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5.1 IntRoDuctIon
A crucial step in the evolution of life was the generation of a membrane that 
separated the inner self from the environment and allowed concentration of precious 
molecules and chemicals. This membrane is formed in bacteria by a bilayer of mainly 
phospholipids that form a protective hydrophobic barrier. However, this protective 
barrier should also allow transport and communication to take place. Both these 
processes are usually performed by membrane proteins, which require a spelcialised 
machinery that correctly and efficiently inserts these proteins into the lipid bilayer. 
Spontaneous insertion of membrane proteins has been reported to occur in vitro for 
specific proteins, but is unlikely to play a significant role in vivo (1). To date, insertion 
of nearly all proteins analyzed requires protein components to guide and catalyze their 
membrane integration. Besides the Sec translocon, YidC plays an essential role in the 
insertion of a subset of proteins into the inner membrane (IM) of Escherichia coli (25). 
YidC is a member of the YidC/Oxa1/Alb3 protein family that constitutes a class of 
conserved proteins involved in the biogenesis of both bacterial membrane proteins 
and membrane proteins in the mitochondria or chloroplasts. Many functions have 
been ascribed to YidC in inner membrane protein (IMP) biogenesis, ranging from 
membrane protein insertion in conjunction with the Sec translocon or by itself, IMP 
folding and complex formation, and quality control. For a subset of IMPs, YidC alone 
is required and sufficient for membrane insertion. These IMPS include for instance 
the coat proteins of the bacteriophages M13 and Pf3, but also the subunit c of the 
F1F0-ATPase is an endogenous E. coli protein that unambiguously requires only YidC 
for membrane insertion and assembly. These are the substrates for the so-called YidC-
only pathway in which YidC act as an insertase. For the second category of substrates, 
the combined activity of Sec and YidC is essential for protein insertion into and 
translocation across the IM. Subunit II of the cytochrome o oxidase (CyoA) and NuoK 
of the NADH dehydrogenase I are examples of this category of YidC substrates. In 
absence of YidC these proteins fail to insert correctly into or to translocate across the 
IM. For a third category of proteins, YidC is not per se required for protein insertion, 
rather it is essential for proper folding of the protein, assembly into an oligomeric 
complex or maintenance of the translcoation-competent state of the secreted protein 
in the periplasm. The proteins belonging to this group include the MalF, LacY and 
probably also MscL and Hbp. Here, YidC plays a late role in the biogenesis, probably 
acting as an assembly scaffold for the nascent transmembrane segments (TMs) and 
periplasmic domains. For the fourth category of proteins, YidC depletion has no effect 
either on their function or on their steady-state levels. Although these IMPs are in 
principle not YidC ‘substrates’, YidC can be found cross-linked to these nascent IMPs, 
indicating a close proximity of YidC during biogenesis. Possibly, for these proteins, 
YidC plays a kinetic role in insertion and assembly that may not be critical under 
laboratory growth conditions. It should also be noted that the influence of YidC on 
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the folding of these proteins has not been addressed in detail. These Sec-dependent 
(and thus YidC-independent) substrates include the leader peptidase Lep and FtsQ, a 
protein involved in cell division. Finally, YidC has been suggested to function in quality 
control of IMPs (22).

Despite the numerous studies on YidC, many questions remain unanswered. For 
example, how are the various substrates recognized by YidC? Why is YidC essential 
and consequently, what happens to cells in which YidC is depleted? Are there any 
other factors involved in YidC functioning? The work described in this thesis aims at 
answering these questions. 

5.2 substRAtE REcognItIon sItE In YIDc
Only a handful of YidC-dependent substrates have been identified till date. These 
include the small exogenous coat proteins of M13 and Pf3 phages, the endogenous small 
proteins F0c and MscL, but also large proteins such as MalF and LacY (1). Proteome-
wide studies have identified many potential YidC substrates (18, 26), although these 
studies have shown little success in identifying the properties that define IMPs to be 
YidC-dependent. The mechanism and timing of substrate recognition by YidC also 
remains poorly understood. Scanning mutagenesis studies showed that the precise 
sequence of YidC is not important for functioning, as long as the general structure is 
conserved (8). However, the strong sequence conservation of TM2 and TM3 does show 
that at least these two TMs are important for YidC functioning (11). In agreement with 
this, YidC TM3 contains a unique cysteine residue at position 423, which has been 
shown to cross-link to a unique cysteine residue introduced in the TM of nascent FtsQ 
(23). This observation suggested that YidC TM3 is adjacent to the TM of nascent FtsQ. 

To further investigate the interaction of YidC TM3 with nascent IMPs during 
membrane integration, we used cysteine scanning cross-linking in an in vitro approach 
(Chapter 2) (29). Inverted inner membrane vesicles (IMVs), prepared from cells 
expressing YidC single cysteine mutants, were cross-linked to nascent chains of three 
different IMPs (FtsQ, Lep, and F0c), which were also engineered to contain a unique 
cysteine residue. We demonstrated that YidC TM3 is close to the TM of all three nascent 
substrates tested. YidC TM3 appeared to face the TM of nascent substrates in a helical 
conformation, with one side of the helix forming the interface (Fig. 1). In contrast, 
the different cysteine residues introduced in the TM of the nascent short version of 
FtsQ (108FtsQ) showed a similar cross-linking profile to YidC TM3, indicating that 
the FtsQ TM does not occupy a fixed position relative to YidC TM3. The analyzed 
region of FtsQ TM did not show an α-helical cross-linking pattern to YidC TM3. This 
could mean that at this stage in biogenesis either the TM of FtsQ has not adapted yet 
an α-helical conformation (Fig. 1A), or that the TM is α-helical, but has rotational 
freedom towards YidC TM3 (Fig. 1B). In addition, the TM of 97FtsQ, showed a similar 
cross-linking profile to 108FtsQ. This suggested that the TM is held for some time at 
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the YidC TM3 before release into the lipid phase. Interestingly, both Sec-dependent 
and Sec-independent substrates contacted the same sites within YidC TM3. Our data 
suggest that YidC TM3 forms a static substrate docking site whereas the TM of the 
nascent chain is flexible in its interaction with TM3 as the substrates moves along 
YidC. Despite the strong sequence conservation of YidC TM2, we did not find cross-
link adducts of TM2 to nascent substrates. However, to exclude TM2’s contribution to 
the substrate docking site, more positions in TM2 should be examined.

Figure 1. Schematic representation of YidC TM3 in close contact to the TM of nascent FtsQ. 
YidC TM3 is rigidly oriented toward the substrate TM. In contrast, the substrate TM  appears 
to have freedom of movement relative to TM3. The movement of the nascent TM can be either 
longitudinal if the TM is still in an extended form (A) or rotational if the TM has adopted an 
α-helical conformation (B).
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The importance of TM3 has been confirmed by other studies. In a similar cysteine 
scanning cross-linking approach, Klenner et al. confirmed that YidC TM3 faces in 
one orientation the TM in Pf3 nascent chains (12). Residues in the same region of 
YidC TM3 were cross-linked to the substrate TM. Surprisingly, YidC TM1 was also 
found adjacent to the TM in nascent Pf3. In contrast to the conserved YidC TM3, YidC 
TM1 can readily be replaced by a cleavable signal sequence (9). It would be interesting 
to test if other YidC substrates also interact with TM1, or if this is a Pf3-specific 
interaction. The importance of YidC TM3 is unchallenged. Besides TM3’s conservation 
in sequence, and its close proximity to both nascent Sec-dependent and independent 
substrates, mutations have been identified in TM3 that confer cold-sensitivity (31). As 
YidC needs to accommodate a whole range of substrates, it is clear that YidC’s contacts 
with substrates must be non-specific. Therefore, no residue in YidC, even in TM3, 
is strictly essential (8), rather the presence of five TMs acting as a folding platform 
appears important. All these data together suggest that YidC acts as a docking site for 
nascent TMs, in which TM3 is the main contact site. 

5.3 EFFEct oF YIDc DEPlEtIon on cEll PhYsIologY
The current models for YidC functioning are based on targeted approaches using only 
a limited number of model IMPs. Although these studies have brought insight into the 
various roles of YidC, a global approach is required to increase our understanding of 
YidC’s role in the cell. To this end, we used an unbiased genetic screen to select for factors 
that are able to complement the growth of cells upon YidC deletion (Chapter 3) (30).

A library containing partially digested E. coli genomic DNA was transformed 
into FTL10 cells, in which yidC is under the control of an L-arabinose promoter (5). 
Transformants were selected that grow at low L-arabinose conditions, which normally 
do not sustain cell growth. Detailed analysis of these clones revealed that only one 
clone completely complemented the growth defect upon YidC depletion and, not 
surprisingly, this clone contained yidC. In other selected clones, low levels of YidC 
remained essential to support normal growth in addition to the presence of the 
complementing plasmid. About 30% of those clones contained plasmids coding for 
GadX and GadY, which are factors involved in regulation of the Glutamate-dependent 
acid resistance (Gad) pathway (32). gadX codes for a transcriptional regulator whereas 
gadY transcription results in a non-coding RNA that modulates the stability of gadX 
mRNA (2, 16). We found that overexpression of gadX and gadY complements growth 
of YidC-depleted cells, and represses the massive PspA response that follows YidC 
depletion. These findings indicated an unexpected link between YidC and the acid 
stress response. We have excluded the direct effect of GadX and GadY on YidC, i.e. 
the stability of YidC is not increased in these cells, nor is the functionality of YidC in 
IMP insertion improved. In addition, overexpression of gadB and gadC, effectors of 
the Gad pathway, did not rescue the growth defect that accompanied YidC depletion. 

120



General Discussion

5

Remarkably, YidC-depleted cells did not suffer from an acidified cytoplasm. These 
data together suggest that the beneficial effects of GadX and GadY overexpression are 
neither the result of improved membrane protein biogenesis nor of reversing a drop in 
interacellular pH. Notably, the regulation of GadX and GadY is complex, involving at 
least 15 regulatory factors whose expression respond to the environmental pH, growth 
phase, medium composition, and oxygen levels. The network is not well understood 
and includes many genes that have no direct link with acid resistance (6), such as 
multidrug resistance genes (15).

We hypothesize that GadX and GadY overexpression alleviates negative secondary 
effects of YidC’s absence. YidC depletion results in the Psp membrane stress response 
due to dissipation of the pmf (24). The upregulation of GadABC could contribute to 
a functional pmf. Glutamate is converted by GadAB to γ-aminobutyric acid (GABA), 
which is subsequently expelled by GadC, a membrane transporter, to the periplasm in 
exchange for a glutamate, resulting in net transport of one proton (Fig. 2). Restoration 
of pmf is indicated by the decrease of PspA accumulation in the gadXY overexpressing 
cells. The additional observed increased levels of GroEL associated with the IM in these 
cells could also contribute to improve cell viability. GroEL is a general chaperone that 
is known to act on a wide range of non native proteins and helps them to reach their 
folded conformation (14). When YidC levels are low, GroEL may be recruited to the 
membrane to interact with IMPs that have not been inserted and expose hydrophobic 

Figure 2. The enzymatic reaction catalyzed by GadABC. Glutamate is converted by the isozymes 
GadA and GadBA to γ-aminobutyric acid (GABA) with the consumption of one proton. GABA 
is expelled by the antiporter GadC to the periplasm while importing glutamate. This results in 
net transport of one proton, which may contribute to a restored proton motive force upon YidC 
depletion and GadABC upregulation.
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sequences. This interaction may help to keep these substrates in an insertion-competent 
state while they anticipate their insertion into the membrane by the limited amount of 
YidC available. Together, the improved pmf and high levels of chaperones may help the 
cell to cope with low YidC levels. Interestingly, we observed a shift to fermentation in 
YidC-depleted cells, which is also in part reversed by overexpression of gadXY. 

Finally, although our screen may not have been exhaustive, we only find YidC itself 
to fully complement its function. This suggests that YidC cannot be replaced by any 
other single factor in the cells, consistent with its essential nature. However, as shown 
in the next paragraph, novel non-essential proteins remain to be identified that could 
contribute to efficient membrane protein biogenesis.

5.4 chARActERIzAtIon oF YIDD, A novEl FActoR InvolvED 
In IMP bIogEnEsIs
The precise function of YidC in IMP biogenesis remains to be defined. It is also unknown 
if other factors, besides the SecYEG and SecDF-YajC complexes, are cooperating with 
YidC in membrane protein biogenesis. Our functional complementation study failed 
to identify novel factors that are directly involved in protein biogenesis (28). However, 
we have shown that yidD, a previously uncharacterized gene located upstream of 
yidC, encodes a novel conserved factor that affects YidC-dependent insertion of IMPs 
(Chapter 4).

The yidD ORF is located in a cluster of genes whose order is conserved in Gram-
negative bacteria, the gene order being rpmH, rnpA, yidD, yidC, and trmE. The rpmH 
gen codes for L34, a component of the 50S ribosomal subunit, whereas rnpA codes for 
the protein component of  ribonuclease P (RNAse P). RNAse P acts in processing of 4.5S 
RNA, the RNA component of SRP (17). Only 2 bp downstream of yidD, lies yidC. TrmE 
codes for MnmE, a GTPase required for tRNA modification(27), and involved in GAD 
resistance (4). yidD homologs can be found in bacteria, archaea, plants and even in 
phage genomes, but intriguingly not in yeast, Caenorhabditis elegans or mammals. The 
homologs are defined by the presence of Domain of Unknown Function 37 (DUF37), 
characterized by 3 conserved cysteine residues and a high pI. However, thus far, this 
small protein of the predicted size of 9.3 kDa has not been characterized. 

After verifying yidD transcription and translation in E. coli, we continued the 
characterization by expressing a plasmid-based yidD, modified with a his-tag to 
facilitate detection and purification. YidD localized to the IM, as was shown by cell 
fractionation and differential solubilization. As a control, GFP was fused to YidD to 
independently explore the cellular localization by fluorescence microscopy. Indeed, 
also GFP-YidD localized to the membrane. Together these data demonstrate the IM 
localization of YidD. This was surprising, as YidD does not contain any hydrophobic 
domains that could account for membrane targeting or insertion. Closer inspection of 
the predicted secondary structure revealed 3 α-helical regions. The most N-terminal 
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α-helix has a predicted amphipathic nature and was shown to be sufficient to target 
GFP to the membranes, suggesting that the first α-helix contributes to YidD’s 
membrane association. There are several indications for YidD’s involvement in 
membrane protein biogenesis. One indication is that yidD is located in a conserved 
gene cluster (rpmH, rnpA, yidD, yidC, and trmE) that seems to be involved in protein 
synthesis and membrane insertion, suggesting that the YidD has a related function. 
Another indication is that yidD and yidC exist as a fused ORF in Blochmannia 
pennsylvanicus. This bacterium is an obligate intracellular bacterium of the ant 
Camponotus pennsylvanicus (3). The obligate intracellular lifestyle of this bacterium 
resulted in a massive reduction of genome size when compared to their free-living 
ancestors. The presence of the yidDC fusion would thus indicate a strong selection to 
maintain the genes in a linked fashion. Consistent with a linked function, we showed 
that yidD and yidC are cotranscribed in E. coli. Finally, overexpression of YidD led 
to the upregulation of PspA, which is indicative for membrane stress (10). It should 
be noted that this upregulation of PspA is moderate, when compared to the massive 
PspA response upon YidC depletion. To study the function of YidD in more detail, we 
constructed ∆yidD mutants. YidD knock-outs had no apparent effect on the generation 
time or morphology. Interestingly however, detailed investigation of the biogenesis of 
YidC-dependent substrates hinted at a function of YidD in YidC-dependent membrane 
insertion. Absence of YidD resulted in impaired processing of M13P2 and CyoA and 
lower steady-state levels of F0c. In contrast, the levels or processing of OmpA and Lep 
were not affected. Apparently, these moderate effects do not affect cell viability under 
laboratory conditions. Furthermore, we found YidD in close proximity of inserting 
nascent chains. His-tagged YidD was cross-linked to the cytosolic domain of the 
nascent FtsQ, but not to the TM or periplasmic domain. This indicated that YidD is 
at the cytosolic side of the IM, close to the nascent chain. At the same time, nascent 
chains of 108FtsQ has been found in closed contact to YidC, SecA, and SecY at this 
stage of integration (19, 21, 29). The combined data suggest that at this stage of FtsQ 
translation and insertion, the TM of FtsQ is close to YidC, while the flanking regions 
interact with YidD and SecY. We would like to propose that YidD plays a role, although 
not an essential one, in membrane protein biogenesis, probably in concert with YidC 
(Fig. 3). It is interesting to note that YidD and its homologs have a high pI, resulting 
in a highly positively charged protein at physiological pH, similar to the C-terminal 
tail of the YidC homolog Oxa1. This tail is involved in tethering the ribosome to the 
membrane during co-translation protein insertion in mitochondria (7, 13, 20). It is 
tempting to hypothesize that YidD fulfills such a function in bacteria, as YidC lacks this 
long C-terminal tail. Indeed, a C-terminally truncated YidC retained activity in vivo 
(8), indicating that other parts of YidC, or possibly YidD, provide sufficient interaction 
sites for ribosome binding. 
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5.5 concluDIng REMARks AnD PERsPEctIvEs
The results described in this thesis shed light on the function of YidC and the recognition 
of its substrates (Chapters 2 and 3). In addition, we describe the identification of YidD, 
a small conserved protein, whose role in IMP biogenesis in E. coli is shown for the first 
time (Chapter 4). Despite the many studies that have investigated YidC’s various roles, 
there are still pressing issues that need to be addressed. What is the molecular mode of 
action of YidC? How does it assist in IMP biogenesis? How can this protein function 
in different complexes and in different ways as it seems to play a role as an insertase, 
translocase, chaperone, assembly factor, and in quality control? A major step forward 
will be to solve the structure of YidC at atomic resolution, both with and without 
its bound substrates. This structural information may reveal how YidC facilitates 
membrane insertion and shed light on the organization of the six TMs. It may confirm 
the involvement of YidC’s TM3 in substrate recognition. Furthermore, structures of 
YidC with various substrates may explain how YidC combines the various functions 
it exerts in the membrane, alone and in relation with the Sec translocon and YidD. 
The question of the oligomeric state of YidC, alone and in conjunction with the Sec 
translocon, may also be revealed using structural studies. Another issue concerns the 
identity of YidC substrates. What are the structural features that make a protein YidC 
dependent, either for insertion, translocation or oligomerization. Although a handful 
YidC substrates have been identified, and additional proteomic studies showed the 
effect of YidC depletion on putative substrates (18, 26), it is still not clear what makes a 
protein require YidC for proper biogenesis. What other factors may be involved in IMP 
biogenesis? YidD, a long overlooked protein, is now described as another factor that 
is involved membrane protein biogenesis. In accordance with its non-essential nature, 
under laboratory conditions, deletion of YidD has a modulating effect on IM insertion 
of YidC-dependent substrates. Although YidD’s function needs to be characterized in 
detail, its discovery adds to the complexity of membrane protein insertion in E. coli.

Figure 3. Involvement of YidD in 
membrane protein biogenesis. Model 
of Sec translocon, YidC and YidD 
acting in concert  to insert an IMP. See 
text for details.
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