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Summary and concluding remarks

Summary
Introduction
A major challenge for all living cells is to direct nascent proteins synthesized in the cytoplasm
to their proper subcellular destination. This process involves recognition, targeting, membrane
translocation and finally folding in the proper subcellular compartments. In bacteria, two
major targeting pathways can be identified: post-translational and co-translational protein
targeting. The choice between these pathways strongly depends on the nature of the nascent
protein that needs to be protected from aggregation and misfolding in the cytosol. Membrane
targeting of membrane proteins occurs mostly via a co-translational mechanism (1). In
contrast, secretory proteins follow a post-translational targeting mechanism. Herein, nascent
proteins are fully synthesized before they are released from ribosomes for membrane targeting.
In the cytosol, these secretory proteins are often stabilized in an unfolded state by molecular
chaperones that prevent misfolding and aggregation. In the co-translational pathway, protein
targeting is mediated by signal recognition particle (SRP) and its membrane receptor (FtsY).
SRP recognizes and binds to the signal sequences or transmembrane segments of nascent
polypeptides once they emerge from the ribosomal exit tunnel. SRP directs the ribosome
nascent chain (RNC) complex to FtsY, where hydrolysis of GTP triggers the disassembly of
SRP from FtsY for recycling. Meanwhile, the RNC complex is transferred to the evolutionally
conserved Sec translocon, where protein synthesis and translocation occurs in a coupled
fashion. The Sec translocon is an heterotrimeric membrane protein complex: SecYEG in
the cytoplasmic membrane of bacteria and Sec61αβγ in the endoplasmatic reticulum (ER)
membrane of eukaryotes, that mediates the translocation of secretory proteins across, and
the insertion of membrane proteins into the cytoplasmic membrane, ER membrane or the
membrane of plant thylakoids (2).
In bacteria, the majority of membrane proteins are inserted into the membrane via a SecYEGmediated mechanism, but a small subset of inner membrane proteins utilizes another
membrane protein insertase for membrane biogenesis, the YidC protein. YidC belongs to the
ubiquitously conserved YidC/Oxa1/Alb3 protein family, which existed before the divergence
of the three domains of life (3–5). Members of the YidC/Oxa1/Alb3 protein family play
important roles in membrane insertion, folding and/or assembly of the membrane protein
complexes involved in the respiratory chain and photosynthesis (6, 7). The mitochondrial
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Oxa1 was first identified being essential for the insertion and assembly of the cytochrome c
oxidase and the F1F0ATPase. Later studies demonstrated that YidC of bacteria and Alb3 of
chloroplasts fulfill similar roles in the biogenesis of membrane protein complexes. Despite
the low sequence similarity, all of the YidC homologues share a conserved core domain with
five transmembrane segments (TMSs), which are arranged into a hydrophilic groove at the
cytoplasmic leaflet of the membrane (8, 9). This aqueous groove is supposed to be the catalytic
center of membrane insertion (10), and this arrangement may destabilize the local membrane
bilayer structure to facilitate insertion (Fig.1) (11). The common functional and structural
characteristics of the YidC homologs are summarized in Chapter 1 of the thesis.
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Figure 1. Close-up view of the hydrophilic groove of the E. coli YidC showing the side chains of the
indicated hydrophilic residues.

The E. coli YidC is essential for cell viability under both aerobic and anaerobic conditions,
likely because of its function in the membrane insertion and assembly of the energy
transducing and generation protein complexes (12, 13). YidC can function independently as
an insertase or work in concert with the SecYEG translocon whereby it assists in the folding
and /or assembly of inner membrane proteins. The identified YidC-only substrates like the
subunit c of the F1F0ATPase (F0c) and the mechanosensitive channel of large conductance
(MscL), as well as the YidC-SecYEG-dependent substrates are listed in Chapter 1. Most
Gram-negative bacteria, such as E. coli, have one YidC homolog, while many Gram-positive
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bacteria contain two YidC paralogs, like Bacillus subtilis YidC1 (SpoIIIJ) and YidC2 (YqjG).
Despite that SpoIIIJ and YqjG are largely exchangeable in function, SpoIIIJ has a specific
function in sporulation (14), whereas YqjG enhances competence development (15). Chapter
2 describes investigations on the regions of SpoIIIJ that contribute to its sporulation-specific
function and that distinguish SpoIIIJ functionally from YqjG. The E. coli YidC mediates cotranslational insertion that involves ribosome binding. The domains of YidC that determine
ribosome binding and insertion acitivty were investigated in Chapter 3. The cytosolic loop
2 and the C-terminus were demonstrated to be involved in ribosome binding and shown
to be essential for membrane insertion of the YidC-only substrates F0c and MscL. Not only
ribosome binding but also other potential components might be engaged in YidC mediated
membrane biogenesis. In Chapter 4, YidD was identified to be a new component in YidCSecYEG-mediated insertion as it is required for the efficient membrane biogenesis of the
NADH dehydrogenase membrane subunit NuoK.

TMS2 and its flanking regions are essential for SpoIIIJ sporulation specific
function
The B. subtilis SpoIIIJ (YidC1) and YqjG (YidC2) proteins possess the same conserved topology
of the YidC-like proteins. They can partially complement each other in cell viability and the
membrane insertion of substrates like the F0c subunit of the F1F0-ATPase (16, 17). Either
SpoIIIJ or YqjG is sufficient for vegetative growth, but a double deletion of the two paralogs is
lethal. Despite of the overlapping function, SpoIIIJ possesses a sporulation-specific function
that cannot be complemented by YqjG. To identify the regions of SpoIIIJ that are required
for its sporulation specific activity and that distinguish it from YqjG, a series of SpoIIIJ/YqjG
chimeras were constructed by replacing TMSs of SpoIIIJ with the corresponding regions of
YqjG and vice versa (Chapter 2). Our data suggests an essential role of TMS2 and its flanking
loops: cytosolic loop 1 (C1) and periplasmic loop 2 (P2) in the sporulation specificity and
a lesser contribution to specificity by TMS1 and TMS3, whereas the two C-terminal TMSs
(TMS4 and TMS5) do not seem to be critical for the SpoIIIJ-specific sporulation function.
SpoIIIJ is essential for the activation of the late forespore-specific sigma factor σG. Otherwise
sporulation is arrested at stage III after engulfment completion (14, 16). Activation of σG
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also requires the SpoIIIA (SpoIIIAA-SpoIIIAH) and SpoIIQ proteins, which assemble into a
secretion complex in the two membranes surrounding the forespore (18). SpoIIIJ has been
suggested to be involved in the folding or assembly of the SpoIIIAA-SpoIIQ channel. Depletion
of SpoIIIJ resulted in a non-functional polytopic membrane protein SpoIIIAE possibly arising
from impaired membrane insertion or misfolding (19). The hypothesis further awaits a direct
demonstration that SpoIIIAE is a SpoIIIJ substrate. An up-regulation of the single-spanning
membrane protein SpoIIIAH was induced upon depletion of SpoIIIJ, suggesting that SpoIIIJ
fulfills either a chaperone or foldase activity rather than an insertase activity in its sporulation
specific function (17). However, further studies are needed to verify this hypothesis and to
examine what other membrane proteins depend on SpoIIIJ for biogenesis.
B. subtilis SpoIIIJ TMS2 (TMS3 in the E. coli YidC) corresponds to the most conserved
transmembrane domain of YidC proteins. Two mutations, i.e. C423R and P431L have been
identified in TMS3 of the E. coli YidC that result in a cold sensitive growth phenotype (20).
Cross-linking analysis has mapped a number of substrates-contacting sites on TMS3 of the
E. coli YidC including an interaction with the Pf3 coat protein, F0c, and the Sec-dependent
substrates LepB and FtsQ (8). This suggests that TMS2 provides a generic docking site for
membrane proteins during insertion. TMS2 of SpoIIIJ was also shown to be critical for
sporulation, becasue the replacement of TMS2 alone of SpoIIIJ with that of YqjG severely
reduced sporulation activity (Chapter 2). Recent crystal structures of YidC in E. coli and
in B. halodurans reveal that the C1 region folds into an antiparallel hairpin-like structure
(CH1 and CH2) at the cytosolic face of the membrane. Deletion of either the CH1 or CH2
domain dramatically reduced the ability of SpoIIIJ to support growth and substrate insertion
(9). In addition, replacing the C1 region with a glycine linker fully inactivated SpoIIIJ,
implying an important role of the C1 domain. In Chapter 2, a further replacement of TMS2
together with its flanking regions (C1 and P2) of SpoIIIJ with corresponding regions of YqjG
completely blocked SpoIIIJ sporulation activity, but not the vegative function. This suggests
an involvement of the C1 and P2 domains in sporulation. Until now, the exact mechanism
of the specific role of SpoIIIJ in sporulation remains unclear. Exploring and identifying the
enigmatic SpoIIIJ-exclusive substrates might provide more insights into this issue.
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The cytosolic loop 2 and the C-terminus of the E. coli YidC are crucial for
ribosome binding and insertase activity
Co-translational membrane insertion of YidC/Oxa1/Alb3 substrates is initiated at the YidCribosome interface. The C-terminal region of the mitochondrial Oxa1 (86 residues; total
charge +14) and the Streptococcus mutants YidC1 (33 residues; total charge +9) and YidC2 (61
residues; total charge +14) have been shown to be crucial for the contact with ribosomes via
electrostatic interaction. Deletions within these domains compromised the protein insertion
function (21, 22). The C-terminus of the E. coli YidC is positively charged but substantially
shorter (13 residues; total charge +4). This region is also involved in ribosome binding, but
it is not the sole determinant (23). Chapter 3 describes further studies on the role of the
positively charged cytosolic regions of the E. coli YidC that are involved in ribosome binding
and the insertase activity. The cytosolic loop 2 (C2) and the C-terminus of YidC were shown
to be important for ribosome binding, and essential for YidC-mediated membrane insertion
of F0c and MscL. The C1 region of YidC is dispensable for ribosome binding or substrate
insertion, but it is essential for cell viability and might be involved in downstream function
during membrane protein biogenesis (Chapter 3).
The crystal structure of YidC reveals that the C1 loop folds into an antiparallel hairpin with
respect to the cytoplasmic membrane plane, forming a potential interface for ribosome
binding. Conflicting views on the role of the C1 loop have been published. Deletion of the C1
domain (371-416) of YidC compromised its activity in cell viability and membrane insertion
of Pf3-coat and M13 procoat proteins (24), whereas in another study the C1 region was found
to be dispensable for YidC activity (25). Our data suggest that the region 374-383 of the C1
domain of YidC is essential for cell viability. However, neither ribosome binding nor membrane
insertion of YidC-only substrates F0c and MscL was affected upon deletion of this region. The
data suggest that this region might be critical for YidC function in folding and/or assembly
of membrane proteins, or be involved in the membrane insertion of yet-unknown substrates
that are essential for cell viability. The C2 loop and the C-terminus of YidC are structurally
disordered in the crystal structure, possibly due to their flexibility. Both regions are involved
in ribosome binding and membrane insertion (Chapter 3). Single deletions within the C2
loop or of the C-terminus barely affected the YidC activity, but a double deletion resulted in
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reduced ribosome binding and a loss of insertase activity. We hypothesize that the double
deletion induce a conformational distortion of YidC either causing a dysfunctional YidC:RNC
complex or impairing membrane insertion. Previous studies suggest a correlation between
ribosome binding and the insertase activity of YidC proteins. The C-terminal truncated
mitochondrial Oxa1 deficient in ribosome binding exhibits reduced insertase activity, which
is the same case for the S. mutants YidC1 and YidC2 (21, 22). However, we did not observe an
obvious correlation between the E. coli YidC: RNCs binding and membrane insertion of F0c
and MscL, which is in line with the less critical role of the C-terminus of YidC(23). Instead,
ribosome binding strongly depends on the nature and identity of the nascent chain indicating
downstream interactions with the substrate that define the specificity.

Efficient membrane insertion of NuoK requires YidD
In E. coli, the yidD gene is localized in a well-conserved operon composed of the rpmH-rnpAyidD-yidC-trmE genes. The yidD gene encodes for a a small peripheral membrane protein
that has been proposed to have a functional link with YidC (26), but the role of YidD in
membrane protein biogenesis is unknown. In Chapter 4, deletion of the yidD gene resulted in
a reduction of the proton motive force and a weak overexpression of the stress protein PspA,
that at least in part can be attributed to a decreased activity of the NADH dehydrogenase.
By the use of an in vitro membrane insertion assay, membrane insertion of the NADH
dehydrogenase membrane subunit NuoK, which is YidC-SecYEG-dependent, was enhanced
by YidD. The role of YidD in membrane biogenesis seems substrate-specific because insertion
of the YidC-only substrate F0c was not stimulated by YidD. Our data suggest that YidD is a
new, but non-essential component of the translocase that stimulates YidC-SecYEG-mediated
insertion.
Crosslinking analysis has proposed that YidD is in close proximity to a nascent FtsQ which
is a SecYEG-dependent IMP, possibly functioning as a chaperone in membrane insertion
(26). In Chapter 4, YidD co-purified with SecYEG and NuoK, whereas an interaction with
YidC was observed only when YidC and YidD were co-overexpressed. In addition, deletion
of YidD diminished the in vivo membrane levels of NuoK, and in vitro assays verified that
YidD was required for an efficient membrane insertion of NuoK. The findings of Chapter 4
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provide a hint that yet-unidentified factors may exist in the YidC-SecYEG-mediated insertion
pathway. Further identification of such enigmatic components will provide insights into the
mechanism by which IMPs are inserted.

Concluding remarks and future perspectives
Members of the YidC/Oxa1/Alb3 protein family possess a conserved core region composed
of five TMSs, which assemble into a hydrophilic groove catalyzing membrane protein
biogenesis. The crystal structures of YidC from E. coli and B. halodurans now provide
insights into the possible mechanism by which single-spanning inner membrane proteins
with negatively charged translocated regions are inserted into the membrane at the YidClipid interface. However, how multi-spanning membrane proteins are inserted, folded and/
or assembly by YidC remains elusive, nor is it clear how ribosome binding contributes to
the insertion. Here, we have defined the domains of YidC that are involved in ribosome
binding and insertase activity, and identified YidD as a new but non-essential component in
membrane insertion. The analysis on the regions of SpoIIIJ that determine its sporulation
specific activity provides insights in the regions of YidC that define specificity, but for further
work more direct evidence is need what substrates depend on this specific function of SpoIIIJ.
Most membrane proteins follow a co-translational SRP/FtsY targeting mechanism, but how
this targeting pathway distinguishes between substrates that need to be directed to YidC or
to the Sec translocon remains unknown. With the help of the structural information, future
structure-function studies on YidC will be more directed, allowing for an elucidation of the
mechanisms by which this system inserts and folds membrane proteins.
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