invitrogen. Pansorbin was from Merck. Megashort script T7 transcription 
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kit was from Ambion Inc. All other chemicals were supplied by Sigma. 
Antisera against YidC, PspA and Lep have been described previously or 
were from our own collection (Scotti et al., 2000; van Bloois et al., 2005). 
Antiserum against influenza haemagglutinin (HA) was from Sigma. 

 
Strains, plasmids and growth conditions 

E.coli strain Top10F’ (Invitrogen) was used for cloning and 
maintenance of plasmid constructs. Strain MRE600 was used to prepare 
translation lysate for suppression of UAG stop codons in the presence of 
(Tmd)Phe-tRNAsup (Scotti et al., 2000). YidC depletion strains JS7131 and 
FTL10 were grown as described (Samuelson et al., 2000; van Bloois et al., 
2005). YidC depletion strain JS7131 was used for the preparation of inner 
membrane vesicles (IMVs) essentially as described (Scotti et al., 2000). All 
strains were routinely grown in Luria Bertani (LB) medium with 
appropriate antibiotics. 
 Plasmids pEH1, pEH1-ecOxa1 pASKIBA3-M13P2 and 
pASKIBA3-CyoAHA have been described (Hashemzadeh-Bonehi et al., 
1998; van Bloois et al., 2006; van Bloois et al., 2005). For in vitro photo 
cross-linking experiments the previously described 
pC4Meth108FtsQTAG40, pC4Meth50LepTAG10 and 
pC4Meth50LepTAG15 were used (Houben et al., 2002; Scotti et al., 2000). 
Plasmid pEH1-ecCox18His is based on pEH1-ecOxa1His (van Bloois et al., 
2005) and harbours the ecCox18 fusion construct with a N-terminal 
hexahistidinyl tag under control of a lac-promoter. For construction of this 
plasmid, the sequence encoding residues 35-316 of Cox18 was PCR 
amplified using genomic DNA of S. cerevisiae W303. The PCR product 
was KpnI/SmaI digested and used to replace the KpnI/SmaI Oxa1 fragment 
of pEH1-ecOxa1, yielding pEH1-ecCox18His. For complementation 
experiments, plasmid pEH1-ecOxa1 was used to replace the KpnI/SmaI 
fragment by the corresponding fragment of pEH1-ecCox18His, giving rise 
to pEH1-ecCox18 thereby removing the hexahistidinyl tag of the Cox18 
hybrid. The plasmid pEH1-ecOxa1 which encodes the ecOxa1 fusion 
construct lacking the N-terminal hexahistidinyl tag was constructed by 
replacing the EcoRV/AgeI fragment of pEH-ecOxa1His (van Bloois et al., 
2005) with the corresponding fragment of pEH1-YidCX (van Bloois et al., 
2005). A low copy ecCox18 plasmid was constructed by replacing the 
KpnI/SmaI fragment of pCL-ecOxa1.Km and pCL-ecOxa1.Sm (van Bloois et 
al., 2005) with the KpnI/SmaI fragment of pEH1-ecCox18His, yielding 
pCL-ecCox18.Km and pCL-ecCox18.Sm. The nucleotide sequences of all 
constructs were verified by DNA sequencing. 
 
In vivo processing assays 

JS7131 harboring pASKIBA3-CyoAHA and pCL1921Km, or pCL-
ecCox18.Km was grown as described (van Bloois et al., 2005). Briefly, cells 
were grown in liquid LB medium supplemented with 0.2% arabinose or 1 
mM of IPTG to induce expression of either chromosomal yidC or plasmid 
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encoded ecCox18. To deplete cells of YidC, arabinose and IPTG were 
omitted from the culture medium. Expression of CyoA was induced for 5 
min by adding anhydrotetracycline (500 ng/ml) to the cultures. 
Subsequently, a cell sample was taken, resuspended in sample buffer and 
subjected to SDS-PAGE and immunoblotting as indicated. JS7131 
harboring pASKIBA3-M13P2 and pCL1921Km, or pCL-ecCox18.Km was 
grown as described above. M13P2 expression was induced for 4 min by 
addition of anhydrotetracycline (500 ng/ml) and cells were labeled with 
[35S]methionine (30 µCi/ml) for 2 min. Radiolabeled proteins were acid-
precipitated and M13P2 was immunoprecipitated with anti-Lep serum. 
Samples were analyzed by SDS-PAGE and proteins were visualized by 
phosphorimaging.  
 
In vitro transcription, translation, targeting and cross-linking 

Truncated mRNA was prepared as described (Scotti et al., 2000) 
from HindIII linearized pC4Meth constructs. In vitro translation and cross-
linking of nascent FtsQ and Lep derivatives carrying the photo-activatable 
amino acid (Tmd)Phe were carried out as described (Scotti et al., 2000). 
Targeting to IMVs and carbonate extraction have been described previously 
(Scotti et al., 2000; Urbanus et al., 2001). Carbonate-soluble and insoluble 
fractions were acid-precipitated or immunoprecipitated using anti-SecY or 
anti-YidC sera. Samples were analyzed by SDS-PAGE and proteins were 
visualized by phosphorimaging as described (Scotti et al., 2000). 
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Abstract 
The biogenesis of Escherichia coli inner membrane proteins 

(IMPs) is assisted by targeting and insertion factors such as the signal 
recognition particle (SRP), the Sec-translocon and YidC with 
translocation of (large) periplasmic domains energized by SecA and the 
proton motive force (pmf). The use of these factors and forces is 
probably primarily determined by specific structural features of an 
IMP. To analyze these features we have engineered a set of model IMPs 
based on endogenous E. coli IMPs known to follow distinct targeting 
and insertion pathways. The modified model IMPs were analyzed for 
altered routing using an in vivo protease mapping approach. The data 
suggest a facultative use of different combinations of factors. 
 
Introduction 

The biogenesis of E. coli IMPs is accomplished in three consecutive 
steps: (i) membrane targeting, (ii) insertion into the lipid bilayer and (iii) 
folding and assembly into the final functional structure. The biogenesis of 
only a few IMPs has been studied in detail pointing at multiple versatile 
pathways involving assistance by different proteinaceous factors (Facey and 
Kuhn, 2004; Luirink et al., 2005). Targeting of most IMPs analyzed thus far 
requires a conserved and essential system comprising the signal recognition 
particle (SRP) and its receptor FtsY (Luirink and Sinning, 2004). The E. 
coli SRP consists of the signal binding protein Ffh and the 4.5S RNA. The 
SRP binds to hydrophobic targeting signals present in nascent IMPs. The 
ribosome nascent chain-SRP complex is then transferred to the Sec-
translocon via FtsY. 

The Sec-translocon is a conserved heterotrimeric complex, 
consisting of the IMPs SecY, SecE and SecG and functions as a protein 
conducting channel for both secretory proteins and IMPs (Luirink et al., 
2005). The ATPase SecA is peripherally associated with the SecYEG 
complex and drives the translocation of secretory proteins and larger 
periplasmic domains of IMPs. Additionally, the proton motive force (pmf) 
is required for protein translocation and many IMPs require the pmf for 
insertion and assembly (Facey and Kuhn, 2004).  

YidC was recently identified as an essential IMP that is in part 
associated with the Sec-translocon (Facey and Kuhn, 2004; Luirink et al., 
2005). It plays a pivotal but poorly defined role downstream of the Sec-
translocon in later steps of IMP biogenesis such as the recognition and 
lateral transfer of TMs from the Sec-translocon (FtsQ, Lep), the assembly 
of TMs (MtlA) and folding of the IMPs into their native structure (LacY). 
YidC also operates as a separate Sec-independent insertase. This alternative 
integration pathway is used by a few relatively simple IMPs, including the 
small phage coat proteins M13 and Pf3, and the endogenous IMPs Foc and 
MscL. 

The different targeting and integrating factors such as SRP, 
Sec(A)YEG and YidC can be envisioned as modules. Different 
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combinations of these modules result in the different membrane biogenesis 
pathways for specific IMPs (Facey and Kuhn, 2004). The use of the 
different targeting and integration modules is probably primarily 
determined by specific structural features of an IMP. Only a limited 
collection of IMPs has been analyzed in detail with respect to the 
requirements for membrane assembly. Hence our understanding of the 
features of IMPs that funnel them into specific pathways is limited. Here, 
we have engineered model IMPs to identify specific features that determine 
targeting, insertion and translocation in vivo.  

 
Results and discussion 
 
Expression and detection of model IMPs 

The F1Fo-ATPase subunit Foc only requires YidC for membrane 
insertion (van Bloois et al., 2004; van der Laan et al., 2004a; Yi et al., 
2004). In contrast, Lep, the principal signal peptidase of E.coli, was shown 
to use a combined Sec-YidC translocon and assembles in a strongly Sec-, 
but hardly YidC-dependent fashion (Samuelson et al., 2000). Together, 
these findings have led to the concept of two distinct insertion sites, 
SecYEG-YidC and “YidC-only” (Luirink et al., 2005). Membrane targeting 
of Lep requires the SRP/FtsY system, whereas the mechanism of Foc is 
debated (de Gier et al., 1996; van Bloois et al., 2004; van der Laan et al., 
2004a; Yi et al., 2004). 
 To study the features of an IMP that determine the  targeting and 
insertion pathway, we have engineered model IMPs based on Foc and Lep 
(Fig. 1A). Both Lep and Foc span the membrane twice with an N-out, C-out 
topology. In contrast to Foc, Lep has a large translocated C-terminal 
catalytic (P2) domain of ~240 residues. To determine the influence of this 
domain on the selection of assembly pathways, we fused the P2 domain to 
the C-terminus of Foc. Furthermore, we have reduced the “complexity” of 
Lep by deleting its second TM. To assay translocation of the N-terminus, 
the first 18 residues of Pf3 were fused to the N-terminus, resulting in Pf3-
LepH1-P2. Most “complex” (>2 TMs) polytopic IMPs analyzed (e.g. LacY 
and MalF) require the Sec-translocon for insertion (Ito and Akiyama, 1991; 
Traxler and Murphy, 1996). To establish the impact of the number of TMs 
in an IMP on the insertion pathway we made a tandem fusion of Foc. To 
permit immunodetection and determination of topology, an HA-tag was 
added to the C-terminus resulting in the Foc-Foc-HA construct.  
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To examine membrane assembly and the topology of the model 

IMPs, wild-type cells expressing the constructs were pulse-labeled, 
converted to spheroplasts and analyzed by protease accessibility. In this 
assay, the P2 domain, the HA-tag and the Pf3 N-terminal extension serve as 
topological markers as they are sensitive to proteinase K when translocated 
across the inner membrane (Samuelson et al., 2000; van Bloois et al., 2004). 
The constructs were immunoprecipitated using antiserum directed against 
the P2 domain of Lep (Foc-P2 and Pf3-LepH1-P2) or antiserum against the 
HA-epitope (Foc-Foc-HA).  

As shown in Fig. 1B, Foc-P2 and Foc-Foc-HA are accessible to 
proteinase K, indicating that the P2 domain and HA-tag are translocated. 
Translocation of the N-terminal region of Pf3-LepH1-P2 is indicated 
(arrow) by a slight shift in molecular weight in protease treated 
spheroplasts. This protease protected form is degraded in detergent 
solubilized-cells, confirming that the construct is intrinsically proteinase K 
sensitive but protected in spheroplasts by the IM. Trigger factor (TF) and 
OmpA are cytoplasmic and outer membrane control proteins used to 

Fig.1. Membrane assembly of model IMPs. (A) Membrane topology of wild-type
Leader peptidase (Lep), Foc and derivative hybrid constructs. (B) Analysis of
membrane assembly and topology by protease mapping. MC4100 wild-type cells
expressing the model IMPs were grown, pulse-labeled, converted to spheroplasts and
treated with proteinase K (PK) as described under Materials and Methods. The
samples were immunoprecipitated using antibodies directed against Lep and the HA-
tag (bottom) or antibodies against OmpA and trigger factor (TF) (top). See the text
for further details. A distinct proteolytic fragment of Pf3-H1Lep-P2 is indicated (^). 
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monitor spheroplast formation and proteinase K treatment, respectively. 
Combined, these results suggest proper membrane assembly and confirm 
the expected topology of the three novel constructs.  

  
Foc-P2 is assembled via the SRP/Sec(A)YEG/YidC pathway 

To examine whether the SRP is required for targeting of Foc-P2, we 
used the 4.5S RNA depletion strain FF283 in protease mapping. The data 
presented in Fig. 2A show that Foc-P2 is to a large degree protected against 
proteolysis by proteinase K upon depletion of 4.5S RNA, suggesting that 
the SRP is required for membrane targeting. As a control, the processing of 
the SRP-independent protein proOmpA was monitored and appeared 
unaffected, suggesting that inactivation of the Sec-translocon had not 
occurred.  
 Next, we studied involvement of the Sec-translocon in the 
membrane assembly of Foc-P2, using the SecE depletion strain CM124 in 
which the essential secE gene is under control of an arabinose-inducible 
promoter. Upon depletion of SecE, Foc-P2 is fully protected against 
proteolysis, indicating that translocation of the P2 domain is almost 
completely blocked under these conditions (Fig. 2B). This suggests that 
proper topogenesis of Foc-P2 requires the Sec-translocon. Efficient 
depletion of SecE is indicated by the accumulation of proOmpA (Fig. 2B) 
that depends on the Sec-translocon for translocation and processing. To 
investigate a possible role of SecA in the translocation of the P2 domain in 
Foc-P2, azide was used to inhibit the ATPase activity of SecA. 
Translocation of the P2 domain of Foc-P2 was almost completely blocked in 
the presence of azide (data not shown), showing that SecA is required for 
the translocation of the P2 domain.  

To investigate the role of YidC in the membrane assembly of Foc-
P2, we used the YidC depletion strain FTL10 in which the yidC gene is 
under control of an arabinose-inducible promotor. Depletion of YidC only 
slightly affected the accessibility of Foc-P2 towards proteinase K, 
suggesting that YidC is to a large extent dispensable for insertion and 
translocation of the P2 domain (Fig. 2C). Processing and translocation of 
proOmpA that is independent of YidC, appeared unaffected under these 
conditions, suggesting that inactivation of the Sec-translocon had not 
occurred. YidC depletion was verified by immunoblotting, using YidC 
specific antiserum (Fig. 2C, lower panel).  

To study whether the pmf is involved in translocation of the P2 
domain of Foc-P2, we used CCCP, a protonophore that dissipates the proton 
gradient across the IM. CCCP treatment severely affected the proteinase K 
accessibility of Foc-P2, showing that the pmf is essential for the 
translocation of the large P2 domain in Foc-P2 (Fig. 2D). Addition of CCCP 
also resulted in the accumulation of proOmpA, confirming a collapse of the 
pmf. 
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Combined, the data suggest that Foc-P2 is targeted by the SRP and 
assembles in a Sec-dependent but YidC-independent mechanism 
resembling Lep. Not surprisingly, the Sec-translocon (including SecA) and 
the pmf are required for translocation of the large P2 domain at the C-
terminus of this construct (Facey and Kuhn, 2004). Surprising is the YidC-
independent insertion of this construct. Apparently, P2 located at the C-
terminus of the hybrid, is able to dictate insertion of the upstream region in 
the Sec-translocon possibly by a (partly) post-translational mechanism. In 
contrast, unfused Foc approaches the YidC insertase co-translationally (van 
Bloois et al., 2004). Remarkably, the endogenous E. coli IMP CyoA was 
recently shown to insert by yet another vectorial two-step process. YidC-
dependent insertion of the N-terminal domain was shown to be  followed by 
Sec-dependent translocation of the large C-terminal periplasmic domain 
making the complete process very dependent on YidC (Celebi et al., 2006; 
du Plessis et al., 2006; van Bloois et al., 2006). In vitro studies will be 
required to establish whether Foc-P2 uses a novel, partly post-translational 
insertion mechanism. 

Fig.2. Foc-P2 is assembled via the SRP/Sec(A)YEG/YidC pathway. Foc-P2 was analyzed
for its SRP, Sec-translocon, YidC and pmf dependence by transforming the strains FF283
(A), CM124 (B), FTL10 (C) with a plasmid encoding Foc-P2. The strains expressing this
consruct were grown under non-depleting or depleting conditions and subjected to
protease mapping as described under Fig. 1. The YidC content in 0.1 OD660 unit of cells
used in (C) was analyzed by immunoblotting. MC4100 cells expressing Foc-P2 were
treated with CCCP to dissipate the pmf and subjected to protease mapping (D). 
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Pf3-H1Lep-P2 only requires the SRP 
Fig. 3A shows that the SRP pathway is needed for membrane 

targeting of Pf3-LepH1-P2. In the absence of 4.5S RNA, significant 
protease protection of Pf3-LepH1-P2 is observed (Fig. 3A; indicated by a 
closed circle). Depletion of 4.5S RNA did not affect processing of 
proOmpA. The occasional protease insensitivity of a small fraction of 
OmpA under SRP depletion conditions has been observed before (van 
Bloois et al., 2006). The requirement of SRP is consistent with in vitro 
recruitment of SRP at Lep H1 in nascent Lep (Houben et al., 2000).   

Pf3-LepH1-P2 is accessible to proteinase K regardless of whether 
SecE is depleted or not (Fig. 3B). Likewise, inhibition of SecA by azide had 
no discernible effect on the accessibility of Pf3-LepH1-P2 towards 
proteinase K (data not shown). This suggests that proper topogenesis of this 
construct does not require the Sec-translocon and SecA. Strikingly, there is 
also no measurable protection of Pf3-LepH1-P2 from added proteinase K 
when YidC is depleted (Fig. 3C) suggesting that membrane assembly of this 
construct is not dependent on YidC either. YidC depletion was verified by 
immunoblotting, using YidC specific antiserum (Fig. 3C, bottom panel). 
Expression of Pf3-LepH1-P2 in FTL10 reproducibly generates a faster 
migrating product (asterisk) even in the presence of YidC, which might 
represent a proteinase K sensitive protein, cross-reacting with the Lep 
antiserum. The same effect of YidC depletion on the membrane assembly of 
Pf3-LepH1-P2 was observed using YidC depletion strain JS7131 
(Samuelson et al., 2000) (data not shown), confirming that YidC is not 
required for membrane assembly of this construct. Dissipation of the pmf 
by CCCP has very little effect on the accessibility of Pf3-LepH1-P2 
towards proteinase K (Fig. 3D), suggesting that the pmf is not required for 
the translocation of the small periplasmic domain of this construct. 

The unexpected observation that insertion of Pf3-LepH1-P2 occurs 
completely independent of the pmf, Sec-translocon and YidC suggests that 
this construct uses a “spontaneous” insertion mechanism analogous to the 
endogenous IMP KdpD (Facey and Kuhn, 2003). Alternatively, the 
apparent independencies may reflect a facultative use of either the Sec-
machinery or YidC for insertion. Consistently, Lep H1 is cross-linked to 
both SecY and YidC in nascent Lep at a very early stage during membrane 
insertion when Lep is only 50 amino acids in length suggesting affinity for 
both factors (Houben et al., 2005). Furthermore, the N-terminus of Lep is 
translocated independent of the Sec-translocon and appears only slightly 
affected by YidC depletion in vivo (Lee et al., 1992; Samuelson et al., 
2000). Finally, reconstitution experiments have shown that nascent Lep that 
exposes only H1 can insert in proteoliposomes that contain either YidC or 
SecYEG (Houben et al., 2002). The observed independence of the pmf is 
consistent with previous findings using a similar construct (Lee et al., 
1992). In contrast, insertion of wild-type Pf3 coat does require the pmf 
(Rohrer and Kuhn, 1990). This apparent discrepancy might be due to the 
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relatively hydrophobic character of H1 as compared to the TM of Pf3 coat 
(Delgado-Partin and Dalbey, 1998).  

 

 
 
 
 
 
 
 
 
 
Foc-Foc-HA uses the SRP/YidC pathway for membrane assembly 

Membrane targeting of Foc-Foc-HA is SRP dependent as evidenced 
by the relatively strong effect on the accessibility of Foc-Foc-HA towards 
proteinase K in the absence 4.5S RNA (Fig. 4A). Depletion of SecE has 
very little effect on the insertion of Foc-Foc-HA (Fig. 4B). Similarly, 
insertion of Foc-Foc-HA was not affected upon inactivation of SecA by 
azide (data not shown). This suggests that membrane assembly of this 
construct does not require the Sec-translocon and SecA. Depletion of YidC 
had a pronounced effect on the accessibility of the HA-epitope in Foc-Foc-
HA to added proteinase K, suggesting that YidC is critical for membrane 
integration (Fig. 4C). YidC depletion was verified by immunoblotting, 
using YidC specific antiserum (Fig. 4C, bottom panel). Interestingly, 
dissipation of the pmf by CCCP severely affected the proteinase K 

Fig.3. Pf3-H1Lep-P2 only requires the SRP. Pf3-H1Lep-P2 was analyzed for its SRP,
Sec-translocon, YidC and pmf dependence using the strains FF283 (A), CM124 (B),
FTL10 (C) and MC4100 treated with CCCP (D) as described un`der Fig 2. For clarity,
the proteolytic fragment of Pf3-H1Lep-P2 (^), the protease protected form (•) and a
proteinase K-sensitive cross-reacting protein (*) are indicated. The YidC content in 0.1
OD660 unit of cells used in (C) was analyzed by immunoblotting. 
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accessibility of Foc-Foc-HA (Fig. 4D), suggesting that the pmf is required 
for the translocation of small polar domains of this construct.  
 The Foc-Foc-HA construct appears to be targeted by the SRP to the 
“YidC-only” insertase. YidC is required and sufficient for membrane 
insertion of Foc both in vivo and in vitro, whereas the requirement for SRP 
is debated (van der Laan et al., 2004a; Yi et al., 2004). Like Foc, all other 
known substrates of the YidC-only insertase are small (1 or 2 TMs) 
suggesting that YidC can only catalyze insertion of small IMPs in the 
absence of a Sec-translocon. However, the data reported here argue that size 
per se (the number of TMs) is not an important constraint for YidC 
requirement. Extrapolating the data, YidC might be sufficient for insertion 
of more complex endogenous E. coli IMPs provided they have small 
translocated loops. In this respect, YidC would have a similar capacity as its 
homologue Oxa1 that operates in the mitochondrial IM in the absence of a 
Sec-translocon (Glick and von Heijne, 1996). Interestingly, the membrane 
assembly of E. coli MelB, a highly hydrophobic transporter with 12 TMs, 
has been shown to occur independent of SecA, SecY and SecE (Bassilana 
and Gwizdek, 1996). This may point to a critical role for YidC in the 
membrane assembly of MelB.   

In contrast to Foc, Foc-Foc-HA clearly requires the pmf for assembly 
which may be related to the presence of the HA-tag (van der Laan et al., 
2004b; Yi et al., 2004). Notably, the pmf is required for the translocation of 
negatively charged residues present in translocated domains of IMPs (Facey 
and Kuhn, 2004) and therefore the presence of two negatively charged 
residues in the HA-tag might explain the pmf dependency of Foc-Foc-HA. 
In conclusion, our data underline the important role of the SRP in IMP 
targeting but also indicate the very flexible use of existing insertion 
“modules” (SecYEG and YidC) to mediate the membrane assembly of 
endogenous and engineered IMPs. Furthermore, the translocation of polar 
domains is energized by distinct and cooperating "modules" (SecA and the 
pmf). Notably, assembly is operationally defined here as the translocation 
of periplasmic domains. It remains to be investigated whether an altered 
mode of “assembly” influences folding, complex formation, stability and 
functioning in general. 
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Materials and methods  
 
Reagents and sera 

Restriction enzymes, Expand long template PCR system and Lumi-
LightPLUS Western blotting substrate were from Roche Molecular 
Biochemicals. [35S]methionine and Protein A Sepharose were from 
Amersham Biosciences. T4 ligase and alkaline phosphatase were from 
Invitrogen. Antisera used were from our own collection. Antiserum against 
influenza haemagglutinin (HA) was from Sigma. 
 
Strains  and plasmids 

Strain Top10F’ (Invitrogen) was used as routine host for all plasmid 
constructs. The 4.5S RNA depletion strain FF283, the SecE depletion strain 
CM124 and the YidC depletion strain FTL10 were grown as described 
(Fröderberg et al., 2003; Hatzixanthis et al., 2003).  

The model IMPs were constructed by PCR. For Foc-P2, the P2 
domain (residues 78-324) of Lep was amplified from plasmid pRD8 as 
template (Dalbey and Wickner, 1985)  Next, Foc (residues 1-73) was 
amplified using plasmid pC4Meth-Foc as template (van Bloois et al., 2004) 
and the P2 domain was appended onto Foc. The PCR product was cloned 

Fig.4. Foc-Foc-HA uses the SRP/YidC pathway for membrane assembly. Foc-Foc-HA
was analyzed for its SRP, Sec-translocon, YidC and pmf dependence using the strains
FF283 (A), CM124 (B), FTL10 (C) and MC4100 treated with CCCP (D) as described
under Fig 2. The YidC content in 0.1 OD660 unit of cells used in (C) was analyzed by
immunoblotting.  
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into pEH1, pEH3 and pBAD18 (Guzman et al., 1995; Hashemzadeh-Bonehi 
et al., 1998). Pf3-H1Lep-P2 was constructed as follows. Plasmid pC4Meth-
48Pf3LepTAG7 (Houben et al., 2005) was used as template to construct 
18Pf3-Lep by nested PCR and the PCR product was cloned into pC4Meth, 
yielding pC4Meth-18Pf3-Lep. H2 (residues 62-77) was deleted by PCR 
using pC4Meth-18Pf3-Lep as template. Pf3-H1Lep-P2 coding sequences 
were introduced into pEH1, pEH3 and pBAD18. Plasmid pC4Meth-Foc-
Foc-HA was obtained by two independent PCRs, using pEH1-Foc-HA as 
template (van Bloois et al., 2004). Primers were designed such that during 
the first PCR both an NcoI and BamHI site were introduced at the 5’ or 3’ 
end of the PCR product. For the second PCR, primers were designed such 
that both an EcoRI and NcoI site were introduced at the 5’ or 3’ end of the 
PCR product. The PCR products were digested with NcoI and BamHI or 
EcoRI and NcoI and cloned into the EcoRI and BamHI sites of pC4Meth. 
An HA-tag (Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala), preceded by a 
flexible linker peptide (Pro-Gly-Gly) was attached to the C-terminus of Foc-
Foc by exchanging the NcoI/HindIII fragment of pC4Meth-Foc-Foc with the 
corrsponding fragment of pEH3-Foc-HA (van Bloois et al., 2004). Foc-Foc-
HA coding sequences were introduced into pEH1, pEH3 and pBAD18. 
Nucleotide sequences were verified by DNA sequencing. Primer sequences 
are available upon request. 
  

Assay for in vivo membrane assembly 
Strains MC4100, FF283, CM124 and FTL10 were grown to early-

log phase. Cells harboring derivatives of pEH1 or pEH3 (MC4100, CM124 
and FTL10) were induced for 1 min by adding IPTG (1 mM) and cells 
harboring derivatives of pBAD18 (FF283) were induced for 3 min by 
adding L-arabinose (0.2%). Cells were labeled with [35S]methionine (30 
µCi/ml), converted to spheroplasts and processed as described (Fröderberg 
et al., 2003). When indicated, the protonophore CCCP (50 nM) was added 1 
min prior to induction to dissipate the pmf or sodium azide (2 mM) was 
added 3 min prior to induction to block SecA function. 
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Abstract 
Little is known about the quality control proteins in the inner 

membrane of E. coli. Here, we demonstrate that YidC and FtsH are 
adjacent to a nascent, truncated membrane protein using in vitro photo 
cross-linking. YidC plays a critical but poorly understood role in the 
biogenesis of E. coli inner membrane proteins. FtsH functions as a 
membrane chaperone and protease. Furthermore, we show that FtsH 
and its modulator proteins HflK and HflC copurify with tagged YidC. 
These results suggest that FtsH acts in concert with YidC in the quality 
control of membrane proteins. 
 
Introduction 
 Recent biochemical and structural evidence has provided detailed 
insight in the targeting and insertion of bacterial membrane proteins. In 
comparison, later stages in the biogenesis of membrane proteins like the 
exit from the translocon, folding, oligomerization and quality control are 
less well characterized. E. coli YidC and FtsH have been implicated in these 
late stages although their precise contribution is unclear. 

YidC belongs to a novel class of facilitators of membrane protein 
assembly that includes homologues in mitochondria and chloroplasts 
(Kiefer and Kuhn, 2007). Remarkably, YidC acts both in concert with and 
distinct from the SecYEG-translocon, the protein conducting channel that is 
used for translocation of secretory proteins and for insertion of inner 
membrane proteins (IMPs) (Samuelson et al., 2000; Scotti et al., 2000). 
Independent from the Sec-translocon, YidC catalyzes insertion of relatively 
simple IMPs. Sec-dependent IMPs were cross-linked to YidC at various 
stages during synthesis and membrane insertion suggesting a role of YidC 
in the recognition, lateral transfer and assembly of TMs on their way from 
the Sec-translocon into the lipid bilayer (Kiefer and Kuhn, 2007). Finally, 
YidC has been implicated in the folding of IMPs based on impaired in vitro 
folding of LacY in YidC depleted membrane vesicles and the upregulation 
of stress response pathways that react to impaired membrane protein folding 
upon depletion of YidC in vivo  (Nagamori et al., 2004; Shimohata et al., 
2007) 

FtsH is known to degrade a subset of misassembled IMPs thus 
contributing to quality control (Ito and Akiyama, 2005). It is an ATP-
dependent, processive endopeptidase that is able to dislocate substrates 
from the membrane prior to their degradation by the cytosolic protease 
domain. In addition, FtsH degrades certain cytosolic proteins and is thought 
to possess chaperone-like properties. FtsH is found in large complexes with 
HflK and HflC, both IMPs with a large periplasmic domain, that are 
thought to repress the proteolytic activity of FtsH. Interestingly, 
circumstantial evidence suggests that FtsH also functions in membrane 
insertion and translocation. Depletion of FtsH retards translocation of 
secretory proteins and enhances the translocation of a cytosolic reporter 
domain of an artificial membrane protein. 
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Here, we present evidence that YidC is connected with FtsH 
suggesting a role for YidC in quality control. 

 
Results 

Using a site-directed in vitro photo cross-link approach we have 
previously demonstrated that YidC contacts TMs in various Sec-dependent 
IMPs during biogenesis. In all tested cases, cross-linking to YidC was 
reduced upon release of the nascent IMP from the ribosome by puromycin 
or EDTA suggesting that the contact with YidC is dependent on the context 
of the ribosome. In principle, detached nascent chains in the membrane may 
be subject to quality control mechanisms as they represent truncated, 
probably misassembled membrane proteins. Therefore, cross-linking 
partners of these released chains potentially recognize these features and 
might play a role in quality control. For instance, upon release from the 
ribosome, nascent membrane integrated leader peptidase (Lep) is 
transferred from YidC to a ~56 kDa protein that remains to be identified 
(Houben et al., 2002). Secondly, we reported that cross-linking of an 
unidentified ~70kDa protein to the signal peptide of nascent bacteriocin 
release protein (BRP), a membrane lipoprotein, increased upon EDTA 
treatment (Fröderberg et al., 2004). Notably, the latter cross-linked product 
was observed in carbonate-extracted samples, suggesting that it is 
membrane-integrated, together with cross-linked YidC (and to a lesser 
extent SecY and SecA). Here, we have essentially repeated this experiment 
and identified the 70 kDa cross-linked partner as FtsH by 
immunoprecipation (Fig.1). Like EDTA (Fröderberg et al., 2004) addition 
of puromycin prior to cross-linking caused a shift in cross-linking from 
YidC to FtsH. Similar but weaker cross-linking to both YidC and FtsH was 
observed for nascent murein lipoprotein (data not shown). Together, the 
data suggest that YidC and FtsH act sequentially in the quality control of a 
subset of membrane proteins. 
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The simultaneous cross-linking and apparent transfer of substrate 

from YidC to FtsH implies that these factors are in close proximity or even 
associate during membrane insertion of certain proteins. To examine a 
physical connection between YidC and FtsH, we affinity purified YidC 
under relatively mild conditions allowing an unbiased assessment of 
copurifying factors. An expression vector was constructed encoding YidC 
containing a carboxyl-terminal StrepTagII (YidC-Strep). The presence of 
the tag did not interfere with the activity of YidC as judged by the ability of 
YidC-Strep to complement growth of the YidC depletion strain JS7131 
(data not shown) and is consistent with the previous observation that the C-
terminus of YidC is not essential for function (Jiang et al., 2003). To 
identify proteins that co-purify with YidC-Strep, total membranes were 
isolated from cells in which YidC-Strep is moderately overexpressed (5-10-
fold, not shown) and treated with the membrane-permeable, 
homobifunctional (lysine-specific) thiol-cleavable, chemical cross-linker 

Fig.1. Nascent BRP simultaneously crosslinks to YidC and FtsH. (A) Schematic
representation of the 55BRP construct with a cross-linking probe at position 10
(55BRPTAG10). The signal sequence is presented as a white bar. (B)
55BRPTAG10 was translated in the presence of IMVs and (Tmd)-Phe-tRNAsup
as described under ‘‘Materials and Methods.’’ After translation, the nascent
chains were treated with 2 mM puromycin when indicated, UV irradiated or
kept in the dark, and subsequently extracted with sodium carbonate (lanes 1-2;
5-6). UV-irradiated membrane fractions were immunoprecipitated using
antiserum against FtsH and YidC (lanes 3–4; 7–8). 
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DSP to fix protein interactions. Subsequently, the membranes were 
solubilized using the relatively mild detergent DDM to preserve the 
integrity of membrane protein complexes and subjected to a one-step 
affinity purification using StrepTactin-Sepharose. The eluates from this step 
were incubated with DTT to break the cross-links and analyzed by SDS-
PAGE and immuno blotting (Fig.2A). YidC was specifically detected in the 
eluates of cross-linked or mock-treated YidC-Strep membranes. As a 
control, untagged YidC expressed in parallel, was not eluted under these 
conditions (Fig.2A) but was recovered in the flow-through fraction (not 
shown) confirming that YidC does not aspecifically bind to the affinity 
resin. Strikingly, FtsH was exclusively detected in the eluate of cross-linked 
YidC-Strep membranes. Moreover, HflK and HflC that are known to 
modulate the function of FtsH and associate with FtsH in large oligomeric 
complexes (Kihara et al., 1996, 1998; Saikawa et al., 2004) were co-eluted 
in the same fraction. As controls for the specificity of the procedure, two 
unrelated IMPs, Lep (Fig.2A) and QmcA (data not shown) were not 
detected in any of the eluate samples. Together, the data suggest that at least 
a fraction of YidC-Strep is in close proximity to or even interacts with the 
FtsH/HflK/C complex in the inner membrane under steady state conditions 
suggesting a functional affiliation. Interestingly, it has been shown by co-
immunoprecitation that FtsH is not only associated with HflK/C but also 
with unidentified membrane proteins of 31, 60 and 62 kDa (Kihara et al., 
1996). Though speculative, YidC (60kDa) might have been co-purified in 
this study.  

FtsH has ATP-dependent protease activity that is modulated by 
HflK/C and directed primarily against misassembled membrane proteins 
(reviewed in Ito and Akiyama, 2005). It is therefore formally possible that 
the FtsH/HflK/C is recruited by misassembled YidC-Strep. However, pulse-
chase analysis revealed that YidC-Strep is very stable at the expression 
level used making this explanation less likely (data not shown). 
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Fig.2. Immunoblot analysis of co-purifying proteins. Total membranes of cells
expressing wild-type YidC (YidCwt) or strep-tagged YidC (YidC-Strep) were
isolated and treated with the cross-linker DSP or mock treated as indicated. One part
of the membranes was solubilized with 1% DDM and subjected to affinity
purification by a mild procedure as described under "Materials and Methods" (A).
The other part was solubilized with 1% Triton X-100 and subjected to affinity
purification by a stringent procedure as described under "Materials and Methods"
(B). Bound proteins were eluted, treated with DTT to break cross-links and analyzed
by immunoblotting with the indicated antibodies. 10% of total (lane 1-4) and 100%
of eluate (lane 5-8) were loaded. A non-specific protein cross reacting with antiserum
against HflK and HflC is indicated by an asterisk. Black lines indicate that
intervening lanes have been spliced out. 
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Previously, YidC has been copurified with overproduced Sec-
translocase complexes (Nouwen and Driessen, 2002; Scotti et al., 2000; Xie 
et al., 2006). Here, we have analyzed co-elution of Sec subunits 
(endogeneously expressed) with YidC-Strep. SecD and SecG but not SecF 
and SecY were detectably copurified. SecE elution could not be assessed 
because of poor serum quality. Notably, SecD even co-purified to some 
extent with YidC-Strep from uncross-linked membranes suggesting a 
relatively stable interaction (Nouwen and Driessen, 2002). 

The combination of cross-linking and mild detergent-solubilization 
(DDM, low-salt) of membranes described above does not distinguish 
between proteins that are directly or indirectly associated and cross-linked 
to YidC-Strep. In an attempt to remove proteins not directly cross-linked to 
YidC we also analyzed eluates of YidC-Strep derived from membranes that 
were solubilized by a more stringent procedure (Triton X-100, high-salt). 
Under these conditions HflK/C, but not FtsH, SecD and SecG were 
copurified with YidC-Strep indicating that the association of FtsH may be 
indirect via HflK/C. Apparently, SecD and SecG are not directly cross-
linked to YidC-Strep either (Fig.2B). 

The identity of cross-linked and specifically co-purifying proteins 
was also determined in a more unbiased approach by peptide mass 
fingerprinting using in-gel digestion with trypsin of complete lanes of DSP 
treated YidC-Strep and untagged YidC eluates (Fig.3) followed by nano 
LC-ESI-MS/MS analysis. This procedure identified 27 E. coli proteins that 
were specifically recovered with YidC-Strep and grouped into functional 
categories based on annotations. They include a variety of regulatory 
proteins, ribosomal proteins and abundant cytosolic and peripheral 
membrane proteins with a reported role in metabolism and energy 
production (Table 1). Their relationship with YidC is not immediately 
obvious and they were not further considered in this study. Only four  of the 
co-purifying proteins were recognized as integral IMPs. Strikingly these 
comprise FtsH, HflK and HflC. Furthermore, FtsH, HflK and HflC were 
also specifically co-purified with YidC-Strep in an independent initial 
experiment in which silver-stained bands rather than whole gel lanes were 
excised and analyzed by peptide mass fingerprinting (data not shown). 
Subunits of the Sec-translocon were not identified in the YidC-Strep eluates 
by this method. It should be noted that the MS procedure chosen is 
relatively ineffective for hydrophobic membrane proteins where protease 
sites are less frequent (Wu and Yates, 2003). 
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Fig.3. Characterization of co-purifying proteins. Total membranes of cells expressing
wild-type YidC (YidCwt) or strep-tagged YidC (YidC-Strep) were isolated and treated
with the cross-linker DSP or mock treated as indicated. Following cross-linking,
membranes were solubilized with 1% DDM and subjected to affinity purification under
mild conditions. Samples were processed as described under Fig.1 and eluates of
untagged YidC (lane 1 and 2) and YidC-Strep (lane 3 and 4) were analyzed by 15%
SDS-PAGE gel. Proteins were visualized by MS compatible silver staining and lanes of
interest (2 and 4) were excised and cut in 15 pieces followed by trypsin digestion and
peptides were identified by MS (Table 1). The position of strep-tagged YidC is
indicated by an asterisk.  
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Table 1. Identification of co-purifying proteins.  
 
Gene SwissProt 

accession # 
Peptides Localization 

a 
Gene product Gel 

slice 
Transcriptional 
regulators 

     

lacI P03023 3 Cyto Lactose operon repressor 5 
Rho P0AG30 1 Cyto Transcription termination factor 

rho 
4 

Translation      
rpsA P0A667 1 Cyto 30S ribosomal protein S1 3 
rpsC P0A7V3 1 Cyto 30S ribosomal protein S3 8 
rpsD P0A7V8 3 Cyto 30S ribosomal protein S4 7,8,10 
rpsE P0A7W1 2 Cyto 30S ribosomal protein S5 12 
rplD P60723 1 Cyto 50S ribosomal protein L4 10 
rpoA P0A7Z4 3 Cyto DNA-directed RNA polymerase 

alpha chain 
5 

Protease and 
regulators 

     

hflB P0AAI3 1 IM, integral Cell division protease FtsH 3 
hflC P0ABC3 1 IM, integral Protein hflC 6 
hflK 
 

P0ABC7 0 c IM, integral Protein hflK 5 

Transport      
ompA P0A910 2 OM Outer membrane protein A 6 
ompC 
 

P06996 1 OM Outer membrane protein C 5 

Detoxification 
and protection 

     

aphA1 P00551 1 Cyto Kanamycin kinase, type I 7 
dacC 
 

P08506 1 IM, 
peripheral 

Penicillin-binding protein 6 5 

Metabolism and 
energy 
production 

     

atpA P0ABB0 4 IM, 
peripheral 

ATP synthase subunit alpha 4 

atpD P0ABB4 4 IM, 
peripheral 

ATP synthase subunit beta 4 

adhE P0A9Q7 3 Cyto Aldehyde-alcohol dehydrogenase 2 
nuoC P33599 2 IM, 

peripheral 
NADH-quinone oxidoreductase 
chain C/D 

3 

sdhA P0AC41 1 IM, 
peripheral 

Succinate dehydrogenase flavo 
protein subunit 

4 

lidD P33232 2 IM, 
peripheral 

L-lactate dehydrogenase 5 

treB P36672 1 IM, integral IPTS system trehalose-specific 
EIIBC component 

4 

manX P69797 2 IM, 
peripheral 

PTS system mannose-specific 
EIIAB component 

6 

Udp P12758 1 Cyto Uridine phosphorylase 8 
rbsB P02925 1 Peri D-ribose-binding periplasmic 

protein 
8 

gapA P0A9B2 2 Cyto Glyceraldehyde-3-phosphate 
dehydrogenase A 

6 

Unknown 
function 

     

yrbD P64604 1 Cyto b Hypothetical protein yrbD 10 
 

a cellular localization is according to the SwissProt database (cyto, cytoplasm; peri, 
periplasm; IM, inner membrane; OM, outer membrane); b the localization of unknown 
proteins was predicted using PSLpred; c no peptides were detected by LC-ESI-MS/MS. 
However, an ion most likely derived of HflK was detected.  
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Discussion 
Two independent approaches suggest that YidC is physically and 

functionally connected with the FtsH chaperone and protease complex. 
First, simultaneous cross-linking of both YidC and FtsH was observed to 
the signal peptide of a nascent membrane protein. Second, FtsH and its 
modulating factor HflK/C was copurified with tagged YidC expressed at a 
moderate level. 

The copurification of FtsH and HflK/C with YidC suggests that 
YidC contributes to this quality control complex. In this context, YidC 
might select certain nascent membrane proteins upon their exit from the 
Sec-translocon and present them to FtsH for degradation. Presumably, 
stalled membrane membrane proteins are harmful and require elimination. 
In contrast to YidC, FtsH remains associated with the nascent chains that 
have been released from the ribosome consistent with its late function in 
membrane protein biogenesis. Until now, only nascent BRP has been 
efficiently cross-linked to FtsH which may reflect the reported narrow 
substrate specificity of FtsH (Ito and Akiyama, 2005) or the peculiar 
properties of the BRP in combination with its stalled nature in the assay 
used. BRP is a small lipoprotein located in the inner and outer membrane 
that is required for secretion of the bacteriocin cloacinDF13 across the cell 
envelope (van der Wal et al., 1995). Notably, the BRP contains a very 
hydrophobic signal peptide that mediates insertion via the SRP/Sec/YidC 
pathway and appears stable after cleavage from the mature protein 
(Fröderberg et al., 2004. Degradation of more labile IMP intermediates may 
preclude detection of their interaction with FtsH. 

It is of interest to note that in mitochondria homologues of YidC 
and FtsH have been implicated in a similar partnership. Oxa1, the 
mitochondrial YidC homologue, has been selected in a genetic screen 
designed to identify multi-copy suppressors of the mitochondrial FtsH 
homologues Yta10 and Yta12 (Rep et al., 1996). Furthermore, deletion of 
Yme1, another FtsH homologue, in an oxa1 null mutant restores the level of 
the Oxa1 substrate F1Fo-ATP synthase to wt levels (Lemaire et al., 2000). 
Based on these observations, Oxa1 has been proposed to function as a 
chaperone that protects newly synthesized membrane proteins from 
degradation by FtsH-like proteases until they are properly folded. In E. coli, 
YidC might perform a similar function, most likely in the context of the 
Sec-translocon. Consistently, the IMP LacY is inserted but degraded upon 
depletion of YidC (Nagamori et al., 2004). Furthermore, YidC deficiency 
was recently shown to elicit extracytoplasmic stress responses that have 
been attributed to the accumulation of malfolded IMPs (Shimohata et al., 
2007). Together, the data suggest a role for YidC in the quality control of 
IMPs during biogenesis. The precise functional and structural relationship 
between YidC and FtsH is a topic of ongoing research. 
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Materials and Methods 
  
Reagents, enzymes and sera 

Restriction enzymes, Expand long template PCR system, n-
dodecyl-β-D-maltoside (DDM), complete protease inhibitor cocktail, Lumi-
light and Lumi-lightplus Western-blotting substrate were from Roche 
Molecular Biochemicals. T4 DNA ligase and alkaline phosphatase were 
from Invitrogen. Megashort script T7 transcription kit was from Ambion, 
Inc. Dithiobis(succinimidyl)propionate (DSP) was from Pierce. 
StrepTactin-Sepharose and desthiobitin were from IBA GmbH. All other 
chemicals were supplied by Sigma. Antisera against YidC and Lep were 
from our own collection (Scotti et al., 2000). Antiserum against FtsH was 
raised in a rabbit against a peptide that corresponds to amino acid 297 to 
312 of FtsH. SecG and SecF polyclonal antiserum were raised in a rabbit 
against peptides that consisted of the 16 C-terminal amino acids of SecG or 
the 13 N-terminal amino acids of SecF, respectively.The FtsH, SecG and 
SecF antisera were prepared by Agrisera (Umeå, Sweden). The antisera 
directed against SecE and SecD were kind gifts from A.J.M. Driessen. 
QmcA and HflK/C antisera were kindly provided by Y. Akiyama.  
 
Strains, plasmids and growth conditions 

The YidC depletion strain JS7131 was used for complementation 
experiments (Samuelson et al., 2000).  E.coli strain Top10F’ (Invitrogen) 
was used for expression of YidC(-derivatives) and for routine cloning and 
maintenance of plasmid constructs. Plasmids pC4Meth55BRPTAG10 and 
pCL1921-YidC.Km have been described previously (Fröderberg et al., 2004; 
van Bloois et al., 2005) The strains were routinely grown in Luria Bertani 
(LB) medium with appropriate antibiotics. For co-purification experiments, 
the yidC gene was PCR amplified from pEH1-YidC  (Urbanus et al., 2002) 
using a reverse primer that included the codons for the StrepTagII 
(WSPQFEK) preceded by a linker peptide (SA). The resulting YidC-Strep 
PCR fragment was cloned into pCL1921.Km (Lerner and Inouye, 1990) 
yielding pCL1921-YidC-Strep.Km. The nucleotide sequences of all 
constructs were verified by DNA sequencing. 
 
In vitro transcription, translation, targeting and cross-linking 

Truncated mRNA was prepared as described  (Scotti et al., 2000) 
from HindIII linearized pC4Meth constructs. In vitro translation and cross-
linking of nascent BRP and Lpp derivatives carrying the photo-activatable 
amino acid (Tmd)Phe were carried out as described (Scotti et al., 2000). 
Targeting to inverted inner membrane vesicles (IMVs) and carbonate 
extraction have been described previously (Scotti et al., 2000; Urbanus et 
al., 2001). Carbonate-soluble and -insoluble fractions were acid-precipitated 
or immuno-precipitated using anti-FtsH or anti-YidC sera. Samples were 
analyzed by SDS-PAGE and proteins were visualized by phosphorimaging 
as described (Scotti et al., 2000). 
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Affinity purification of YidC-complexes 
For moderate overexpression of YidC or YidC-Strep, cells 

harbouring pCL1921-YidC.Km or pCL1921-YidC-Strep.Km were grown to 
an OD660 of 0.3 and induced with 20 µM IPTG for 4h. Cells were collected 
(5000xg for 10 min at 4oC), resuspended in 50 mM HEPES buffer, pH 8.0 
containing 150 mM NaCl (Buffer A) with 2 mM EDTA and disrupted by 
two passages at 10,000 p.s.i. in a French pressure cell. The cellular debris 
was removed by a short spin (30,000xg for 10 min at 4oC) and the 
supernatant was ultracentrifuged at 540,000xg for 60 min at 4oC. The pellet 
containing the total membrane fraction was resuspended in Buffer A with 
20% glycerol [v/v]. The protein content was determined using the DC assay 
(Biorad). The membranes were adjusted to a final protein concentration of 
10 mg/ml in the same buffer and cross-linking was induced with 1 mM DSP 
for 30 min on ice. Mock-treated samples only received the DSP solvent 
DMSO. The reaction was quenched by addition of Tris-HCl (pH8.0) to a 
final concentration of 0.1 M followed by incubation on ice for 10 min. 
Protease inhibitor cocktail was added according to instructions of the 
manufacturer to prevent degradation of proteins and avidin (20 µg/ml) was 
added to block any biotin-containing proteins. The cross-linked membranes 
were detergent-solubilized under mild conditions (Buffer A with 1% DDM 
NaCl and 20% glycerol [v/v]) or more stringent conditions (50 mM HEPES 
buffer, pH 8.0 containing 500 mM NaCl (Buffer B) with 1% Triton X-100 
and 20% glycerol [v/v] for 90 min at 4oC. After removal of insoluble 
material (by centrifugation at 20,000xg for 10 min at 4oC), the samples 
were incubated with StrepTactin-Sepharose for 90 min at 4oC. The slurry 
was loaded on a column and washed under mild conditions (Buffer A 
containing 0.2% DDM and 20% glycerol [v/v]) or more stringent conditions 
(Buffer B with 0.2% Triton X-100 and 20% glycerol [v/v]). Bound proteins 
were eluted using the same buffer supplemented with 5 mM desthiobiotin. 
Flow-through and eluates of all complexes were concentrated by 
precipitation with TCA/acetone. The pellets were dissolved in gel sample 
buffer containing 6% SDS and incubated for 10 min at 42oC. DSP cross-
links were cleaved by the addition of 0.1 M DTT followed by incubation at 
37oC for 30 min. Proteins were resolved on 12% or 15% SDS-PAGE gels 
followed by protein staining, immuno blotting or  or mass spectrometry. 
 
Protein identification by mass specrometry (MS) 

For the initial experiment protein bands of interest from a silver 
stained 1 D PAGE gel were cut using a sterile scalpel and digested with 
trypsin according to the in-gel method of Shevchenko (Shevchenko et al., 
1996). Later experiments were done with whole gel lanes from a 1D PAGE 
(unstained or stained) which were cut in similar slices. The collected eluates 
of the extracted peptides from each sample were dried with a speedvac and 
redisolved in 8 µl 60% acetonitrile and 1 % formic acid. The peptides of 
each sample were separated on a nano-analytical column 75 µm (inner 
diameter) by 150 mm C18 PepMap (LC Packings, Dionex) with a gradient 
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of 1-50 % acetonitrile and 1 % formic acid. The flow of 300 nl/min was 
directly electrosprayed in the QTof1 operating in data-dependent MS and 
MS/MS mode. The Masslynx software (Waters, Manchester, UK) for the 
data acquisition was also used for the processing of the low CID MS/MS 
spectra. The resulting files were used to search in MASCOT using the total 
MSDB database with the fixed modification of carbamidomethyl for 
cysteine and a variable modification of oxidized methionine. See for further 
details of the software used under http://www.matrixscience.com. 
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Introduction 
The targeting and assembly process of eukaryotic and bacterial 

membrane proteins are remarkably well conserved. In both eukaryotic and 
bacterial cells targeting of nascent membrane proteins to the membrane 
embedded Sec-translocon requires the signal recognition particle (SRP) and 
its cognate receptor (FtsY in bacteria and SRα in eukaryotes) (Luirink and 
Sinning, 2004). The Sec-translocon (Sec61 in eukaryotes and SecYEG in 
bacteria) inserts membrane proteins into the endoplasmic reticulum 
membrane or the bacterial inner membrane (Osborne et al., 2005). In E. 
coli, the Sec-translocon cooperates with YidC during membrane insertion of 
most inner membrane proteins (IMPs) analyzed thus far. In contrast, some 
IMPs are directly inserted by YidC independently of the translocon. YidC is 
a member of the YidC/Oxa1/Alb3 protein family that constitutes a class of 
conserved proteins involved in the biogenesis of organellar and bacterial 
membrane proteins (Kiefer and Kuhn, 2007). The experiments described in 
chapter 2-7 were aimed at understanding the evolutionary conserved role of 
YidC in the biogenesis of IMPs. 
 
Central role of YidC in IMP biogenesis 

YidC appears largely dispensable for insertion of Sec-dependent 
IMPs per se both in vivo and in vitro implying a later role of YidC in the 
biogenesis of IMPs (Fröderberg et al., 2003; Urbanus et al., 2001; van der 
Laan et al., 2004b). Consistently, YidC has recently been shown to function 
in folding of the polytopic IMP LacY (Nagamori et al., 2004). Moreover, in 
vitro cross-link studies suggest that YidC operates downstream of the Sec-
translocon for several complex IMPs to assist the transfer and assembly of 
TMs into the lipid bilayer (Beck et al., 2001; Houben et al., 2004; Urbanus 
et al., 2001). TRAM, a protein with a YidC-like topology and located near 
the Sec61 translocon in the endoplasmic reticulum membrane, appears to 
have an analogous function. TRAM can be cross-linked to TMs of nascent 
membrane proteins similar to YidC (Heinrich et al., 2000). However, 
TRAM appears to interact specifically with less hydrophobic TMs. This 
specificity has not been observed for E.coli YidC, which may indicate that 
TRAM and YidC differ at least in their requirements for substrate 
recognition (Houben et al., 2004). YidC may act as an integral membrane 
chaperone for Sec-dependent IMPs. More specifically, YidC may function 
as a holdase by interacting transiently with TMs during insertion. This 
retention would allow sufficient time for folding and assembly of a newly 
synthesized IMP in the local environment of YidC near the translocon.  

Adding to the complexity of IMP integration, YidC was shown to 
function upstream of the Sec-translocon for one studied IMP, CyoA (see 
below). In this case, YidC is required and sufficient for membrane assembly 
of the N-terminal part of the protein, whereas translocation of the large C-
terminal periplasmic domain requires the Sec-translocon, including SecA 
(Celebi et al., 2006; du Plessis et al., 2006; chapter 3). 
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Interestingly, in vivo depletion of YidC almost completely blocks 

the insertion of a subset of Sec-independent IMPs that include MscL, the 
F1Fo-ATPase subunit Foc and small phage coat proteins (Samuelson et al., 
2000; van der Laan et al., 2004a; Yi et al., 2004; chapter 2), suggesting that 
YidC also operates completely independent of the Sec-translocon, as a 
separate insertase and translocase. Recently, in vitro reconstitution 
experiments confirmed the potential of YidC to function Sec-independently 
(Serek et al., 2004; van der Laan et al., 2004a). In this case, YidC functions 
as a insertase independently of other components possibly by providing a 
platform from which the TM can equilibrate with the hydrophobic interior 
of the membrane. 

In conclusion, YidC is a central component in the biogenesis of E. 
coli IMPs as indicated by its ability to function: (i) downstream of the Sec-
translocon during the biogenesis of Sec-dependent IMPs, (ii) upstream of 
the translocon during the biogenesis of CyoA and possibly other IMPs and 
(iii) independently of the translocon during the membrane assembly of Sec-
independent IMPs (Fig.1). 

 
Conservation of membrane assembly pathways 
 Mitochondria of animals, plants and fungi harbor two distant 
homologues of YidC, Oxa1 and Cox18/Oxa2 (Funes et al., 2004). Both 
Oxa1 and Cox18/Oxa2 function in the assembly of respiratory chain 
complexes, but are apparently non-redundant since mutants in one 
component cannot be complemented by expression of the other (Funes et 
al., 2004). Cox18/Oxa2 fulfills a specific function, presumably in the 
translocation of the C-terminal domain of Cox2 (Fiumera et al., 2007; 
Funes et al., 2004; He and Fox, 1997; Saracco and Fox, 2002). Oxa1 was 
originally identified as a factor involved in the biogenesis of respiratory 
chain complexes. In the absence of Oxa1, the activities of the cytochrome 

Fig.1. Model for the central role of YidC in the biogenesis of E. coli IMPs
analyzed thus far. See text for details.The signal sequence of CyoA is
represented by a solid gray bar; TMs are represented by solid black bars. 
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bc1 complex, the cytochrome c oxidase and the F1Fo-ATPase complex are 
dramatically reduced (Altamura et al., 1996; Bonnefoy et al., 1994). Using 
mitochondria isolated from oxa1 yeast mutants, Oxa1 was shown to be 
involved in the insertion of proteins (in particular subunits of respiratory 
complexes) into the inner membrane from the mitochondrial matrix (Hell et 
al., 1997; Hell et al., 1998; Hell et al., 2001; Herrmann et al., 1997). The 
presence of Oxa1 homologues in bacteria and chloroplasts suggested that 
similar pathways are operational in bacteria and chloroplasts. Oxa1 operates 
independently of Sec-like proteins, as mitochondria of higher eukaryotes 
lack homologues of the Sec-translocon (Glick and von Heijne, 1996) and 
therefore it appeared likely that the Sec-independent "YidC" only pathway 
of E. coli is similar to the Oxa1 pathway of mitochondria.  

Substrates of the Oxa1 pathway include in particular 
mitochondrially encoded subunits of respiratory complexes. In S. 
cerevisiae, Oxa1 catalyzes the insertion of cytochrome b of the bc1 
complex, Cox1, Cox2 and Cox3 of the cytochrome c oxidase and Atp6, 
Atp8 and Atp9 of the F1Fo-ATPase complex. Consequently, in the absence 
of Oxa1 insertion of most of these proteins is affected although not 
dramatically (Hell et al., 2001) with the exception of Cox2p, which displays 
the strictest dependency on Oxa1 for membrane insertion (He and Fox, 
1997; Hell et al., 1997). Interestingly, Atp9 and Cox2p are homologous to 
E. coli Foc and CyoA. Foc and CyoA are membrane embedded subunits of 
the F1Fo-ATPase and cytochrome o oxidase complex, respectively. Foc is a 
small double spanning IMP with short translocated termini. CyoA is 
initially is synthesized with a lipoprotein type signal sequence and mature 
CyoA spans the membrane twice with two translocated termini; a lipid-
modified N-terminus and a large C-terminus. Strikingly, the protein levels 
of Foc and CyoA are atypically sensitive to depletion of YidC, suggesting 
that these endogenous IMPs may be substrates of the YidC only pathway 
(van der Laan et al., 2003). 

The experiments described in chapter 2 and 3 concern the 
membrane biogenesis pathways of Foc and CyoA. It was shown that 
depletion of Ffh severely impairs membrane insertion of Foc and CyoA in 
vivo. Furthermore, the SRP is specifically recruited by the first TM in 
nascent, ribosome bound Foc and CyoA as shown by in vitro photo cross-
linking. This suggests that the SRP is required for efficient membrane 
targeting of both Foc and CyoA. Depletion of SecE did not affect insertion 
of Foc. In contrast, depletion of YidC strongly inhibited insertion of Foc. For 
CyoA it was shown that in the absence of translocon components 
translocation of the N-terminal periplasmic loop still occurs, whereas 
translocation of the large C-terminus is blocked. In the absence of YidC, 
both termini in full-length CyoA are not translocated, resulting in the 
accumulation of precursor CyoA. Using a CyoA derivative containing the 
N-terminal periplasmic loop, it was shown that YidC is critical for 
translocation of the N-terminal domain as indicated by the accumulation of 
its precursor form in the absence of YidC in vivo. Together, the in vivo 
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depletion studies suggest that Foc utilizes a YidC-dependent but Sec-
independent mechanism for membrane insertion. Consistently, in vitro 
photo cross-linking confirmed that the first TM of nascent Foc is primarily 
in contact with YidC during membrane insertion. For CyoA the data 
suggest that membrane biogenesis of full-length CyoA requires both YidC 
and the Sec-translocon including SecA. However, translocation of the N-
terminus is a prerequiste for translocation of the C-terminus explaining the 
crucial role of YidC in the apparently vectorial assembly of CyoA. 
Involvement of YidC and the Sec-translocon was recently supported by two 
independent studies (Celebi et al., 2006; du Plessis et al., 2006). 

 The data presented in chapter 2 indicate that Foc is the first 
endogenous substrate of a novel membrane biogenesis pathway in which 
the SRP delivers the nascent IMP at YidC that catalyzes membrane 
insertion. A prominent role for YidC in the membrane biogenesis of Foc is 
in agreement with two other studies showing that YidC is required and 
sufficient for insertion of Foc in vitro and in vivo (van der Laan et al., 
2004a; Yi et al., 2004). In contrast, these studies point to an SRP-
independent targeting mechanism for Foc (van der Laan et al., 2004a; Yi et 
al., 2004). Van der Laan et al. (2004a) used an in vitro translation system 
depleted for Ffh and FtsY to show that Foc is still inserted into 
proteoliposomes reconstituted with YidC, whereas the SRP-dependent IMP 
FtsQ was not inserted under these conditions. Notably, immunoblot analysis 
of the translation lysate showed that Ffh was not fully depleted. Possibly, 
the very hydrophobic Foc has a higher affinity for the SRP and is therefore 
able to use the limited amount of SRP present in the translation lysate more 
efficiently than FtsQ. Dalbey and co-workers examined the membrane 
biogenesis of all Fo sector subunits by an in vivo approach (Yi et al., 2004). 
Of particular interest, insertion of Foc was not affected by depletion of Ffh, 
suggesting that targeting of Foc does not require the SRP. This result is 
probably explained by the short depletion times used, resulting in only a 
minor decrease in Ffh levels that are still sufficient to facilitate the targeting 
of very hydrophobic IMPs such as Foc. This is consistent with a genetic 
screen which identified particularly hydrophobic IMPs as subtrates of the 
SRP (Ulbrandt et al., 1997).  

The data presented in chapter 2 were obtained by two different 
experimental approaches. First, Ffh is cross-linked to nascent chains of Foc 
produced in vitro in the absence of membranes. It should be noted that 
cross-linking of SRP to a nascent protein appears diagnostic for SRP-
mediated targeting in vivo as indicated by the finding that a single point 
(hydrophobic) substitution in the PhoE signal sequence induces SRP cross-
linking in vitro and shunts the protein into the SRP-pathway in vivo (Adams 
et al., 2002). Moreover, the signal sequence of M13 procoat does not cross-
link SRP in vitro unless the hydrophobicity of the core region is increased. 
This alteration also results in SRP mediated targeting in vivo (de Gier et al., 
1998). Second, depletion of the SRP in three different SRP conditional 
strains showed a strong and reproducible effect on Foc insertion. Combined, 
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the in vitro and in vivo data suggest that the SRP is required for membrane 
targeting of Foc. Targeting by the SRP also explains the strictly co-
translational nature of membrane insertion of Foc as observed by van der 
Laan et al.(2004a).  

In conclusion, the data presented in chapter 2 and 3 suggest that Foc 
and the N-terminal region of CyoA are assembled into the membrane by the 
YidC only pathway. The finding that YidC is able to catalyze insertion of 
IMPs (domains) in the absence of translocon components strongly suggests 
that this pathway is similar to the mitochondrial Oxa1 pathway and 
confirms that the role of YidC and Oxa1 in the membrane assembly of 
respiratory complexes is evolutionarily conserved.  
 
Evolutionarily conserved function of YidC  

Predictions reveal significant similarities in secondary structure and 
topology of the YidC/Oxa1/Alb3 family members. However, a functional 
conservation is not immediately obvious given the poor primary sequence 
conservation of 15-20%. Despite this poor sequence conservation, A. 
thaliana Alb3 can functionally substitute for E. coli YidC in both the Sec-
dependent and Sec-independent function, showing that these proteins are 
indeed true homologues (Jiang et al., 2002). Based on the data presented in 
chapter 2 and 3, it appears that YidC and Oxa1 operate in similar membrane 
biogenesis pathways that are predominantly used for the insertion of 
subunits of respiratory complexes (van der Laan et al., 2005).  

The genetic complementation experiments described in chapter 4 
and 5 confirm a functional correlation between YidC and its mitochondrial 
yeast homologues Oxa1 and Cox18. It is was shown that mature Oxa1 and 
mature Cox18 (fused to the N-terminal targeting domain of YidC) 
complement the growth defect of a YidC depletion strain when expressed in 
E. coli. Moreover, both proteins are able to suppress the PspA response 
upon depletion of YidC. This indicates that both Oxa1 and Cox18 support 
proper membrane assembly of E. coli respiratory chain complexes and 
therefore sustain the pmf. Furthermore, in the absence of YidC, Oxa1 and 
Cox18 facilitate the insertion of YidC-dependent/Sec-independent IMPs 
indicating their capacity to function as a Sec-independent insertase. 
Remarkably, Cox18 and Oxa1 are not in the vicinity of nascent Sec-
dependent IMPs during membrane insertion as suggested by photo cross-
linking experiments. Additionally, Oxa1 appeared unable to efficiently 
substitute for YidC in the proper folding of the Sec-dependent IMP LacY. 
Apparently, Oxa1 and Cox18 fail to complement the Sec-dependent 
function of YidC possibly because these proteins are unable to cooperate 
efficiently with the bacterial Sec-translocon which is notably absent in 
mitochondria (Glick and von Heijne, 1996). Possibly, the prokaryotic trait 
of Oxa1 and Cox18 to cooperate efficiently with the Sec-translocon may 
have been lost during the evolution of mitochondria from endosymbiotic 
bacteria. These data also suggest that the Sec-independent function is 
conserved and essential for viability probably because it directly affects the 
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assembly of important respiratory complexes such as the F1Fo-ATPase and 
cytochrome o oxidase complex. 

Domain swapping and complementation experiments with 
engineered variants of E. coli YidC in yeast mitochondria have shown that 
YidC can partially complement the function of Oxa1 if the ribosome 
binding, C-terminal domain of Oxa1 is appended onto YidC. However, the 
presence of this domain interferes with the ability to complement Cox18 
(Preuss et al., 2005). This distinction is not observed in E. coli since both 
Oxa1 and Cox18 can functionally replace YidC in the YidC only pathway 
suggesting that both proteins share a conserved insertase-like core activity.  

In conclusion, YidC, Oxa1 and Cox18 are largely exchangeable in 
bacteria and mitochondria, showing that these proteins share a similar 
function but are adapted to their specific context. 

 
Flexible use of targeting and insertion factors 

The experiments described in chapter 6 concern the identification of 
specific features that determine the route of targeting, insertion and 
translocation in vivo by using a collection of engineered model IMPs based 
on the well studied endogenous IMPs Foc and Lep. Both Foc and Lep span 
the membrane twice and have an Nout /Cout topology. Unlike Foc, Lep 
contains a large translocated C-terminal domain (P2). Foc is used as a 
representative of the SRP/YidC pathway (see chapter 2) and Lep is used as 
a representative of the SRP/Sec(A)YEG/YidC pathway (de Gier and 
Luirink, 2001; Facey and Kuhn, 2004).  

It was shown that Foc is effectively rerouted into the Sec-pathway 
by appending the P2 domain of Lep onto its C-terminus. This suggests that 
YidC is limited in its translocation capabilities, confirming a previous study 
in which mutant procoat and mutant Pf3 coat proteins with altered 
periplasmic regions were shown to strictly require the Sec-machinery in 
addition to YidC for efficient membrane assembly (Chen et al., 2005). 
Additionally, size per se (the number of TMs) does not seem an important 
constraint for YidC requirement because membrane insertion of an Foc 
tandem fusion construct was still Sec-independent/YidC-dependent. This 
might imply that YidC is sufficient for insertion of more complex 
endogenous E. coli IMPs provided they have small translocated loops. 
Hydrophobicity of a TM may be more important for determining the 
insertion requirements. This is suggested by the finding that a Pf3 mutant 
with a relatively hydrophobic TM inserts readily into liposomes in vitro and 
does not require YidC in vivo in contrast to wild type Pf3 (Serek et al., 
2004). These data show that if sufficiently hydrophobic, a TM partitions 
into the membrane without assistance of insertion factors pointing to a 
spontaneous insertion mechanism. Interestingly, a spontaneous insertion 
mechanism has been suggested for the endogenous E. coli IMP KdpD 
(Facey and Kuhn, 2003). These findings are reminiscent of the lack of YidC 
and Sec requirement of the Lep derivative (described in chapter 6) which 
does not contain the second TM, suggesting a similar insertion mechanism 
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as for the hydrophobic Pf3 coat mutant and KdpD. Alternatively, these 
apparent independencies may reflect a facultative use of either the Sec-
machinery or YidC. Consistently, Lep H1 is cross-linked to both SecY and 
YidC in nascent Lep at a very early stage during membrane insertion when 
Lep is only 50 amino acids in length suggesting affinity for both factors 
(Houben et al., 2005). Furthermore, the N-terminus of Lep is translocated 
independent of the Sec-translocon and appears only slightly affected by 
YidC depletion in vivo (Lee et al., 1992; Samuelson et al., 2000). Finally, 
reconstitution experiments have shown that nascent Lep that exposes only 
H1 can insert into proteoliposomes that contain either YidC or SecYEG 
(Houben et al., 2002).  
 
Role of YidC in quality control 

Upon membrane insertion, the newly synthesized IMP is folded and 
often assembles with other subunits into an oligomeric complex. YidC has 
been implicated in the later stages of IMP biogenesis as it seems required 
for folding rather than insertion of LacY (Nagamori et al., 2004). It is not 
known whether YidC cooperates with other factors during the folding of 
IMPs. YidC might cooperate with components of the quality control system 
of the cell that remove abnormally folded or unassembled IMPs. In this 
respect it is interesting to note that depletion of YidC affects the stability of 
LacY and induces extracytoplasmic stress responses probably because 
depletion of YidC results in the accumulation of abnormally folded IMPs 
(Nagamori et al., 2004; Shimohata et al., 2007). Together, these studies 
point to a functional correlation between YidC and the quality control 
system for IMPs.  

The data presented in chapter 7 suggest that YidC is physically and 
functionally connected with the FtsH complex, including its modulating 
factor HflKC. These proteins form a large complex embedded in the IM, in 
which the membrane protease FtsH fulfills a central role by degrading 
unassembled membrane proteins and is thought to possess chaperone-like 
properties  (reviewed in Ito and Akiyama, 2005). Additionally, FtsH is 
required for the degradation of certain regulatory cytoplasmic proteins. The 
co-purification of FtsH and HflKC with YidC suggests that YidC 
participates in this quality control complex. Interestingly, in mitochondria 
homologues of FtsH and YidC have been implicated in a similar partnership 
(Rep et al., 1996). In this case, Oxa1 appears to function as a chaperone that 
protects newly synthesized proteins from degradation until they are 
properly folded (Lemaire et al., 2000). In E. coli, YidC might perform a 
similar function in the context of the translocon thereby selecting certain 
misfolded nascent IMPs after lateral exit from the translocon and presenting 
them to FtsH for degradation. Clearly, much more work is needed for a full 
understanding of the functional and structural relationship between YidC 
and FtsH. 
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Concluding remarks and perspectives 
We have at best a rough idea about the diverse functions of YidC 

and the substrates that make use of this versatile protein. Clearly, high 
resolution structural information is required to determine how YidC fulfills 
its complex tasks. A single structure would be most welcome but not 
sufficient. YidC’s tendency to dimerize and its complex interactions with 
the Sec-translocon, the FtsH complex and substrates suggests that YidC 
adopts different conformations in the cell. It will be quite a challenge to 
solve the structures of YidC and its binding partners caught in action. Also, 
more information is needed about the substrate specificity of YidC. Which 
IMPs make use of a specific function of YidC? Until now, only a few 
model IMPs have been analyzed with respect to their requirements for 
insertion and assembly. A more global, proteomics approach is required to 
define more general rules for substrate selection and handling. Finally, 
although the concept of “modules” for targeting, insertion, folding, 
assembly and degradation is attractive, more information is needed to 
confirm this notion to establish how the modules are connected at the 
molecular level. 
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Inleiding 
De Gram-negatieve bacterie Escherichia coli is omgeven door twee 

membranen (binnen- en buitenmembraan) met het periplasma ertussen. Net 
als alle andere eiwitten worden binnenmembraaneiwitten gemaakt door 
ribosomen in het cytoplasma. Ongeveer 20% van alle eiwitten is bestemd 
voor het binnenmembraan en wordt tijdens de vorming (translatie) naar het 
binnenmembraan getransporteerd via de zogenaamde SRP (signal 
recognition particle) route. Deze manier van transport wordt ook wel co-
translationeel transport genoemd. Nadat het nieuwe eiwit bij het 
binnenmembraan is gearriveerd worden de transmembraandomeinen 
geïntegreerd in het membraan. Dit proces heet membraaninsertie en 
verloopt niet spontaan, maar wordt verzorgd door een complexe 
eiwitmachinerie waarvan het Sec-translocon, SecA en YidC de 
belangrijkste componenten zijn. Het Sec-translocon fungeert als 
insertiekanaal voor nieuwe binnenmembraaneiwitten en als transportkanaal 
voor eiwitten bestemd voor het periplasma of buitenmembraan. De 
binnenmembraaneiwitten SecY, SecE en SecG vormen de kern van het 
translocon. De energie voor het transport van eiwitten (of delen) naar het 
periplasma wordt verzorgd door SecA. YidC is een binnenmembraaneiwit 
en is essentieel voor het overleven van E. coli. Een uitgebreide beschrijving 
van de rol van YidC wordt gegeven in hoofdstuk 1. YidC behoort tot een 
evolutionair geconserveerde familie van membraaneiwtten, de zogenaamde 
YidC/Oxa1/Alb3 familie. Leden van deze eiwitfamilie zijn betrokken bij de 
biogenese van membraaneiwitten in bacteriën, chloroplasten en 
mitochondriën. Het merendeel van de nieuwe E. coli 
binnenmembraaneiwitten maakt gebruik van het Sec-translocon voor 
membraaninsertie en hierbij werkt YidC samen met het Sec-translocon. De 
rol van YidC tijdens de biogenese van deze Sec-afhankelijke 
binnenmembraaneiwitten is onduidelijk. Een kleine groep van 
binnenmembraaneiwitten heeft voor membraaninsertie niet het Sec-
translocon nodig, maar YidC. Voor deze groep van membraaneiwitten 
fungeert YidC dus als een Sec-onafhankelijk membraaninsertase.  

Het doel van dit proefschrift, zoals beschreven middels de 
experimenten in hoofstuk 2-7, is het ophelderen van de evolutionair 
geconserveerde rol van YidC in de biogenese van binnenmembraaneiwitten 
in E. coli. 

 
Geconserveerde membraaninsertie routes 

De mitochondriële YidC homoloog, Oxa1, is betrokken bij de 
insertie van membraaneiwitten in het binnenmembraan van mitochondriën. 
Deze organellen bevatten geen homologen van het Sec-translocon. Het is 
daarom aannemelijk dat de Oxa1-afhankelijke route gelijk is aan de Sec-
onafhankelijke/YidC-afhankelijke route (YidC-route) van E. coli. De 
experimenten beschreven in hoofdstuk 2 en 3 bevestigen dat de Oxa1-
afhankelijke route gelijk is aan de YidC-route. De Oxa1-afhankelijke route 
wordt voornamelijk gebruikt voor de membraaninsertie van 
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membraaneiwitten die deel uitmaken van ademhalingsketencomplexen, 
zoals Atp9 en Cox2p. Atp9 en Cox2p zijn componenten van het F1Fo-
ATPase en cytochroom o oxidase, en zijn homoloog aan Foc en CyoA van 
E. coli. In hoofdstuk 2 wordt de membraaninsertie van Foc onder de loep 
genomen. In vitro en in vivo experimenten tonen aan dat Foc co-
translationeel naar het binnenmembraan wordt gebracht en alleen YidC 
nodig heeft voor membraaninsertie. Het Sec-translocon blijkt niet 
noodzakelijk voor membraaninsertie van Foc. Uit deze experimenten volgt 
dus dat Foc het eerste endogene substraat van E. coli voor de YidC-route is. 
In hoofdstuk 3 wordt de membraaninsertie van CyoA onderzocht. In vitro 
en in vivo experimenten tonen aan dat CyoA, evenals Foc, co-translationeel 
naar het binnenmembraan wordt gebracht. CyoA heeft zowel YidC als het 
Sec-translocon nodig om correct in het binnenmembraan te inserteren. YidC 
blijkt noodzakelijk voor de translocatie van het N-terminale 
periplasmatische domein en het Sec-translocon (inclusief SecA) is vereist 
voor de translocatie van het C-terminale periplasmatische domein. 
Enigszins verassend is dat in de afwezigheid van YidC, CyoA niet goed 
inserteert in het binnenmembraan terwijl in de afwezigheid van het Sec-
translocon het N-terminale domein juist wel correct inserteert. Dit wijst 
erop dat insertie van het N-terminale deel voorafgaat aan en een vereiste is 
voor correcte insertie van het C-terminale deel. Uit het bovenstaande kan de 
conclusie worden getrokken dat Foc en het N-terminale domein van CyoA 
gebruiken maken van de YidC-route. Dit betekent dat YidC in staat is om in 
afwezigheid van het Sec-translocon de membraaninsertie van 
membraaneiwitten (of delen) te verzorgen net zo als Oxa1. Dit wijst erop 
dat de YidC-route gelijk is aan de Oxa1-afhankelijke route en onderstreept 
de evolutionair geconserveerde rol van YidC en Oxa1 in biogenese van 
ademhalingsketencomplexen.  

 
De evolutionair geconserveerde functie van YidC 
 Mitochondriën van dieren, planten en schimmels bevatten twee 
YidC homologen, Oxa1 en Cox18/Oxa2. Beide YidC homologen spelen 
een belangrijke rol in de biogenese van ademhalingsketencomplexen. Oxa1 
is belangrijk voor de correcte insertie en assemblage van het cytochroom 
bc1 complex, het cytochroom c oxidase complex en het F1Fo-ATPase 
complex. De rol van Cox18/Oxa2 is niet precies duidelijk, maar dit eiwit 
verzorgt een specifieke stap tijdens de biogenese van het cytochroom c 
oxidase complex. Een functionele relatie tussen YidC, Oxa1 en 
Cox18/Oxa2 is niet meteen voor de hand liggend omdat 
computervoorspellingen aangeven dat de conservatie op aminozuurniveau 
ongeveer 20% is. Verassend genoeg blijkt dat de YidC homoloog uit 
chloroplasten, Alb3, de functie van YidC in E. coli kan overnemen, wat 
aangeeft dat YidC en Alb3 daadwerkelijk homologen zijn en een zelfde 
functie vervullen. De genetische complementatie-experimenten die 
beschreven worden in hoodstuk 4 en 5 onderzoeken een functionele 
verwantschap tussen YidC, Oxa1 en Cox18. Uit deze experimenten blijkt 
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dat in de afwezigheid van YidC, Oxa1 en Cox18 het groeidefect 
complementeren van E. coli evenals een bepaalde stress reactie, de 
zogenaamde PspA respons. Tevens blijkt dat Oxa1 en Cox18 in staat zijn 
om de insertie van Sec-onafhankelijke/YidC-afhankelijke 
binnenmembraaneiwitten te verzorgen in de afwezigheid van YidC. 
Enigszins verassend blijken Oxa1 en Cox18 niet in staat om de rol van 
YidC in de biogenese van Sec-afhankelijke binnenmembraaneiwitten over 
te nemen.  

Uit deze resultaten kan worden geconcludeerd dat YidC, Oxa1 en 
Cox18 inderdaad homologe eiwitten zijn. Oxa1 en Cox18 kunnen alleen de 
Sec-onafhankelijke rol van YidC complementeren waarbij ze waarschijnlijk 
als een Sec-onafhankelijk insertase functioneren. Hieruit volgt dat de Sec-
onafhankelijke rol van YidC essentieel is voor het overleven van E. coli in 
tegenstelling tot de Sec-afhankelijke rol. Het essentiële karakter van de Sec-
onafhankelijke rol ligt waarschijnlijk verscholen in de belangrijke rol van 
deze functie in de correcte biogenese van het F1Fo-ATPase en cytochrome o 
oxidase complex. Oxa1 en Cox18 zijn niet in staat om de Sec-afhankelijke 
rol van YidC te vervullen. Dit komt waarschijnlijk omdat Oxa1 en Cox18 
niet in staat zijn om efficiënt met het Sec-translocon samen te werken wat 
het gevolg is van het feit dat er geen homologen van het Sec-translocon in 
mitochondriën aanwezig zijn. Hierdoor is de evolutionaire noodzaak voor 
behoud van de Sec-afhankelijke functie vervallen. 
 
Het flexibel gebruik van targeting en insertie factoren 
 Tot nu zijn slechts van een aantal binnenmembraaneiwitten de 
targeting- en insertieroutes gedetailleerd bestudeerd. De resultaten van deze 
studies geven aan dat er vier belangrijke targeting- en insertieroutes zijn. 
Dit zijn: SRP/Sec(A)YEG/YidC-route,  SRP/YidC-route en de YidC-route. 
Deze routes zijn opgebouwd uit diverse targeting- en insertiefactoren die 
beschouwd kunnen worden als modules. Verschillende combinaties van 
deze modules resulteren in de diverse targeting- en insertieroutes die 
gebruikt worden door gedefinieerde sets van binnenmembraaneiwitten. De 
in vivo experimenten die zijn beschreven in hoofdstuk 6 hebben tot doel het 
identificeren van specifieke (structurele) eigenschappen die de keuze van 
een bepaalde targeting- en insertieroute bepalen. Hiervoor is gebruik 
gemaakt van een aantal artificiële binnenmembraaneiwitten die gebaseerd 
zijn op de goed gekarakteriseerde E. coli binnenmembraaneiwitten Lep en 
Foc. Lep volgt de SRP/Sec(A)YEG/YidC-route en Foc volgt de SRP/YidC-
route. De resultaten tonen aan dat Foc efficiënt omgeleid kan worden naar 
de SRP/Sec(A)YEG/YidC-route wanneer het periplasmatische P2-domein 
van Lep gefuseerd wordt met de C-terminus van Foc. Normaal gesproken 
heeft Lep de Sec-machinerie nodig voor het transport van het P2-domein 
naar het periplasma. Indien dit P2-domein gefuseerd wordt met de C-
terminus van Foc is nu ook de Sec-machinerie nodig voor het transport van 
dit domein naar het periplasma. Dit wijst er op dat YidC niet in staat is om 
grote delen van een binnenmembraaneiwit te transporteren naar het 
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periplasma in tegenstelling tot het Sec-translocon. Tevens blijkt dat het 
aantal transmembraandomeinen niet van invloed is op de YidC 
afhankelijkheid van een Foc tandemfusie (twee Foc eiwitten waarvan de N 
en C-terminus gefuseerd zijn). Dit construct maakt nogsteeds gebruik van 
een Sec-onafhankelijk/YidC-afhankelijk insertie mechanisme net als 
normaal Foc. In principe is YidC dus in staat om de membraaninsertie van 
complexere binnenmembraaneiwitten te katalyseren mits ze geen grote 
periplasmatische delen bevatten. Verassend genoeg is membraaninsertie 
van een specifieke Lep-mutant, die het tweede transmembraandomein mist, 
onafhankelijk van het Sec-translocon en YidC. Dit kan er op duiden dat 
deze mutant in staat is om flexibel gebruik te maken van het Sec-translocon 
en YidC. Dit idee wordt ondersteund door in vitro studies met Lep die 
onder meer aantonen dat: (i) het Sec-translocon of YidC voldoende zijn 
voor membraaninsertie van het eerste transmembraandomein en (ii) het 
eerste transmembraandomein vroeg tijdens insertie affiniteit heeft voor 
zowel YidC als het Sec-translocon.  
 
Betrokkenheid van YidC bij de kwaliteitscontrole van nieuwe 
binnenmembraaneiwitten 
  Na membraaninsertie moet het nieuwe binnenmembraaneiwit nog 
worden gevouwen in de juiste structuur. Vaak vormt een 
binnenmembraaneiwit samen met andere binnenmembraaneiwitten een 
complex. Het is waarschijnlijk dat YidC een belangrijke rol speelt tijdens 
deze laatste stappen omdat YidC noodzakelijk blijkt voor de vouwing van 
het binnenmembraaneiwit LacY, maar niet voor de membraaninsertie van 
LacY. Het is voor de hand liggend dat YidC deze taken niet alleen uitvoert, 
maar samenwerkt met andere componenten zoals eiwitten betrokken bij de 
kwaliteitscontrole van nieuwe binnenmembraaneiwitten. Deze laatste 
eiwitten zijn onderdeel van een systeem wat nieuwe 
binnenmembraaneiwitten afbreekt die foutief gevouwen zijn of die niet 
worden verwerkt in het juiste complex. Een functionele correlatie tussen 
YidC en het kwaliteitscontrole systeem blijkt uit de vinding dat de 
afwezigheid van YidC leidt tot instabiliteit van LacY. Bovendien induceert 
de afwezigheid van YidC specifieke stressmechanimsen in E. coli. Dit is 
waarschijnlijk zo omdat in de afwezigheid van YidC foutief gevouwen 
binnenmembraaneiwitten ophopen in de cel. In hoofdstuk 7 wordt de 
interactie tussen YidC en componenten van het kwaliteitscontrole systeem 
bestudeerd. De experimenten tonen aan dat YidC een fysieke en functionele 
interactie heeft met het FtsH-complex, wat bestaat uit FtsH en HflKC. FtsH 
en HflKC vormen een groot complex in het binnenmembraan. Het 
membraan geassocieerde protease FtsH vervult een belangrijke rol in de 
afbraak van nieuwe binnenmembraaneiwitten die niet worden verwerkt in 
het juiste complex. Daarnaast is FtsH ook verantwoordelijk voor de afbraak 
van bepaalde cytoplasmatische eiwitten en wordt gedacht dat het ook als 
chaperone functioneert. De membraaneiwitten HflK en HflC moduleren 
waarschijnlijk de activiteit van FtsH. Uit de co-purificatie experimenten 
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blijkt dat het FtsH complex meezuivert met YidC. Dit is een sterke 
aanwijzing dat YidC een onderdeel is van het FtsH-complex in E. coli. In 
mitochondriën blijkt er een zelfde soort relatie tussen YidC en FtsH-
homologen te zijn. In dit geval functioneert Oxa1 als een chaperonne die 
het nieuwe membraaneiwit beschermt tegen afbraak totdat het goed 
gevouwen is. Het is daarom goed mogelijk dat YidC in E. coli een zelfde 
soort functie heeft, namelijk het selecteren van bepaalde foutief gevouwen 
membraaneiwitten die het Sec-translocon verlaten tijdens 
membraaninsertie, en deze vervolgens aanbieden aan FtsH voor afbraak. 



 

 

 
 

 
 
 
 
 
 
 
 

Dankwoord / Acknowledgements 



Dankwoord 
_____________________________________________________________ 

  158 

 Het was ergens in september 2001, toen ik nog studeerde aan de 
VU, dat ik een mailtje stuurde naar Ben Otto van de vakgroep Moleculaire 
Microbiologie met de vraag of ik mijn hoofdstage mocht vervullen binnen 
zijn onderzoek naar het eiwit Hbp. Tegen het einde van mijn hoofdstage, 
ongeveer een halfjaar later, werd ik door Joen Luirink gevraagd voor een 
aio-project over het YidC eiwit binnen deze vakgroep. Hierover heb ik niet 
lang hoeven na te denken en in december 2002 ben ik met mijn promotie 
onderzoek begonnen. Het is nu dan eindelijk bijna afgerond! Het 
promotietraject is lang en af en toe ook wel eenzaam, maar gelukkig zijn er 
genoeg mensen geweest die mij op verschillende manieren geholpen 
hebben tijdens mijn promotie onderzoek. Tot slot enkele persoonlijke 
woorden omdat ik deze mensen wil bedanken voor de enorme inzet, 
bereidwilligheid en hulp. 
 Ten eerste wil ik mijn promotor, prof. dr. B. Oudega, en co-
promotor, dr. J. Lurink, bedanken voor de begeleiding gedurende de 
afgelopen jaren. Bob, gedurende de eerste paar jaar ben je nauw betrokken 
geweest bij mijn promotie onderzoek hoewel dit later minder werd vanwege 
je nieuwe functie als decaan. Je humorvolle, maar kritische blik op mijn 
resultaten tijdens de werkbesprekingen op maandagochtend heb ik altijd als 
zeer waardevol ervaren. Joen, ik ben erg blij dat jij mijn directe begeleider 
bent geweest gedurende mijn promotie onderzoek. Ik heb de vrijheid die ik 
van je kreeg binnen mijn onderzoek erg gewaardeerd. Je toonde een niet 
aflatende interesse voor het onderzoek en dus kon ik ook altijd binnenvallen 
met de laatste resultaten uit het RNC. Ook wat betreft het geven van 
presentaties en het schrijven van artikelen heb ik veel van je geleerd.  
I would like to thank the following members of the reading committee: 
prof. dr. S. High, prof. dr. C.G. de Koster, prof. dr. H. Lill, dr. R.M. van 
Spanning and dr. E.N.G. Houben for critically reviewing this thesis. 

Wetenschappenlijk onderzoek wordt meestal niet òf nooit door één 
persoon verricht en het gepubliceerde artikel is vaak de vrucht van een 
intensieve samenwerking met een andere vakgroep. In dit kader bedank ik 
de massaspectrometrie groep van Universiteit van Amsterdam. Hierbij 
noem ik speciaal prof. dr. C.G. de Koster, dr. L. de Jong en ing. H.L. 
Dekker voor de analyse van mijn YidC monsters. Moreover, I would like to 
thank the members of the department of Biochemistry and Biophysics of 
Stockholm University for a fruitful colaboration especially Jan-Willem de 
Gier for the hospitable visits to his lab, Louise Baars for the generous use of 
her appartment and Samuel Wagner for excellent technical support. 

Binnen de afdeling Moleculaire Microbiologie ben ik de volgende 
medewerkers en oud medewerkers zeer erkentelijk. Corinne, Greg en Gert-
Jan jullie hebben een aanzienlijke bijdrage aan dit proefschrift geleverd. 
Bedankt voor jullie technische ondersteuning wat betreft kloneringen en 
cross-link proeven en de prettige sfeer op het lab. Wouter, jarenlang mijn 
vaste kamergenoot, bedankt voor de goede sfeer en je altijd kritische blik 
wat betreft mijn resultaten en manuscripten. Veel succes met je onderzoek 
en het schrijven van je proefschrift. Edith en Malene, eveneens 



                                                               Dankwoord                  
________________________________________________________ 

 159 
 

kamergenoten tijdens de beginperiode van mijn aio-schap. Edith, bedankt 
voor het advies over proefschriften en de prettige samenwerking. 
Gefeliciteerd met het binnenhalen van je Veni beurs en succes met je 
nieuwe baan op het Vumc. Malene, mijn voorgangster op het YidC-project, 
bedankt voor het geduld tijdens mijn inwerken en ik heb veel van jou 
geleerd. Robert, ook lange tijd een kamergenoot. Jouw altijd opgewekte 
humeur heeft zeker bijgedragen aan een goede sfeer op zowel de aio-kamer 
als het lab. Bedankt! Zhong, de volgende YidC aio en tijdens de laatste 
periode van mijn aio-schap mijn kamergenoot. Heel veel succes met je 
onderzoek. 

Natuurlijk ben ik ook veel dank verschuldigd aan diverse andere 
collega’s en oud collega’s buiten de aio-kamer. Dirk-Jan, bedankt voor je 
kritiek en goede advies op mijn manuscripten en presentaties. Veel succes 
met je nieuwe baan in Portugal. Nellie, ik heb altijd je oplettende en scherpe 
blik tijdens de werkbesprekingen gewaardeerd. Veel succes binnen je 
nieuwe functie toegewenst. Ronald, jouw gevoel voor humor stond altijd 
garant voor een goede sfeer op het lab en in het RNC. Bedankt en veel 
succes toegewenst binnen je nieuwe functie. Zora, van harte gefeliciteerd 
met het binnenhalen van je Mozaïek beurs en veel succes met je promotie 
onderzoek. Ben, bedankt dat ik destijds mijn hoofdstage bij jou mocht 
vervullen en veel succes met je nieuwe baan. Matthijs, bedankt voor het 
koffie zetten en ook veel succes toegewenst met het geven van onderwijs. 
Michiel, bedankt voor de goede sfeer op het lab en veel succes binnen je 
nieuwe functie. 

 I would like to thank Ovidiu for fruitful discussions about my 
results, critically reading of my manuscripts, convincing me to buy a laptop 
and techincal support during our BN-PAGE trials. Good luck with your 
research! Additionally, I would like to thank Ana Pop and Ana Sauri for the 
good atmosphere at the lab and good luck with your research. Natuurlijk wil 
ik ook mijn studenten, Gideon, Klaas, Sjoerd en Zora, bedanken voor de 
inzet en fijne samenwerking. Eveneens bedank ik het personeel van het 
radionuclidencentrum van de VU (RNC) omdat veel van de experimenten 
die zijn beschreven in dit proefschrift hier zijn uitgevoerd.  

Voordat ik afsluit met enkele persoonlijke woorden die zijn gericht 
aan het thuisfront wil ik mijn paranimfen, Corinne en Marlies, bedanken 
omdat ik ontzettend blij ben dat jullie mij terzijde staan tijdens de 
verdediging van dit proefschrift.  

Na het werk hield het leven beslist niet op. Muziek is altijd een 
uitlaatklep voor mij geweest en de basis voor een belangrijke vriendschap. 
Rob, bedankt dat ik altijd op je kon rekenen als Sick Of It All, Agnostic 
Front of Ignite weer eens in de buurt speelden. I would also like to thank 
Charlotte and Brian for critically reading large parts of my thesis.  



Dankwoord 
_____________________________________________________________ 

  160 

Natuurlijk mag ook familie niet ontbreken in dit dankwoord. 
Daarom wil ik als eerste de ouders en zus van Marlies bedanken voor de 
steun en niet aflatende interesse in mijn promotie onderzoek en alle hulp bij 
het maken van dit boekje. Zonder jullie hulp was het niet zo mooi 
geworden! Tevens bedank mijn moeder en zus. Zonder jullie steun en 
interesse in mijn studie en promotie onderzoek was ik nooit zo ver 
gekomen. Karin, ik hoop dat je met Brian gelukkig wordt en veel succes 
met de grote overstap. Fokkelien en Karel nog veel goede jaren samen en 
bedankt voor alles. 

Lieve Marlies, bedankt voor alles wat was, is en komen zal….. 



 

161 

List of publications 
 
van Bloois, E., Jan Haan, G., de Gier, J.W., Oudega, B., Luirink, J. (2004) 
F1Fo ATP synthase subunit c is targeted by the SRP to YidC in the E. coli 
inner membrane. FEBS Lett. 57, 97-100.  
 
van Bloois, E., Nagamori, S., Koningstein, G., Ullers, R.S., Preuss, M., 
Oudega, B., Harms, N., Kaback, H.R., Herrmann, J.M., Luirink, J. (2005) 
The Sec-independent function of Escherichia coli YidC is evolutionary-
conserved and essential. J. Biol. Chem. 280,12996-13003.   
 
van Bloois, E., Haan, G.J., de Gier, J.W., Oudega, B., Luirink, J. (2006) 
Distinct requirements for translocation of the N-tail and C-tail of the 
Escherichia coli inner membrane protein CyoA. J. Biol. Chem. 281, 10002-
10009.  
 
Scheffers, D.J., Robichon, C., Haan, G.J., den Blaauwen, T., Koningstein, 
G., van Bloois, E., Beckwith, J., Luirink, J. (2007) Contribution of the FtsQ 
transmembrane segment to localization to the cell division site. J. Bacteriol. 
189. 7273-7280.   
 
van Bloois, E., ten Hagen-Jongman, C.M., Luirink, J. (2007) Flexibility in 
targeting and insertion during bacterial membrane protein biogenesis. 
Biochem. Biophys. Res. Commun. 362,727-733. 
 
van Bloois, E., Koningstein, G., Bauerschmitt, H., Herrmann, J.M., 
Luirink, J.(2007) Saccharomyces cerevisiae Cox18 complements the 
essential Sec-independent function of Escherichia coli YidC. FEBS J. 274, 
5704-5713.  
 
van Bloois, E., Dekker, H.L., Fröderberg, L., Houben, E.N.G., Urbanus, 
M.L., de Koster, C.G., de Gier, J.W., Luirink, J (2008) Detection of cross-
links between FtsH, YidC, HflK/C suggests a linked role for these proteins 
in quality control upon insertion of bacterial inner membrane proteins. 
Accepted for publication in FEBS Lett. 



 

 



 

 

 

 

In Flanders fields the poppies blow 
Between the crosses, row on row, 

That mark our place; and in the sky 
The larks, still bravely singing, fly 
Scarce heard amid the guns below. 

We are the Dead. Short days ago 
We lived, felt dawn, saw sunset glow, 

Loved, and were loved, and now we lie 
In Flanders fields. 

Take up our quarrel with the foe: 
To you from failing hands we throw 
The torch; be yours to hold it high. 
If ye break faith with us who die 

We shall not sleep, though poppies grow 
In Flanders fields. 

John McCrae, 1915 
 

 
We are the cause of a world that's gone wrong 
Nature will survive us human dogs after all, 

We are the cause of a world thats gone wrong, 
Wouldn't it be great to heal the world 

With only a song. 
 

Serj Tankian, 2007 
 

 


