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Chapter 1

Membrane protein insertases of the
YidC/Oxa1/Alb3 protein family

Yanping Geng and Arnold J.M. Driessen

Membrane protein insertases of the
YidC/Oxa1/Alb3 protein family

Abstract
Members of the YidC/Oxa1/Alb3 protein family are ubiquitous throughout the different domains of life. They play important roles in the membrane biogenesis of inner membrane proteins in bacteria, mitochondria and chloroplasts. In bacteria, most
inner membrane proteins are integrated into the membrane via a co-translational
mechanism. YidC can function as an independent membrane protein insertase, but
it also cooperates with the SecYEG translocon whereby it assists in the folding and
/or assembly of inner membrane proteins. Recent structural and functional studies
provide a possible mechanism by which inner membrane proteins are integrated into
the membrane by YidC. YidC possesses a conserved core domain of five transmembrane segments, which assemble into a hydrophilic groove at the cytoplasmic leaflet
of the membrane. This groove is supposed to be the catalytic center of membrane
insertion. Here, we summarize the common structural and functional aspects of the
YidC /Oxa1/Alb3 protein family, including specialized functions of YidC paralogs.
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1. Introduction
Membrane proteins are ubiquitous in all living organisms, making up about 20%~30% of the
total synthesized proteins in cells (1). They perform a variety of functions including energy
transduction and generation, signal transduction, ion and molecule transport, motility, metabolism and photosynthetic reactions. To execute their functions, newly synthesized membrane proteins need to be targeted to their membrane destinations where they can fold and/
or assembly into a functional unit.
Integral membrane proteins span the membrane, mostly by α-helices that form individual
hydrophobic transmembrane segments (TMSs) (1). Membrane proteins are inserted into the
membrane via the conserved Sec translocase: SecYEG in the cytoplasmic membrane of bacteria and Sec61αβγ in the endoplasmatic reticulum (ER) membrane of eukaryotes (2, 3). This
process occurs mostly via a co-translational mechanism (Fig. 1) (4). Herein, a ribosome nascent chain complex (RNC) is targeted to the membrane by signal recognition particle (SRP),
which recognizes and binds to a TMS of the nascent inner membrane protein (IMP) once
it emerges from the ribosomal exit tunnel (5). The SRP-bound RNC is then directed to the
membrane receptor FtsY (or SRα/SRβ in eukaryotes), where GTP hydrolysis drives the transfer of the RNC to the SecYEG protein-conducting channel. Soon afterwards, the SRP/FtsY
heterodimeric complex dissociates to release SRP for another round of membrane targeting
(2, 6). In bacteria, not all of the IMPs employ the SecYEG translocon for membrane insertion. A small subset of the membrane proteins, especially small IMPs with very hydrophobic
TMSs, require YidC for membrane biogenesis (7). Members of the evolutionarily conserved
YidC/Oxa1/Alb3 protein family are universal in bacteria, euryarchaeota, and eukaryotes (8).
They can function as independent insertases for the membrane insertion of bacterial and
mitochondrial inner membrane proteins, and thylakoid membrane proteins of chloroplasts
(6). Alternatively, they function as chaperones in facilitating protein folding and/or assembly
during membrane insertion. One common feature of the YidC/Oxa1/Alb3 protein family is
their involvement in the insertion and assembly of the multimeric energy transduction complexes such as the F1F0ATPase (9). Therefore, YidC-like proteins play a significant role in cell
physiology.
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Figure 1. Schematic representation of protein insertion pathways in bacteria. Bacterial inner membrane proteins (IMPs) are inserted into the lipids bilayer via a co-translational insertion pathway. (A)
The majority of newly synthesized IMPs are targeted to the SecYEG translocon in a SRP/FtsY dependent manner where the IMPs concomitantly with polypeptide chain elongation at the ribosome, and
insert into the lipid bilayer via SecYEG. YidC occupies the lateral gate of the SecYEG translocase, possibly facilitating the release of the hydrophobic TMSs from the SecYEG protein conducting channel
into the lipid phase, and/or the proper folding and assembly of the IMPs. YidC can also function as
independent insertase for IMPs either in conjunction with RNCs (A) or posttranslational (B). Membrane insertion of some IMPs is also dependent on the proton motive force. (C) During post-translational targeting, fully synthesized preproteins are kept in a translocation competent state by the
molecular chaperone SecB and targeted to the motor protein SecA bound to the SecYEG translocon.
SecA drives the translocation of preproteins across the membrane via multiple ATP hydrolysis cycles.

Recently, high-resolution crystal structures of a YidC homolog from E. coli and Bacillus halodurans have been obtained that provide insight into the mechanism of YidC-mediated insertion (10, 11). The conserved C-terminal region of YidC comprising five TMSs that are
arranged into a hydrophilic groove which is sealed at the periplasmic side while open to both
the cytoplasm and the membrane. This structural insight now for the first time provides a
glimpse on how membrane proteins may slide into the membrane at the YidC protein to lipid
interface. In the review, we will describe the distribution, common structural and functional
features of the YidC/Oxa1/Alb3 protein family. Our current understanding of dynamic in-
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teractions of YidC with other protein factors involved in membrane biogenesis will also be
discussed.

2. The YidC/Oxa1/Alb3 family: Phylogenetic analysis
Members of the YidC/Oxa1/Alb3 protein family are distributed ubiquitously in all domains
of life. As the phylogenetic tree reveals (Fig. 2), gene duplications have led to six sub-branches
of the YidC/Oxa1/Alb3 protein family: YidC1 and YidC2 in bacteria, Oxa1 and Oxa2/Cox18
in mitochondria, and Alb3 and Alb4 in chloroplasts. All of the YidC homologs are evolved
from a common ancestor. In bacteria, most Gram-negative bacteria, such as E. coli, contain
only one YidC homolog (YidC), while two copies are found in many Gram-positive bacteria
(YidC1 and YidC2). In eukaryotes, YidC homologs are found in the inner membrane of mitochondria (Oxa proteins) and the thylakoid membrane of chloroplasts (Alb3 proteins) with
a number ranging from one to six. YidC homologs are absent from the plasma and ER membrane. The yeast Saccharomyces cerevisiae possesses only one copy of a Oxa protein, while fungi and metazoan have two copies. Six copies were identified in the plant Arabidopsis thaliana
(8), but not all eukaryotes seem to possess YidC-like proteins, such as the mitochondriate
protozoa Giardia lamblia and Trichomonas vaginalis (12). It is assumed that the rich diversity
of the YidC homologs in eukaryotes arises from independent gene duplications or loss during
evolution. In archaea, a single copy of a YidC homologue is found but only in some, and not
all, euryarchaeota. All of the putative YidC homologs are predicted to possess four conserved
TMSs with a rather low similarity to the bacterial YidC both in the sequence and the length
(8, 12). Since there is no functional data on the identified archaeal YidC homologs, the exact
significance of the sequence similarity is still unclear. Thus, it appears that YidC was lost in
most archaea while it diverged in some euryarchaeota. In this respect, Archaea and Eukaryotes emerged from the same branch during evolution, prior to the formation of mitochondria
and chloroplasts that evolved from a prokaryotic endosymbionts. The latter event likely introduced YidC into these eukaryotic organelles.
During evolution of the YidC/Oxa1/Alb3 protein family, independent gene duplications result in YidC paralogs with specialized functions in one organism or organelle. In B. subtilis,
YidC1 (SpoIIIJ) is essential for sporulation and YidC2 (YqjG) is involved in competence de-
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Figure 2. Phylogenetic tree of the YidC/Oxa1/Alb3 protein family. The YidC-like proteins in bacteria,
mitochondria and chloroplasts clearly fall into three clades including six sub-branches. The figure was
adapted from Funes et al. (2011). The archaeal homologs are not included in this phylogenetic tree as
these are too divergent.

velopment. These specific functions are not exchangeable (13) in contrast to their function
during vegetative growth. For some YidC-like proteins, a long hydrophilic stretch, proposed
to be involved in membrane targeting, has been added to the C-terminus in the event of gene
duplication. In mitochondria, a long C-terminal extension enables Oxa1 to support ribosome
binding during co-translational insertion, whereas its paralog Oxa2/Cox18 lacks this extended region and its activity is restricted to post-translational insertion (14, 15). The Streptococcus mutants YidC2 contains a similar ribosome binding C-terminal tail, which was found to
partially compensate for a SRP defect suggesting a conserved role in ribosome targeting (16).
The C-terminus of Alb3 is specific for recruiting the chloroplast signal recognition particle (cpSRP43) and the light harvesting complex protein (LHCP) to the thylakoid membrane
(17). In summary, independent gene duplications not only enriched the diversity of the YidC/
Oxa1/Alb3 protein family but also broaden their substrate spectrum, whereas early in evolution, YidC diverged or even got lost in the archaeal kingdom of life.
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3. Common functions of the YidC/Oxa1/Alb3 protein family
YidC homologs are functionally conserved in catalyzing the membrane insertion, assembly
and/or folding of the inner membrane proteins of bacteria, mitochondria and the thylakoid
membrane proteins in chloroplasts (18–22).
The YidC homolog of mitochondria, Oxa1, was first discovered to be involved into the membrane biogenesis of mitochondrial IMPs. Oxa1 was initially identified in yeast as an essential
factor for the assembly of cytochrome c oxidase, as depletion of Oxa1 resulted in a respiratory
deficiency phenotype related to an undetectable cytochrome oxidase complex (23). Later, it
is found that Oxa1 tightly interacts with the nascent polypeptide chains of subunit 1 (Cox1),
subunit 2 (Cox2) and subunit 3 (Cox3) of the cytochrome oxidase (COX) complex as well as
the cytochrome b (Cytb) of cytochrome c reductase during co-translational insertion. This
provides evidence that Oxa1 plays an important role in membrane protein biogenesis (24–
27). Cox18 (termed Oxa2 in N. crasssa) represents another subgroup of the YidC homologs
of mitochondria, and this protein was shown to be essential for the membrane biogenesis of
the COX complex by promoting the translocation of the C-terminus of Cox2 across the inner
membrane of mitochondria (28). Therefore, the Oxa1/Cox18 paralogs are characterized as
independent IMP insertases in mitochondria, and this function in membrane insertion is one
of the common features of the YidC/Oxa1/Alb3 protein family (29, 30).
In 2000, Scotti and coworkers found that the E. coli YidC could be co-purified with the SecYEG translocase and cross-linked to the signal anchor sequence of a nascent membrane
protein FtsQ, providing a hint for the involvement of YidC in the membrane insertion mechanism (31). Meanwhile, it was reported that the E. coli YidC is essential for viability and that
it plays a critical role in the membrane insertion of the Sec-independent substrate Pf3, which
is a coat protein of a phage (29). These two findings point out a novel membrane insertion
pathway in bacteria mediated by YidC either independent or in conjunction with the Sec
translocon. By means of an in vitro approach, YidC was shown to insert membrane proteins
(32, 33). In the assay, the membrane insertion of a subset of IMPs was analyzed using proteoliposomes containing the purified YidC protein. The first endogenous E. coli substrate found
was F0c subuit of the F1 F0ATPase complex. Further in vivo and in vitro approaches now define
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Table 1 Identified substrates for the YidC/Oxa1/Alb3 protein family. Substrate specific functions of YidC are depicted in the bracket.
YidC homologs

Substrates and YidC functionality

Bacteria

As an insertase for YidC-only substrates

YidC

F0c of the ATPase complex (insertion)
MscL, mechanosensitive channel of large conductance
(insertion)
TssL, a C-tailed anchor protein (insertion)
The N-terminal domain of CyoA of the cytochrome c oxidase
( insertion )
Exogenous substrates M13 procoat and Pf3 coat proteins
(insertion)

Description
(32, 47, 48)
(49–51)
(52)
(53, 54)
(29, 33, 55)

As a chaperone for YidC-SecYEG-dependent substrates
The C-terminal domain of CyoA (insertion of TMS2 and
translocation of the large C-terminal periplasmic domain)
F0a, F0b subunits of the ATPase complex (insertion, assembly)
NuoK of the NADH dehydrogenase (insertion)
MalF, a 8-spanning integral membrane subunit of the
MalFGK2 maltose transporter (folding)
LacY, a 12-membrane spanning lactose permease (folding)
TatC, a 6-membrane-spanning subunit of the Tat translocase
(translocation of periplasmic loops1 and 2 )
PBP2 and PBP3 of penicillin binding proteins (folding)
Mitochondria

Mitochondrial-encoded

Oxa1

Cox1, Cox2 and Cox3 of the cytochrome c oxidase
(insertion,assembly)
Cytb of the cytochrome c reductase (insertion)
ATP6 and ATP9 of the ATP synthase (assembly)

(53, 54)
(35, 56)
(57)
(43)
(41, 42)
(58)
(59)
(25–27)
(27)
(39)

Nuclear-encoded

Cox18/Oxa2a

Oxa1 (insertion)
carrier proteinsc (insertion)
Mdl, a 6-spanning multidrug transporter ( insertion)
the C-terminus of Cox2 (translocation)

(26)
(60)
(61)
(15, 28)

light harvesting chlorophyll-binding proteins (LHCP)
(assembly)
photosystems PSI and PSII (assembly)
subunit CF1β (plastid encoded) and CF0II (nuclear-encoded)
of the ATPase (assembly)

(30, 62)

Chloroplast
Alb3/Alb3.1 and
Alb3.2b
Alb4

(40, 63)
(36)

a: Cox18 is termed Oxa2 in Neurospora crassa (15); b: the homologs of Alb3 in Chlamydomonas reinhardtii (63); c: carrier proteins (e.g. mitochondrial ATP/ADP carrier protein Aac2).
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a small subset of the YidC-exclusive substrates (table 1). These are rather small proteins with
very hydrophobic TMS(s) with negatively charged N- or C-termini or loops at the periplasmic face of the membrane (34).
In addition to the insertion activity, YidC homologs in bacteria, mitochondria and chloroplasts play crucial roles in the assembly of membrane protein complexes (14, 32, 35, 36).
Depletion of YidC induced a dramatic reduction of the ability of cells to generate a proton
motive force (PMF), which is due to defects in the assembly of the F1 F0ATPase complex
and cytochrome o oxidase (32). Proteomic studies using isotopic labeling showed that depletion of YidC induced an up-regulation of chaperone proteins, which are involved in processing misfolded and unassembled proteins (37). The amounts of membrane subunits of
the energy-transducing protein complexes, such as CyoA and CyoB of cytochrome o oxidase, CydA of cytochrome d terminal oxidase, NuoA and NuoL of the NADH dehydrogenase, were decreased upon the depletion of YidC (37), suggesting a role in their assembly.
By using a two-dimensional Blue Native/SDS-PAGE methodology, a comprehensive analysis
of the YidC-depleted inner membrane proteome of E. coli was carried out (38). It revealed
that YidC is involved in the assembly of respiratory chain complexes, including the F1F0 ATPase, the cytochrome bo3 oxidase and the NADH dehydrogenase. The steady state membrane
levels of these complexes are substantially decreased in the absence of YidC, in agreement
with previous data (37, 38). In B. subtilis, the two YidC homologs (SpoIIIJ/YqjG) were found
to copurify with the ATPase complex. Although a double depletion of SpoIIIJ/YqiG slightly
affected the membrane insertion of F0 subunits, the activity of the ATPase complex and the
level of membrane associated F1-domain were dramatically reduced, suggesting that SpoIIIJ/
YqiG function as chaperones in the assembly of the ATPase complex possibly by docking the
cytosolic F1-sector onto the membrane integrated F0-sector (35). This assembly activity seems
a generic feature of the YidC/Oxa1/Alb3 protein family, as deletion mutants lacking Oxa1
or Alb4 also showed defects in the assembly of the ATPase complex (36, 39). The assembly
of Atp9 (F0c) with the F1-sector was not influenced by Oxa1 depletion in yeast, but further
association of Atp6 (F0a) with the Atp9 (F0c)-F1 subcomplex was blocked (39). An alb4 null
mutant of A. thaliana showed reduced activity of the CF1F0-ATP synthase due to an assembly
deficiency. Alb4 depletion reduced the levels of subunits of the CF1F0-ATP synthase, and Alb4
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was found to interact with the CF1β and CF0II subunits. Chlamydomonas reinhardtii Alb3 paralogs (Alb3.1 and Alb3.2) also play crucial roles in the assembly of photosystems PSI and PSII
(40). The assembly activity of the YidC/Oxa1/Alb3 protein family is likely related to insertion,
as during insertion the interaction of the YidC-like proteins with the membrane subunits of
the oligomeric complex may stabilize the assembly competence of folding intermediates. On
the other hand, the bacterial YidC has been shown to be directly involved in the folding of
polytopic membrane proteins (41–43). YidC is shown to be essential for the folding of the integral membrane subunit MalF of the maltose transport complex MalFGK2, and of the lactose
permease (LacY). Both IMPs insert into the membrane via the Sec translocon.
Members of the YidC/Oxa1/Alb3 protein family are to some extent functionally exchangeable. Complementation studies have shown that both Alb3 and Oxa1 are able to substitute for
the E. coli YidC in membrane protein insertion and vice versa (44–46). Alb3 of A. thaliana is
able to functionally replace the E. coli YidC in both YidC- and the SecYEG/YidC-mediated insertion pathways, while the yeast Oxa1 could only compensate for the YidC insertase activity
independent of the Sec translocon (44, 45). In addition, both Oxa1 and Cox18 in yeast can be
partially replaced by the E. coli YidC, but in the case of Oxa1, it was necessary to fuse YidC to
the long C-terminal ribosome binding domain of Oxa1 (46).
To summarize, the YidC homologs in bacteria, mitochondria and chloroplasts are functionally involved in IMP membrane insertion, folding and/or assembly, and these functions are
largely exchangeable within the protein family across the domains of life.

4. Bacterial YidC
4.1. Physiological function of YidC
The E. coli YidC is the best-studied member of the bacterial YidC homologs, which is essential
for cell viability and membrane biogenesis (29). In the absence of YidC, cell growth cessation
has been observed under both aerobic and anaerobic conditions, which appears primarily
due to a deficient membrane biogenesis of the respiratory chain complexes (64, 65) causing
a loss of the proton motive force. Also, stress responses are triggered upon YidC depletion.
A typical stress response to YidC depletion is the substantial expression of the phage shock
protein (PspA). PspA binds to the lipid surface to maintain the proton motive force (PMF)
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by preventing the proton leakage (66). Its high level expression suggests massive damages to
the membrane and a dissipation of the PMF. Also an up-regulation of the Cpx/σE pathway has
been detected upon YidC depletion, which is possibly caused by the accumulation of non-assembled inner membrane proteins (67). In addition, YidC has been proposed to be involved
in the quality control of membrane proteins. FtsH functions as a protease in degrading misassembled membrane proteins. YidC interacts with a membrane complex including FtsH and
its modulator HflK/C (68). Comprehensive proteome studies of YidC-depleted inner membranes show increased levels of FtsH, HflC and HflK, as well as a number of other chaperone
proteins, like DnaK, PpiD, OppA (37, 38). Microarray data allow to identify the up-regulation
of the quality control systems under those conditions, including the clpB, groES and groEL
genes (69). YidC is of importance for cell morphology as YidC depletion impairs cell division
leading to elongated cells (59, 69). The latter is likely related to a folding defect of a number of
penicillin binding proteins that fulfill a critical role in peptidoglycan biosynthesis.
In contrast to Gram-negative bacteria, Gram-positive bacteria contain two YidC homologs
(YidC1 and YidC2) (70). In B. subtilis, they are SpoIIIJ and YqjG, one of which is sufficient
for cell viability but the concomitant deletion of the two paralogs is lethal to the cells (71, 72).
Double deletion of the two B. subtilis paralogs induced a strong stress response which is not
observed for the single deletions (13). This concerned the up-regulation of the LiaH, HtpX,
YdjF and YokG proteins. Elevated levels were observed for LiaH, a cell-wall stress response
protein that has sequence similarity with the E. coli PspA. SpoIIIJ is expressed constitutively
during vegetative growth, while YqjG is induced when SpoIIIJ is absent or dysfunctional (73,
74). The level of YqjG within the cell is regulated by a SpoIIIJ activity sensor MifM, which
is a SpoIIIJ-dependent single-spanning membrane protein (74, 75). Under SpoIIIJ-limiting
conditions, translational stalling of MifM releases the Shine-Dalgarno sequence of the downstream yqjG gene, and thus induces an up-regulated expression of yqjG. A recent study indicates that the translational arrest of MifM could also be released by YqjG, accomplishing a
feedback inhibition to maintain the cellular levels of YqjG (75).
SpoIIIJ (YidC1) and YqjG (YidC2) possess the conserved functions of the YidC/Oxa1/Alb3
protein family in membrane biogenesis (35, 74). They are able to catalyze the insertion and
assembly of specific subunits of the F1F0ATPase complexes of both E. coli and B. subtilis, and
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compensate for the growth defect of an E. coli YidC depletion strain (35). However, SpoIIIJ
and YqjG have specific functions during B. subtilis development. SpoIIIJ is specific for sporulation, and YqjG enhances competence development (35, 76). During sporulation, SpoIIIJ is
essential for the activation of the late forespore-specific sigma factor σG. Otherwise, sporulation is arrested at stage III after engulfment completion. Activation of σG also requires expression of the SpoIIIA complex composed of the membrane subunits of the SpoIIIAA-SpoIIIAH
, and a functional SpoIIIAH-SpoIIQ channel(77). Depletion of SpoIIIJ results in a non-functional SpoIIIAE (78). In addition, SpoIIIJ has been suggested to be involved in the membrane
folding or assembly of the SpoIIIAH-SpoIIQ channel. An up-regulation of the single-spanning membrane protein SpoIIIAH has been observed in a spoIIIJ-null mutant, suggesting
that SpoIIIJ might play a role in folding rather than insertion of SpoIIIAH. However, this
hypothesis needs to be validated in experiments that demonstrate that SpoIIIAH is a specific
substrate for SpoIIIJ (YidC1). To identify the determinant for the specific function of SpoIIIJ
in sporulation, a series of SpoIIIJ-YqjG and YqjG-SpoIIIJ chimeras have been constructed
and subject to sporulation investigation (79). TMS2 with its flanking hydrophilic regions of
SpoIIIJ plays a crucial role in sporulation, and in cooperation with TMS1 and TMS3 support
efficient sporulation. Residue C134 in TMS2 of SpoIIIJ is important for efficient sporulation
by stabilizing a dimeric form of SpoIIIJ (80). However, the mechanism by which SpoIIIJ fulfills this specific function in sporulation is still unknown.

4.2. Structural and functional domains of YidC
The membrane topology of the bacterial YidC homologs are ubiquitously conserved. These
proteins contain a conserved core comprising five TMSs connected by hydrophilic loops. In
Gram-positive bacteria, the YidC homologs (YidC1/YidC2) possess a putative lipoprotein
signal peptide at the N-terminus, which is removed by the signal peptidase II following membrane insertion (70). While YidC in Gram-negative bacteria have an additional N-terminal
TMS that precedes the large periplasmic domain (8, 18).
4.2.1. Structure of YidC
From an initial cryo-electron microscopy (cryo-EM) study, YidC was proposed to oligomerize into a homodimer, forming an insertion channel at the dimeric interface (81). By using the
high sensitive single molecule techniques of the fluorescence cross correlation spectroscopy
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Figure 3 Structure of the E. coli YidC. (A) Ribbon representation of the E. coli YidC structure (PDB
ID: 3WVF). Viewed transversely through the membrane. (B) Superimposition of the crystal structures
of YidC from E. coli (colored) and B. halodurans (PDB ID: 3WO6, grey). In comparison with that of B.
halodurans YidC, the C1 hairpin of E. coli YidC is rotated by ~35o with respect to the TMSs.

(FCCS), it was demonstrated that a monomeric YidC in the membrane or in detergent solution is sufficient for ribosome binding defining a minimal functional unit (82). This was verified by a recent cryo-EM structure of a YidC-ribosome complex at 8.6Å that revealed a YidC
monomer located at the ribosomal exit tunnel carrying a nascent polypeptide chain (83). A
breakthrough in the field was the crystal structure of YidC. Kumazaki and coworkers reported
the high-resolution structures of a YidC homolog from Bacillus halodurans (YidC2) and the
E. coli YidC (Fig. 3) (10, 11). Both structures were elucidated in lipid cubic phases. It suggests
that the bacterial YidC exists as a monomer in the membrane and facilitates the insertion of
membrane proteins by a channel-independent mechanism.
In the crystal structures, the global arrangement of the conserved five TMSs of YidC are in
high agreement (Fig. 3). They are tightly packed in the outer leaflet of the membrane and
loosely interact with each other in the inner leaflet of the membrane, folding into a hydrophilic groove that is proposed to accommodate the polar regions of substrates. A conserved
positively charged arginine resides (Arg72 in B. halodurans YidC2 and Arg366 in E. coli YidC)
in the middle of the cavity, which is of functional importance (10, 84). Except for the replacement with lysine, other substitutions for the conserved arginine in B. subtilis SpoIIIJ (Arg73)
compromised its functionality in complementing the growth defects of a spoIIIJ deletion
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strain and membrane insertion of MifM (10). In contrast, the conserved arginine (Arg366)
in the E. coli YidC is more tolerant to mutagenesis. Under normal growth conditions, mutation of Arg366 with a neutral or positively charged residue has no effect on the YidC activity,
and only a negatively charged residue at that position compromises the YidC functionality
in growth complementation of an E. coli YidC depletion strain and in membrane insertion of
Pf3-23Lep. Similar observations were made for the A. thaliana Alb3 (85). The conserved arginine in YidC-like proteins appears functionally important under certain conditions only, such
as at a low temperature (20 oC) for E. coli YidC. In addition, mutation of the corresponding
arginine in yeast Oxa1 (R140A) resulted in a cold-sensitive growth phenotype (86). On the
other hand, the positive charge of arginine is proposed to attract the negative region of substrates, because elimination of the negatively charged residues in the N-terminal tail of MifM
and the Pf3 coat protein dramatically impaired their membrane insertion (10). It is proposed
that the electrostatic interaction between the positively charged arginine in the hydrophilic
groove of YidC and the negatively charged regions of substrates play a crucial role in membrane insertion, but this function may relate to a subset of substrates only. In agreement with
the crystallographic analysis, a recent in vivo study suggests that SpoIIIJ provides a hydrophilic
environment in the membrane that is primarily contributed by hydrophilic residues of the
TMSs at the cytoplasmic side of the membrane (87). Replacement of these hydrophilic residues with non-polar ones compromised the water accessibility and functionality of SpoIIIJ,
implying a functional importance of the aqueous environment for YidC-like proteins. The
study also pinpoints the functional requirement for a positively charged residue in the hydrophilic groove, but an accurate positioning seems not necessary beacuse relocation of Arg72
inside the cavity of SpoIIIJ has no effect on its activity.
Based on these findings, a model has been proposed on how YidC inserts monotopic membrane proteins into the membrane. Herein, membrane insertion is initiated at the positively
charged cytosolic loop 1 in between TMS2 and TMS3 of E. coli YidC (corresponding to TMS1
and TMS2 in B. halodurans YidC2). Further incorporation of the substrates into YidC is attracted by the electrostatic interaction between the negatively charged residues of the substrates and the conserved arginine in the hydrophilic cavity of YidC (10, 84, 85). Final ‘sliding’
and membrane insertion of the TMSs of substrate are driven by the hydrophobicity of the
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inserting TMS as well as the proton motive force. Although the model may describe how a
single TMS containing proteins like Pf3 insert, it does not explain how bitopic membrane proteins like F0c insert. Also, since YidC is closed at the periplasmic side, it is unclear how the hydrophobic regions of substrates are translocated across the sealed part. Wickles and coworkers proposed that YidC can reduce the thickness of the lipid bilayer to facilitate the insertion
of hydrophobic TMSs into the lipid bilayer thereby reducing the energetic costs of membrane
insertion (88). Importantly, in the model, YidC provides an aqueous microenvironment in
the lipid phase to facilitate the translocation of the hydrophilic regions of substrate. However,
the model does not yet include other factors that might contribute to membrane insertion,
such as the interaction of YidC with the translating ribosomes.
4.2.2. Functional domains of YidC
X-ray crystallographic analysis has revealed that the large periplasmic domain (P1) of the
E. coli YidC is packed into a β-supersandwich fold with a large cleft residing on one surface.
The cleft is oriented away from the membrane and possibly accommodates the periplasmic
molecules or proteins rather than substrates (84, 89). An amphipathic α-helical linker that is
parallel to the membrane plane orients the P1 domain to the membrane, and this architecture
is stabilized by conserved interaction between the P1 domain and the P2 domain (the loop in
between the TMS3 and TMS4 of YidC) (84, 89, 90). Notably, the P1 domain is not essential
for YidC activity, as more than 90% of the region can be deleted without influencing the YidC
functionality in cell viability and membrane insertion (91). A portion (the region 215-265)
of the P1 loop, especially residue Lys249, could be cross-linked to SecG and the SecDF-YajC
complex (92, 93). Therefore, the P1 domain is possibly involved in stabilizing the interaction
between YidC and the Sec translocon.
The five core TMSs of YidC are arranged into a hydrophilic groove, which is open to both
the cytoplasmic side and the membrane interior via the gap between TMS3 and TMS5. The
cavity is assumed to attract and accommodate the hydrophilic region of substrates during
insertion (84). Mutagenesis studies have elucidated that TMS2, -3 and -6 are crucial for E.
coli YidC functionality, while TMS4 and TMS5 are highly tolerant to amino acid mutations
(91). Two mutations, i.e. C423R and P431L in TMS3 resulted in a cold sensitive phenotype
(94), and T362A in TMS2 and Y517A in TMS6 cause a lethal phenotype at 37oC (88). On
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the other hand, cross-linking experiments have mapped a number of substrates-contacting
sites on TMS3 of the E. coli YidC, including cross-links with the Pf3 coat protein, F0c, and
the Sec-dependent substrates LepB and FtsQ (95–97). These interaction sites are primarily
mapped on the exterior surface of TMS3, TMS4 and TMS5, and are in close proximity to the
opening of the hydrophilic groove.
The cytosolic loop 1 (C1) in between TMS2 and TMS3 of the E. coli YidC (TMS1 and TMS2
of B. halodurans YidC2) protrudes into the cytoplasm and folds into a hairpin-like structure (CH1 and CH2), which is parallel to the membrane plane (84). Deletions within the C1
domain of the B. halodurans YidC2 homolog SpoIIIJ severely impair cell growth and MifM
insertion, implying a crucial role of the region in YidC activity. The C1 domain of the E. coli
YidC is more flexible compared to that of the B. halodurans YidC (Fig. 3). It is suggested
that the whole C1 region (371-416) is dispensable for YidC activity, while in another study
deletion of the domain inactivated YidC for cell viability and membrane insertion of Pf3 and
Procoat-Lep fusion proteins (85, 91). Recently, by the use of short deletions, region 374-383
of C1 domain of YidC is shown to be essential for cell viability (98), indicating a functionally
important role of the hairpin like structure. The cytosolic loop 2 (C2) and the C-terminus
of YidC are structurally disordered in the crystal structure. Both of the regions have been
suggested to be involved in ribosome binding (88). Neither the C2 domain nor the C-tail is
essential for YidC insertion activity (82, 91), whereas double deletions within the two regions
resulted in a completely inactive YidC in membrane insertion for YidC-only substrates of
F0c and MscL(98). The latter suggests that double deletions possibly induce a conformational
alteration that inactivates YidC in membrane insertion.

4.3. Targeting of YidC-only substrates and ribosomal binding
Co-translational membrane insertion is initiated by ribosome binding at the cytosolic face of
the YidC protein (99). In YidC-mediated insertion pathway, nascent IMPs may be targeted via
SRP and its membrane receptor FtsY, as was shown for MscL (100). Alternatively, IMPs can
be directly targeted to the membrane via an electrostatic mechanism by the contact between
the substrates and the lipids, like the M13 procoat protein (101), or interaction between the
substrates and YidC as for instance the F0c protein (102).
YidC may directly accept the nascent polypeptide chains by binding to the ribosome. In mito-
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chondria, Oxa1 binds to the ribosome during co-translational insertion (14, 103). Cross-linking study revealed a contact of Oxa1 with Mrp20 and Mrp40, homologs of bacterial ribosomal proteins L23 and L24 that are located close to the ribosomal polypeptide exit site (103,
104). Interestingly, the physically interact of Oxa1 with ribosome is specifically attributed to
its long and positively charged C-terminal extension (86 residues; +14 charge), which is absent in the paralog Cox18 (14). In S. mutant, YidC2 has a longer C-terminus (61 residues, +14
charge) compared to that of YidC1 (33 residues, +9 charge). However, both YidC1 and YidC2
have been demonstrated to interact with the E. coli ribosome via their C-terminal domains
(105), but only the C-terminal extension of YidC2 can functionally complement the binding
of Oxa1 to mitochondrial ribosome (70, 105). Furthermore, YidC2 can partially compensate
for SRP depletion to support cell growth, possibly due to the targeting role of the extended
C-terminus (16). Also the extended C-tail of YidC from Gram-negative bacterium Rhodopirellula baltica allows a tight binding of ribosome. A chimeric E. coli YidC protein appended
with the C-tail of R. baltica YidC (YidC-Rb) shows a strong ribosome binding primarily at
the ribosomal protein L29 (83). YidC-Rb also exhibits a reduced dependence on SRP for the
membrane insertion of MscL, implying an overlapping function of the extended C-terminus
of R. baltica with SRP/FtsY. Thus, a general feature of the longer C-terminus of YidC is to
support ribosome binding and targeting the nascent IMPs during co-translational membrane
insertion.
The E. coli YidC has a shorter C-terminal tail (13 residues; +4 charge) compared to its homologs. It is found that the C-terminus of YidC interacts with targeting components (SRP,

Figure 4. Cryo-EM structure of a YidC-RNC complex. Close up view of the contact area between the
C1 and ribosomal H59 (A), the C2 and ribosomal protein L23 (B). TMSs of YidC are indicated in arabic
numerals. The residues that are crucial for YidC activity are indicated by magenta spheres. The figure
was adapted from Wickles et al. (2014).
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FtsY), SecD, SecF and ribosomal subunits (81, 93, 106), but the binding with ribosome is
questioned as it was studied under non-physiological conditions, where the protein was present in detergent solution. To rule out unspecific interaction, the binding of ribosomes to the
membrane embedded YidC was studied, showing that monomeric YidC specifically binds
to programmed ribosomes only, rather than empty ribosomes (82). In addition, detergent
solubilized YidC binds empty ribosomes, but this interaction is likely not native. The positively charged C-terminus of YidC plays an critical role in efficient ribosome binding, but it is
not the sole determinant. Even in the absence of the C-terminal tail, YidC retains a residual
activity in ribosome binding. Therefore, other docking sites on YidC, like the two positively
charged cytosolic domains are postulated to be involved in ribosome binding. Recently, a
YidC structure model is constructed via an intramolecular co-variation analysis and fitted
into the cryo-EM structure of the YidC:RNC-F0c complex. This showed that the C1 and C2
loops of YidC associate with ribosomal RNA helix H59 and L23 protein (both are located at
the ribosomal exit tunnel), respectively (88) (Fig. 4). The direct contact sites involved in ribosome binding are restricted to the residues Y370 and Y377 in the C1 domain, and D488 in the
C2 domain (Fig. 4). Mutation of these residues severely compromised cell viability, suggesting
that they are essential for YidC activity. To determine the regions of YidC that are responsible
for ribosome binding, sequential deletions within the cytosolic loops of YidC were performed
(98). The C2 loop and the C-terminus contribute to ribosome binding, and deletion of both
not only interfered with ribosome binding but also inactivated the insertion of YidC-only
substrates like F0c and MscL.

4.4. Interaction of YidC with the Sec translocon
4.4.1. The SecYEG-SecDF-YajC-YidC holotranslocon complex
In bacteria, the majority of proteins are inserted into the membrane via the Sec translocon,
which comprises a core heterotrimeric protein-conducting channel (composed of SecY, SecE
and SecG) and the accessory proteins: the cytosolic motor protein SecA ATPase, the sub-complex SecDF-YajC and YidC (2, 107, 108). Detailed insight into the functioning of the SecYEG
protein conducting channel were obtained from advanced biochemical studies, high-resolution crystal structures, and cryo-EM structures of SecYEG in complex with RNCs (109–117).
The SecY channel has an hourglass-shaped structure formed by the two halves of TMSs1-5
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and 6-10 of SecY that are connected by a loop between TMS5 and TMS6. SecE embraces the
clamshell structure at the back of SecY to stabilize the two halves. SecG peripherally associates
with the SecY channel, and it is non-essential for cell viability and translocation(118). At the
center of the Sec channel is a constriction formed by a “pore ring” consisting of six hydrophobic residues, which is proposed to prevent permeation of ions or other small molecules
during translocation (117). A small plug helix, formed by TMS2a of SecY that folds back into
the funnel-like cavity, seals “pore ring” at the periplasmic side. Movement of the plug to the
side opens the SecY channel to allow for translocation of preproteins (112). SecA is involved
in translocation of preproteins and large hydrophilic domains in a stepwise manner by using
multiple cycle of ATP binding and hydrolysis (2, 119). It is suggested that SecA binding triggers the displacement of the plug while it still occludes the SecY channel (110).
SecD, SecF and YajC are encoded in one operon, forming into a trimeric membrane complex
that are in close contact with the SecYEG translocation channel (120, 121). SecDF has been
proposed to function in later steps of translocation by releasing preproteins from the SecY
channel into the periplasm (122) or prevent sliding back of preproteins inside the SecY channel to cytosol(120). Structural and biochemical studies suggest that SecDF contains 12 TMSs
and two large periplasmic domains, and it is essential for the PMF-dependent translocation
of preproteins (123). SecDFYajC is not essential for cell viability or protein translocation, but
depletion or mutation of SecDF causes a cold-sensitivity phenotype for cells and severely
impairs protein export (124). The role of SecDF in membrane protein insertion is unclear.
IMPs are suggested to be inserted into the membrane via the lateral gate of the SecY channel
formed by TMS2b, 3, 7 and 8 of SecY (117). Opening of the lateral gate is essential for partitioning of TMSs of IMPs into the membrane, because crosslinking TMS7 and 2b that form the
rim of the lateral gate blocks protein translocation (115). X-ray and cryo-EM studies have observed that signal sequences or TMSs of IMPs intercalate between TMS2b and 7 of SecY and
thus are proposed to leave the translocon via the lateral gate (113, 114, 117, 125, 126). Binding
of ribosome or SecA and insertion of nascent chains are suggested to induce a “pre-opened”
state of the lateral gate, which primes the Sec translocon for protein translocation (110, 113,
127–129). In the initial translocation stage, nascent polypeptide chains are supposed to insert
as a loop in the SecY channel, with the signal anchor outside the lateral gate (113). One of
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the two TMSs of a polypeptide nascent chain has been observed outside the lateral gate of a
RNC-bound Sec translocon during translocation (126). These structural information of a ribosome-Sec complex exposing nascent chains provide insights into the mechanism of the SecYEG-mediated membrane insertion. However, understanding of the coordination between
the SecYEG and other partners, such as ribosome, SecDF-YajC and YidC, will reveal detailed
information on protein translocation.
YidC has been suggested to interact with the SecYEG-SecDFYajC complex to form a holoenzyme (31, 130). YidC is much more abundant compared to the Sec components, which would
be in line with a dual function (131). In this supercomplex, YidC is proposed to bind to SecYEG via SecDF (121), and facilitates the exit of the hydrophobic TMSs of IMPs from the Sec
channel into membrane. Cross-linking studies have shown that the hydrophobic regions of
FtsQ and LepB sequentially interact with SecY and YidC (132, 133). YidC can be dynamically
cross-linked to the lateral gate of SecY independent of SecDF, and the conserved residues
G355 and M471 of YidC are possibly directly involved in the interaction of YidC with SecY
(134). The YidC/SecY contacting sites at the lateral gate of SecY can be altered by ribosome or
RNC binding but is not influenced by SecA binding (93).
In cooperation with SecYEG, YidC can act as a chaperone in providing folding sites for the
multi-spanning substrates, such as MalK (8TMSs) and LacY (12TMSs)(42, 43, 135), and in
providing assembly sites for the oligomeric complexes, like the F1F0 ATPase and MalFGK (35,
43). Both YidC and SecYEG are required for the membrane insertion of F0a and F0b subunits
of the ATPase (35, 56). As for CyoA of the cytochrome o oxidase, membrane insertion of the
N-terminal signal sequence and TMS1 is YidC dependent, while membrane topogenesis of
the C-terminal domain consisting of TMS2 and a large periplasmic loop requires YidC, SecYEG and SecA (52, 54). Translocation of the periplasmic loop1 and loop2 of TatC are also
YidC-Sec-dependent (58). These data suggest that YidC and SecYEG cooperate closely in
membrane biogenesis.
In a recent study YidC was copurified with SecYEG and SecDF as a holotranslocon complex (HTL) comprising a single copy of each component (136). The HTL supercomplex is
active in both post- and co-translational pathways. Due to the presence of YidC, SecYEG
is more effective in CyoA translocation compared to the SecYEG complex alone. However,
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a complication in the study is that the co-purification was performed with histidine tags to
YidC, SecD and SecE during co-expression, and also relies on his-tag purification as well as
chemical crosslinking to retain the proteins in a complex. Therefore, it remains unclear if the
holotranslocon exists as a stable complex or whether it is formed only transiently, and thus is
not stable to detergent solubilization.
4.4.2. Substrate determinants for YidC and SecYEG
The characteristics of substrates that determine the insertion pathways have been extensively
studied. It is proposed that unbalanced charge distribution around TMSs of IMPs is important for YidC dependence (137). Balancing the charge distribution around TMSs of CrcB (3
TMSs) allowed it to be inserted independent of YidC, while correcting the balanced charged
distribution around TMSs of YaiZ (2 TMSs) resulted in a YidC-dependent protein. However,
there must be other features of substrate that determine the insertion pathway, as many identified YidC substrates do not possess unbalanced TMSs. It is suggested that moderate hydrophobicity of TMS and charge composition of translocated regions function as determinants
for insertion mechanism (138, 139). A correlation was found between the hydrophobicity
of TMS of IMPs and the YidC requirement. Increasing the hydrophobicity of the YidC-only
substrate Pf3 coat protein (1TMS) by replacing two alanine residues in TMS with threonine
residues resulted in a YidC-independent insertion (138). By using a single-spanning model
protein Pf3-Lep, it was observed that by decreasing the hydrophobicity of TMS, unassisted
membrane insertion became YidC-dependent. Further mutational studies with this model
protein proposed that charged residues in the periplasmic loop can be YidC determinants,
while positive charge in the translocated region or TMS can act as a Sec determinant. The
latter was confirmed by mutagenesis studies with the endogenous E. coli proteins F0a, F0b and
TatC (139).
Below a certain threshold, the degree for Sec dependence of the YidC-only substrate MscL
is correlated with the number of negatively charged residues in the periplasmic loop. Introducing 1, 2 or 3 negatively charged residues into the periplasmic domain of MscL gradually
enhanced the Sec dependence, while extending the periplasmic loop with 3 positively charged
arginine residues or 5 negatively charged glutamic acid residues inhibited membrane insertion (50). Latter studies also point out that charge composition and polarity of the periplas-
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mic loops of IMPs are important determinants for insertion pathways (140). Increasing the
number of charges or polarity of the translocated loop in M13-Lep procoat protein makes it
require both YidC and SecYEG for membrane insertion, and it is the same case when adding
charged residues to TMSs. In addition, increasing the hydrophobicity of TMSs allows M13Lep to be inserted spontaneously, which strengthens the proposal that the hydrophobicity
of TMSs can act as a selectivity determinant for YidC or the Sec insertion pathways (138,
139). Since there are only a limited number of substrates known for YidC, the elucidation of
the features that direct these proteins into a YidC exclusive or a YidC-Sec pathway will be a
difficult task.
In the Sec-YidC insertion pathway, YidC possibly assists in membrane folding or assembly
of IMPs via electrostatic interaction between TMSs of YidC and inserting proteins. NuoK
(3TMSs) is a polytopic membrane protein with two negatively charged glutamic acid residues in TMS2 and TMS3. NuoK requires both YidC and SecYEG for membrane insertion
(57). Substitution of the two negatively charged residues for positively charged lysine residues rendered NuoK a SecYEG-only protein. The crystal structure reveals that YidC has a
positively charged groove in the inner leaflet of membrane that is important for interacting
with the polar regions of substrates, specifically for negatively charged translocated regions of
substrates (10, 11). YidC possibly interacts with NuoK via electrostatic interactions between
the positively charged arginine residues (Arg366) in the hydrophilic groove of YidC and the
two negatively charged residues in NuoK(E36 and E72), and thus provides a transient amphipathic docking site for the TMSs of NuoK prior to folding and insertion into the membrane.
Membrane insertion of CyoA (3TMSs) is also YidC/SecYEG dependent (53, 54, 141). CyoA
does not contain any negatively charged residues in the TMSs, but the introduction of positively charged residues into the N-terminal hairpin domain rendered CyoA a SecYEG-only
substrate (141), supporting the hypothesis that YidC functions in the lateral transfer of TMSs
of inserting proteins into membrane via electrostatic interaction. However, the precise mechanism by which YidC facilitates lateral partitioning of TMSs remains largely enigmatic and
requires further studies.
4.4.3. YidD, a new component in membrane insertion
In the E. coli genome, the yidC gene is located in a rather conserved five-gene cluster in the
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order: rpmH, rnpA, yidD, yidC and trmE. This operon encodes proteins that are involved in
protein synthesis and membrane biogenesis (142). RpmH encodes for the ribosomal protein
L34 (5.4 kDa) that is in close vicinity of the ribosomal L23 (143), which provides the docking
site for SRP, SecA, chaperone trigger factor and YidC at the ribosomal exit tunnel (88, 142).
RnpA codes for the ribonuclease P (13.8 kDa) involved in RNA modification (144). TrmE
encodes a GTPase subunit (49 kDa). The yidD gene is located in the center of the operon, and
there is only 2 base pair gap with respect to the yidC gene. It can be co-transcribed with yidC
suggesting a link between the two genes (142). YidD codes for a small peripheral membrane
protein (85 amino acids, 9.4 kDa) that is supposed to be associated with the inner membrane
via a putative N-terminal amphipathic helix. YidD is not an essential protein unlike YidC
(142). However, a reduced membrane insertion efficiency for the YidC substrates, including
M13, CyoA and F0c, has been observed in yidD-null cells, pointing out a functional relationship between YidD and YidC (142). In vitro cross-linking study revealed that YidD is in contact with a nascent FtsQ in the proximity to the Sec translocon. In addition, a tight interaction
of YidD with SecY and NuoK has been observed (Geng et al., 2015, submitted). Remarkably,
membrane insertion of NuoK, which is YidC-SecYEG-dependent, is stimulated by YidD. The
data suggest that YidD serves as a new but non-essential component in SecYEG-YidC-mediated membrane insertion.

5. Concluding remarks
Membrane biogenesis of the large protein complexes involved in energy transduction, respiration and light harvesting is mediated by the YidC/Oxa1/Alb3 protein family that is conserved in bacteria and eukaryotes. Over the last decade, major progress has been made to
understand the molecular mechanism of the YidC/Oxa1/Alb3 machinery in the membrane
biogenesis. The breakthrough has been the determination of the high-resolution crystal
structures of YidC from E. coli (3.2 Å) and B. halodurans (2.4 Å), which shed light on the
mechanism by which single-spanning membrane proteins are inserted into the membrane
by the YidC insertases. However, the exact mechanism of YidC functioning in the membrane
insertion of multi-spanning membrane proteins and folding remains elusive. Under physiological conditions, only ribosomes carrying the newly synthesized substrates can be tethered
to YidC, implying specific dynamic interactions between YidC and the translating ribosome.
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However, how the SRP targeting pathway discriminates between YidC-only and Sec-translocon dependent IMPs is unknown, nor is it fully elucidated what determines that IMPs require
YidC for insertion. These are questions that can be resolved by future biochemical studies.

6. Scope of the thesis
The scope of the thesis is to determine the functional domains of YidC homologs in B. subtilis
(SpoIIIJ and YqjG) and the E. coli (YidC) that contribute to substrates specificity and ribosome binding. In addition, the function of YidD, a proposed accessory protein in co-translational insertion was investigated.
Chapter 1 provides a review on our current understanding of the structure and function of
the membrane protein insertase YidC.
Chapter 2 describes an analysis of the specific regions of B. subtilis SpoIIIJ that characterize
its sporulation-specific function. SpoIIIJ is essential for sporulation, which could not be complemented by YqjG. A series of SpoIIIJ/YqjG chimeras were constructed by systematically
swapping the TMSs of SpoIIIJ with those of YqjG and vice versa. The chimeras exhibited similar ability in restoring the growth defect of a spoIIIJ yqjG double deletion strain, confirming
the in vivo activity. Distinct sporulation efficiencies were observed for a spoIIIJ deletion strain
harboring the different chimeras, which highlighted the essential role of a domain comprising
TMS2 and its flanking loops in sporulation. Furthermore, TMS2 functions in conjunction
with the TMS1 and -3 of SpoIIIJ to fully support the sporulation specific function.
In Chapter 3, the domains of the E. coli YidC essential for ribosome binding and insertion
activity are analyzed. Sequential deletions were introduced into the two cytosolic loops of
YidC to generate a series of YidC variants. Growth complementation of the yidC depletion
strain was employed to analyze the activity of YidC variants in cell viability. To monitor ribosome binding, a highly sensitive technique of FCS was applied with the fluorescently labeled
YidC proteins in a native-like environment (termed nanodiscs). No obvious correlation was
obtained between YidC insertion activity and ribosome binding. Remarkably, combining the
deletions within the C2 loop and the C-terminus of YidC had a detrimental effect on ribosome binding and insertion activity. We speculated that the concomitant depletion of the C2
loop and the C-terminus of YidC lead to a conformational alteration or invalid interaction
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between YidC and RNCs that abolishes substrates insertion.
Chapter 4 investigates the role of YidD in co-translational insertion pathway. Deletion of the
yidD gene resulted in a reduction of the proton motive force and a weak overexpression of
the stress protein PspA. YidD was co-purified with SecY and the NADH dehydrogenase subunit NuoK. Membrane insertion of NuoK, requiring both SecYEG and YidC, was stimulated
by YidD, whereas membrane insertion of subunit c of the F1F0ATPase, which is YidC-dependent, was not affected by YidD. Our data suggest that YidD is a new component of the
SecYEG-YidC translocase.
Finally, in Chapter 5, the findings reported in this thesis are summarized with a future perspective on mechanistic studies of YidC-mediated membrane insertion.
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Abstract

Proteins of the YidC/Oxal/Alb3 family play a crucial role in the insertion, folding
and/or assembly of membrane proteins in prokaryotes and eukaryotes. Bacillus subtilis has two YidC-like proteins, denoted SpoIIIJ and YqjG. SpoIIIJ and YqjG are largely
exchangeable in function, but SpoIIIJ has a unique role in sporulation, while YqjG
stimulates competence development. To obtain more insight in the regions important for the sporulation specificity of SpoIIIJ, a series of SpoIIIJ/YqjG chimeras was
constructed. These chimeras were tested for functionality during vegetative growth
and for their ability to complement the sporulation defect of a spoIIIJ deletion strain.
The data suggest an important role for the domain comprising transmembrane segment 2 (TMS2) and its flanking loops in sporulation specificity, with lesser contributions to specificity by TMS1 and TMS3.
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Introduction
In prokaryotes, most membrane proteins are delivered to and integrated into the membrane
via the signal recognition particle (SRP) and the Sec translocon. However, a subset of membrane proteins requires the aid of the YidC/Oxa1/Alb3 protein family (1–4). This protein
family is composed of evolutionary conserved integral membrane proteins, which are present
in all domains of life and play an important role in the insertion, integration, folding and/
or assembly of membrane proteins (1–5). Members of the YidC/Oxa1/Alb3 protein family
exhibit a rather low primary sequence similarity, but share a conserved hydrophobic core
region composed of five transmembrane segments (TMSs), linked by short hydrophilic loops.
Bacillus subtilis contains two YidC paralogues, SpoIIIJ and YqjG (34% identical, 46% similarity), which are expressed constitutively during vegetative growth and sporulation. It has been
suggested that SpoIIIJ and YqjG are implicated in the post-translocational stages of protein
secretion (6), but recent data from our laboratory demonstrate that SpoIIIJ and YqjG fulfill a
role in membrane protein insertion, similar to YidC in Escherichia coli (4). YqjG and SpoIIIJ
are largely exchangeable in function and either protein is sufficient for vegetative growth, with
an upregulation of the level of YqjG when the SpoIIIJ activity is absent or decreased (4, 6–8).
During B. subtilis development, each protein has a specific role. YqjG has a specific function in
enhancing competence development, which cannot be complemented by SpoIIIJ (9). However, YqjG is not essential for competence development. On the other hand, SpoIIIJ is essential
during sporulation, and is required for the activation of the late sporulation sigma factor G.
In the absence of SpoIIIJ, sporulation is arrested at stage III (7). Expression of SpoIIIJ in the
prespore alone is sufficient for the activation of σG soon after the completion of engulfment
(10). Fluorescence microscopy studies with fusion proteins using the green fluorescent protein reporter indicate that SpoIIIJ and YqjG are both distributed throughout the membrane
and accumulate at septa during the onset of the sporulation (11). SpoIIIJ interacts with the
sporulation specific membrane protein SpoIIIAE, and SpoIIIAE expression in the absence
of SpoIIIJ is lethal although SpoIIIAE is still inserted into the membrane in the absence of
SpoIIIJ (12). These results suggest that SpoIIIJ assists in the correct folding of SpoIIIAE, but
as SpoIIIAE also interacts with YqjG and is still inserted into the membrane in the absence of
SpoIIIJ, the exact mode of action still remains to be resolved (12). Recent proteomics studies
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reveal that the absence of SpoIIIJ results in the increased expression of proteins involved in
the late stages of sporulation, e.g. SpoIIIAH (9), again indicating a role for SpoIIIJ in the assembly or correct folding of these proteins after insertion into the membrane.
Until now, little is known about the features of SpoIIIJ that are required for its sporulation
specific function and that distinguish it from YqjG. To address this question, we constructed
a set of SpoIIIJ-YqjG chimeric proteins by exchanging TMS segments from the conserved
5 TMS hydrophobic core and tested their ability to complement the sporulation defect of a
SpoIIIJ deletion strain. Our data suggest that TMS1, TMS3 and in particular TMS2 and its
hydophilic flanking loops play a critical role in the sporulation specificity of SpoIIIJ.

Materials and methods
Strains and plasmids
All strains used in the study are listed in the Table 1. E. coli DH5α was used as a cloning host.
B. subtilis 168 was transformed as described previously (13). The SpoIIIJ-YqjG and YqjG-SpoIIIJ chimers were constructed using overlapping PCR with the nucleotide primers shown in
Supplementary Table S1 and chromosomal DNA of B. subtilis 168 as template. For the STMS1345YTMS2syn mutant, a synthetic spoIIIJ gene was ordered in which the sequence encoding TMS2
(amino acids 131-151) was swapped with the sequence encoding for TMS2 of YqjG (amino
acids 139-159) (GeneArt, Life Technologies) and amplified with primers chimera456fw and
chiemra123rev. The resulting chimeric genes were double-digested with NheI and SphI and
cloned between the amyE-front and amyE-back homologous fragments of NheI/SphI digested pDR111 (a gift of David Rudner), yielding the respective pDRchimer1-pDRchimer8 plasmids (Table 1). Control constructs containing full-length spoIIIJ and yqjG were constructed
in the same way.
To introduce the chimeric genes into the amyE locus, the pDR plasmids were transformed
into B. subtilis MS001(∆spoIIIJ) (9) with selection for spectinomycin. Successful integration
at the amyE locus was verified by an inability to metabolize starch.
To introduce the spaRK genes into the amyE locus of B. subtilis MS005 (∆yqjG ∆spoIIIJ PxyyqjG) (9), DNA of NZ8900 harboring these genes (14) was transformed into MS005. Kana-

lA

mycin-resistant colonies were analyzed for the loss of the ability to metabolize starch to verify
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Table 1. List of strains and plasmids
Plasmid or strain Relevant property(ies)

Source or reference

Plasmids
pDR111
pDRspoIIIJ
pDRspoY
pDRyqjS
pDRyqjG
pDRchimer1
pDRchimer2
pDRchimer3
pDRchimer4
pDRchimer5
pDRchimer6
pDRchimer7
pDRchimer8
pNZ8901
pNZspoIIIJ
pNZspoIIIJhis
pNZspoYTMS2
pNZyqjG
pNZyqjGhis
pNZyqjSTMS2
pNZspoYTMS2syn
pNZchimer1
pNZchimer2
pNZchimer3
pNZchimer4
pNZchimer5
pNZchimer6
pNZchimer1his6
pNZchimer7
pNZchimer8

Phyper-spank; Spcr Ampr; expression vector for B. subtilis
Spcr;Phyper-spank-spoIIIJ fusion
Spcr; containing spoIIIJ with TMS2 replaced by yqjG TMS2
Spcr; containing yqjG with TMS2 replaced by spoIIIJ TMS2
Spcr;Phyper-spank-yqjG fusion
Spcr;Phyper-spank-YTMS1-STMS2345 fusion
Spcr;Phyper-spank-YTMS12-STMS345 fusion
Spcr;Phyper-spank-YTMS123-STMS456 fusion
Spcr;Phyper-spank-STMS1-YTMS2345 fusion
Spcr;Phyper-spank-STMS12-YTMS345 fusion
Spcr;Phyper-spank-STMS123-YTMS456 fusion
Spcr;Phyper-spank-YP1-STMS12345 fusion
Spcr;Phyper-spank-SP1-YTMS12345 fusion
SURE expression vector for B. subtilis;PspaSmut;Cmr
pNZ8901 containing B. subtilis spoIIIJ
pNZ8901 containing an N-terminal His6 tag fusion of spoIIIJ
pNZ8901 containing the chimeric STMS1345-YTMS2 gene
pNZ8901 containing B. subtilis yqjG
pNZ8901 containing an N-terminal His6 tag fusion of yqjG
pNZ8901 containing the chimeric YTMS1345-STMS2 gene
pNZ8901 containing the chimeric STMS1345-YTMS2syn gene
Cmr; PspaSmut-YTMS1-STMS2345 fusion
Cmr; PspaSmut-YTMS12-STMS345 fusion
Cmr; PspaSmut-YTMS123-STMS45 fusion
Cmr; PspaSmut-STMS1-YTMS2345 fusion
Cmr; PspaSmut-STMS12-YTMS345 fusion
Cmr; PspaSmut-STMS123-YTMS45 fusion
Like pNZ8901, contains the YTMS1-STMS2345 fusion with a His6
tag at the 3’ end
Cmr;PspaSmut-YP1-STMS12345 fusion
Cmr;PspaSmut-SP1-YTMS12345 fusion

Gift of David Rudner
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
14
This study
4
This study
This study
4
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Strains
E. coli DH5α
B. subtilis
168
ATCC 6633
NZ8900
MS001
MS005
YG000
YG001
YG002
YG003
YG004

supE44 hsdR14 recA1 endA1 gyrA96 thi-1 relA1 ∆lacU169 Laboratory stock
(Φ80lacZ∆M15); K-12 derivative
trpC2
Subtilin producer
168 spaRK; Kanr
168 spoIIIJ::Tetr
MS001 yqjG::Spcr lacA::PxylA-yqjG;Emr
MS005 amyE::spaRK; Kanr
MS001 amyE::Phyper-spank-YP1-STMS2345; Spcr
MS001 amyE::Phyper-spank-YTMS1-STMS2345; Spcr
MS001 amyE::Phyper-spank-YTMS12-STMS345; Spcr
MS001 amyE::Phyper-spank-YTMS123-STMS45; Spcr

23
24
14
9
9
This study
This study
This study
This study
This study
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YG005
YG006
YG007
YG008
YG009
YG010
YG011
YG012
YG013

MS001 amyE::Phyper-spank-SP1-YTMS12345; Spcr
MS001 amyE::Phyper-spank-STMS1-YTMS2345;Spcr
MS001 amyE::Phyper-spank-STMS12-YTMS345;Spcr
MS001 amyE::Phyer-spank-STMS123-YTMS45; Spcr
MS001 amyE::Phyer-spank-STMS1345-YTMS2; Spcr
MS001 amyE::Phyer-spank-YTMS1345-STMS2; Spcr
MS001 amyE::Phyper-spank-spoIIIJ; Spcr
MS001 amyE::Phyper-spank-yqjG; Spcr
MS001 amyE::Phyper-spank-STMS1345-YTMS2syn; Spcr

This study
This study
This study
This study
This study
This study
This study
This study
This study

integration at the amyE locus, and the resulting strain was designated YG000. For overexpres
sion of the chimeric genes in B. subtilis YG000 (MS005, amyE::spaRK), the SURE expression
system was used (14). Primer pairs chimera123fw/chimera123rev and chimera456fw/chimera456rev were used for amplification of the chimeric fragments from the respective plasmids
pDRchimer1-pDRchimer8. After cleavage with NcoI and XbaI, the PCR products were ligated into the corresponding sites of pNZ8901, yielding the corresponding pNZchimer* plasmids (Table 1), and transformed into B. subtilis YG000. Control constructs containing full
length spoIIIJ and yqjG were constructed in the same way and transformed to YG000. The inducer subtilin, which was extracted from a fresh culture supernatant of B. subtilis ATCC6633
(14) was added to induce the overexpression.
To add a six-histidine tag to the 3’ end of the chimeric gene with TMS1 of YqjG and TMS2TMS5 of SpoIIIJ, the chimeric fragment with NheI and SphI sites was amplified using the
primer set chimers123fw/chimers123hisrev (see Table S1 in the supplementary material).
After double digestion and ligation, the resulting plasmid pNZchimer1his was obtained. All
plasmids used in this study were verified by sequencing.
Growth complementation
B. subtilis strain YG000 (MS005, amyE::spaRK) was transformed with the pNZ8901-derived
plasmids carrying the YqjG/SpoIIIJ chimeras. Transformants were selected on LB plates supplemented with chloramphenicol (10 µg/ml) and 0.2% (wt/vol) xylose and re-streaked on LB
plates supplemented with spectinomycin (100 µg/ ml), erythromycin (2 µg/ml), tetracycline
(6 µg/ml) and either 1% (vol/vol) subtilin or 0.5% (wt/vol) glucose. Plasmids that allowed
growth of YG000 on plates containing subtilin, but not on plates containing glucose, were
regarded as complementation positive.
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Protein expression and Immunoblotting
In order to test the expression of the chimeric proteins in B. subtilis, a culture grown overnight
was diluted 1:50 into fresh LB medium supplemented with chloramphenicol (10 µg/ml) and
grown to an optical density at 600 nm (OD600) of 1.0. Protein expression was induced by adding 0.5 % (vol/vol) subtilin, and cell growth was continued for 2 h. Cells were harvested and
the membrane fraction was isolated as described (4). The protein content of the membrane
fraction was analyzed on 15% SDS-PAGE, followed by Western blotting and detection of histagged proteins using an anti-His antibody (Sigma-Aldrich), according to standard protocols.
Sporulation efficiency
To measure the efficiency of sporulation, a fresh overnight culture of B. subtilis was diluted
into 15 ml prewarmed growth medium (15) to an OD600 of 0.1. Expression of the chimeric proteins was induced by the addition of 50 μM isopropyl β-D-1-thiogalactopyranoside
(IPTG) to the culture, and cells were grown to an OD600 of ~0.7 to 0.8 at 37°C under vigorous
shaking. Cells were collected by centrifugation (3000 ×g for 15 min at 37°C) and resuspended
in 15 ml prewarmed sporulation medium (15), and incubation at 37°C was continued for an
additional 24 h. The culture was split with one part heated at 80°C for 20 min. Subsequently,
10-fold dilution series of the heated and non-heated cell suspensions were made, and 2 μl of
each dilution was spotted on LB plates.

Results
Complementation of the growth defect of a spoIIIJ yqjG double deletion strain by chimeric proteins
SpoIIIJ and YqjG both contain the conserved hydrophobic core consisting of five transmembrane segments (TMSs) of the YidC/Oxa1/Alb3 protein family, preceded by a putative lipoprotein signal peptide (Fig. 1A). To determine whether specific domains of SpoIIIJ determine
its essential role in sporulation, a set of SpoIIIJ-YqjG and YqjG-SpoIIIJ chimeric proteins was
constructed by replacing transmembrane segments of SpoIIIJ with the corresponding parts
of YqjG and vice versa (Fig. 1B). The overlapping PCR technique used to swap TMS also resulted in partial replacement of flanking regions (Fig. 1B, see also S1A in the supplementary
material). The functionality of the chimeras was tested by determining their capacity to complement the growth defect of a spoIIIJ yqjG double depletion B. subtilis strain. The chimeric
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Figure 1. SpoIIIJ-YqjG/YqjG-SpoIIIJ chimeras can functionally restore the growth defect of B. subtilis YG000 (ΔyqjGΔspoIIIJ PxylA-yqjG amyE::spaRK). (A) Schematic representation of the SpoIIIJ/YqjG
topology. (B) Construction of the chimeric fusions. TMS, transmembrane segment. SpoIIIJwt, wild-type
SpoIIIJ; YqjGwt, wild-type YqjG; S, wild-type SpoIIIJ; Y, wild-type YqjG. SpoIIIJ TMSs are represented
as white boxes, YqjG TMSs are shown as black boxes, SpoIIIJ loop segments are shown as lines, and
YqjG loops are shown as dashed lines. ++++, viable spores present in a 10-3 dilution; +++, viable spores
present in a 10-2 dilution; +, viable spores present in a 100 dilution; +/-, viable spores occasionally present in 100 dilutions, depending on the experiment;

-, no viable spores detected. The experiment was

performed at least 4 times for each strain, hence the +/- result.

genes were cloned into plasmid pNZ8901, which allows for subtilin-inducible expression,
and transformed into B. subtilis YG000 (∆yqjG ∆spoIIIJ PxylAyqjG, amyE::spaRK). In YG000,
the chromosomal copies of yqjG and spoIIIJ are deleted, while a xylose inducible yqjG gene is
integrated into the genomic lacA locus. Either SpoIIIJ (abbreviated S) or YqjG (abbreviated Y)
is sufficient for cell viability, while a double deletion is lethal (11). Therefore, growth of YG000
is strictly xylose dependent. Empty plasmid pNZ8901 and plasmids containing the full-length
genes spoIIIJ and yqjG were transformed into YG000 to serve as negative and positive controls, respectively. Expression of spoIIIJ, yqjG and the chimeras is induced by the addition of
subtilin to the growth medium. As expected, the negative control (pNZ8901) grew only on LB
plates supplemented with xylose (Fig. 2), while cells carrying pNZspoIIIJ or pNZyqjG were
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Figure 2. Complementation of YG000 with plasmid-encoded SpoIIIJ-YqjG/YqjG-SpoIIIJ chimeras.
Cells containing YP1-STMS12345 (section 1), YTMS1-STMS2345 (section 2), YTMS12-STMS345 (section 3), YTMS123STMS45 (section 4), SP1-YTMS12345 (section 5), STMS1-YTMS2345 (section 6), STMS12-YTMS345 (section 7), and STMS123YTMS45 (section 8) were streaked onto LB plates supplemented with the corresponding antibiotics and
0.2% (wt/vol) xylose or 1% (vol/vol) subtilin. The empty plasmid (pNZ8901) and plasmids encoding
SpoIIIJ, YqjG, SpoIIIJ-His, and YqjG-His are shown as controls.

viable in the presence of either xylose or subtilin. Notably, except for the YTMS1-STMS2345 mutant,
all the chimeras supported growth of the spoIIIJ yqjG double deletion strain, which demonstrated that these chimeras can substitute for the function of SpoIIIJ/YqjG during vegetative
growth of B. subtilis.
The observation that the YTMS1-STMS2345 could not complement the spoIIIJ/yqjG double deletion
strain suggests that the chimera is either not functional or not expressed. To discriminate between these possibilities, a C-terminally his-tagged Y TMS1-STMS2345 chimeric fusion was created
and transformed into YG000. Subtilin-induced expression of YTMS1-STMS2345-his also did not
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restore the growth defect of YG000, but the protein was expressed as shown by Western Blotting (see Fig. S2 in the supplementary material). Apparently, this fusion protein is inactive.
Taken together these results demonstrate that all but one of the chimeras can functionally
substitute SpoIIIJ/YqjG during vegetative growth.
Rescue of the sporulation defect of a B. subtilis spoIIIJ strain by chimeras
SpoIIIJ is essential for sporulation, and YqjG cannot rescue the sporulation defect of a spoIIIJ
deletion strain. To analyze whether the chimeric fusion proteins were supporting sporulation,
the genes were placed under control of the IPTG-inducible Phyper-spank promoter and integrated into the amyE locus of B. subtilis MS001 (∆spoIIIJ). Cells were grown to the exponential
phase, transferred to sporulation medium and allowed to sporulate for 24 h. Cultures were
subjected to a heat shock at 80°C for 20 minutes and the sporulation efficiency was assayed by
the ability to grow on LB after serial dilution. As shown in Fig. 3, cells that were not subjected
to heat shock grew robust on the LB plates and exhibited a similar growth pattern. However,
after heat shock no growth was observed for B. subtilis MS001 (∆spoIIIJ). An IPTG inducible
copy of spoIIIJ at the genomic amyE locus could functionally complement the spoIIIJ deletion defect, whereas a similar construct with yqjG could not (Fig. 3A). Replacement of the
putative signal peptide and periplasmic loop P1 of SpoIIIJ with that of YqjG did not affect
the sporulation efficiency (Fig. 3B, YP1-STMS12345), indicating that this region is not required for
the sporulation specific function of SpoIIIJ. However, when the region including TMS 1 and
-2 of SpoIIIJ was replaced with the corresponding part of YqjG (Fig. 1 B, YTMS12-STMS345), the
sporulation efficiency was dramatically reduced (Fig. 3B, YTMS12-STMS345, please note that the
YTMS1-STMS2345 was not functional in the complementation assay). This suggests that TMS1 and
-2 of SpoIIIJ are involved in the sporulation specific function of SpoIIIJ.
Next, we tested whether N-terminal fragments of SpoIIIJ could enable YqjG to function in
sporulation. A chimera in which the putative signal peptide and P1 domain of YqjG were substituted with the corresponding region of SpoIIIJ (SP1-YTMS12345) did not support sporulation.
Likewise, extending the replacement to TMS1 (STMS1-YTMS2345) did not enable sporulation. The
sporulation efficiency increased dramatically when both TMS1 and TMS2 of YqjG were replaced with the corresponding fragment of SpoIIIJ (STMS12-YTMS345), again suggesting that the
region comprising TMS1 and -2 of SpoIIIJ plays an important role in sporulation specificity.
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Figure 3. SpoIIIJ-YqjG/YqjG-SpoIIIJ rescues a spoIIIJ sporulation phenotype to different extents. A
series of SpoIIIJ-YqjG/YqjG-SpoIIIJ chimeric fusions were integrated into the genomic amyE locus
of MS001(ΔspoIIIJ), and cells were allowed to sporulate. Cell suspensions were adjusted to the same
OD600 and subjected to heat shock at 80°C for 20 min or not, after which a 10-fold dilution series was
spotted onto LB plates. wt, wild-type B. subtilis 168; ΔspoIIIJ, MS001(ΔspoIIIJ); SpoIIIJwt, MS001 amyE::PHS-spoIIIJ; YqjGwt, MS001 amyE::PHS- yqjG. Dilution factors are indicated above the panels.

When the replacement was extended to TMS3 (STMS123-YTMS45) the sporulation efficiency increased even further to a level that was almost similar to that of wild-type SpoIIIJ. A summary
of the sporulation efficiency results from the tested chimeras is shown in Fig. 1B. Taken together, the data suggest that the putative signal peptide and periplasmic loop 1 are not critical
for the role of SpoIIIJ in sporulation, while the region comprising TMS 1 and TMS 2 seems
to play a key role. TMS3 may function cooperatively with TMS1 and TMS2, since the YqjG
mutant (STMS123-YTMS45) yielded exactly the same sporulation efficiency as that of wild-type
SpoIIIJ.
The domain comprising TMS2 of SpoIIIJ plays a crucial role in sporulation specificity
To analyze whether TMS2 of SpoIIIJ is the sole determinant for the sporulation specific role of
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Figure 4. TMS2 of SpoIIIJ is not sufficient to convert YqjG into a sporulation-specific insertase. (A)
Construction of TMS2-replaced SpoIIIJ and YqjG mutants. (B) Growth complementation of YG000
(ΔyqjG ΔspoIIIJ PxylA-yqjG amyE::spaRK) with plasmids encoding STMS1345-YTMS2,YTMS1345-STMS2, and
STMS1345-YTMS2syn. Empty plasmid pNZ8901 served as a negative control. (C) Sporulation ability test of
TMS2-replaced SpoIIIJ and YqjG mutants. wt, wild-type B. subtilis 168; ΔspoIIIJ, MS001(ΔspoIIIJ);
SpoIIIJwt, MS001 amyE::PHS-spoIIIJ; YqjGwt, MS001 amyE::PHS-yqjG. Dilution factors are indicated above

the panels. ++++, viable spores present in a 10-3 dilution; +, viable spores present in a 100 dilution; -, no
viable spores detected. The experiment was performed at least 4 times for each strain.

SpoIIIJ, TMS2 and part of its flanking loops were swapped between SpoIIIJ and YqjG (Fig. 4A,
STMS1345-YTMS2 and YTMS1345-STMS2). When cloned into the subtilin-inducible expression vector
pNZ8901, both mutants were able to complement the growth defect of the double depletion
strain YG000 (Fig. 4B). As shown in Fig. 4C, replacement of the fragment comprising TMS2
and its flanking loops (STMS1345-YTMS2) blocked the sporulation activity of SpoIIIJ, confirming
that this is an essential region that cannot be functionally replaced by that of YqjG. However,
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replacing this domain of YqjG with that of SpoIIIJ was not sufficient to enable YqjG to support sporulation (Fig. 4C, YTMS1345-STMS2). Our overlapping PCR technique not only replaced
TMS2 but also parts of the TMS2 flanking regions. To narrow down the function of TMS2, a
synthetic construct comprising SpoIIIJ with solely TMS2 of YqjG was generated. This protein
was functional in complementation of the growth defect of YG000 (Fig. 4B) but also affected
in sporulation efficiency (Fig. 4C, STMS1345-YTMS2syn), although to a lesser extent than the construct containing SpoIIIJ TMS2 in combination with the flanking loops. Taken together, these
results suggest that the domain comprising TMS2 and its hydrophilic flanking loops constitute an essential, but not the only, determinant for the sporulation-specific activity of SpoIIIJ.

Discussion
The members of the YidC/Oxa1/Alb3 protein family have a dedicated role in the biogenesis of
membrane proteins, and are functionally exchangeable (1–3). The B. subtilis YidC homologs
SpoIIIJ and YqjG share a conserved and overlapping function in membrane protein insertion
and assembly (4). Besides their overlapping functions during vegetative growth, SpoIIIJ plays
a specific role in sporulation (7). Here we examined which regions of SpoIIIJ are critical for
the sporulation specificity of SpoIIIJ by systematically replacing the TMSs of SpoIIIJ with
those of YqjG and vice versa. Our data suggest an essential role of TMS2 and its flanking
loops in sporulation specificity, while the two C-terminal TMSs do not seem to contribute to
the SpoIIIJ specific sporulation function. Remarkably, replacing TMS1 of SpoIIIJ with that
of YqjG inactivates SpoIIIJ in complementing the growth defect of the spoIIIJ yqjG double
deletion strain, whereas it retained a slight activity in the sporulation assay. Since the chimer
is indeed expressed in the cell, we speculate that the replacement of TMS1 causes a conformational change in SpoIIIJ that inactivates the protein to the extent that it can no longer support
cell viability. YqjG fulfills a specific function in competence development, however, this function is not as critical as the role of SpoIIIJ in sporulation, as even in the absence of YqjG cells
still become competent (9).
The expression of spoIIIJ is essential for the activation of the forespore-specific factor σG, and
in the absence of SpoIIIJ sporulation is arrested soon after the completion of the engulfment
process (7). The activation of σG also requires the expression of the spoIIIAA-AH operon,
encoding eight proteins, seven of which are membrane targeted (16, 17). SpoIIIJ may directly
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interact with the membrane protein SpoIIIAE and facilitate its correct folding or assembly
following the insertion step (10). Another spoIIIA-encoded membrane product, SpoIIIAH is
also proposed to play a key role in σG activation (18), and may thus be a potential substrate for
SpoIIIJ. SpoIIIAH, that carries a single transmembrane segment, interacts with the forespore
expressed SpoIIQ protein at the sporulation septum to form a SpoIIIAH/SpoIIQ channel,
which is supposed to export the anti-sigma factor proteins of the forespore thereby activating
σG (17, 19). A previous proteomics study on the spoIIIJ mutant revealed an increased expression of SpoIIIAH, implying that SpoIIIJ might function in the correct folding of SpoIIIAH
rather than its insertion into the membrane (9). However, further investigations are needed
to verify this hypothesis. Sporulation is a highly sophisticated development process involving
compartment-specific gene activation and intercellular communication between the mother
and forespore cell, so as yet-unknown products involved in sporulation may represent potential substrates for SpoIIIJ.
TMS2 of the conserved hydrophobic core of the YidC/Oxa1/Alb3 family is the most conserved part of the protein. Mutations in TMS3 of E. coli YidC (which corresponds to TMS2 in
SpoIIIJ) cause a cold-sensitive phenotype (20), while cross-linking results suggest that YidC
TMS3 contacts nascent inner membrane proteins possibly providing a generic docking site
for membrane proteins to insert into the membrane (21). Here, we found that the corresponding TMS2 of SpoIIIJ and its flanking regions are critical for sporulation specificity, cooperating with TMS1 and TMS3 to achieve full functionality. The specificity seems to result
from both the TMS and its surrounding hydrophilic loops, since replacement of TMS2 alone
reduces, but does not completely block, sporulation activity. This is in accordance with previous findings which showed that YidC is very resilient to amino acid substitutions and even
tolerates the exchange of two TMS (equivalent to SpoIIIJ TMS3 and 4) for totally unrelated
TMSs (22). Comparison of TMS2 of YqjG and SpoIIIJ shows that they are highly conserved,
while the observed substitutions only marginally affect the overall hydrophobicity, except for
methionine 141 of SpoIIIJ that is substituted for serine 149 in YqjG. However, the mutation
M141S in SpoIIIJ did not inactive its sporulation specific function, nor did the S149M mutation in YqjG result in a gain of this function (Fig. S1C in the supplementary material). Our
data suggest that the area comprising SpoIIIJ TMS1, -2 and -3 and the connecting loops is

56

Chapter 2
present as a core fold that is critical for functioning and specificity. Further studies are required to pinpoint what makes SpoIIIJ sporulation specific and fundamentally different from
YqjG and, for example, YidC. Identification of a true SpoIIIJ substrate and development of an
in vitro insertion assay for this substrate are necessary tools for these studies.
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Figure S1. Single amino acid mutagenesis in the TMS2 of the SpoIIIJ has no effect on sporulation
ability. (A) Alignment of the B. sutbilis SpoIIIJ and YqjG. The alignment is generated using T-Coffee and
Boxshade. Putative transmembrane segments (TMS) are indicated with straight lines. The residue in
TMS2 chosen for mutation is indicated with * and the amino acid sites chosen for chimeras construction

59

Chapter 2
are indicated with V. (B) Growth complementation of YG000 (∆yqjG, ∆spoIIIJ, PxylAyqjG, amyE::spaRK)
with plasmids encoding SpoIIIJM141S and YqjGS149M. Empty plasmid pNZ8901 and plasmids containing SpoIIIJ and YqjG served as controls. C) Sporulation ability test of the single amino acid mutated

SpoIIIJ. wt, wild type B. subtilis 168; ∆spoIIIJ, MS001 (∆spoIIIJ); SpoIIIJwt, MS001, amyE::PHS-spoIIIJ;
YqjGwt, MS001, amyE::PHS-yqjG. Dilution factors are indicated above the panels.
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Figure S2. Chimeric protein YTMS1-STMS2345 was expressed in YG000 (∆yqjG, ∆spoIIIJ, PxylAyqjG,

amyE::spaRK). Cultures harboring plasmids pNZ8901 (lane1, empty control), pNZchimer1his (lane
2, YTMS1-STMS2345his), pNZyqjGhis and pNZspoIIIJhis (lanes 3 and 4, positive controls) were grown as
described in the Materials and methods, and expression of the chimeric protein YTMS1-STMS2345 was monitored by SDS-PAGE and immunoblotting using anti-His antibody.
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Table S1. List of primers
Primer name

Nucleotide Sequence (5’-3’)

YqjGfw
YqjGrev
Spofw
Sporev
Y93fw
Y93rev
S170fw
S170rev
chimera123fw
chimera123rev
chimera456fw
chimera456rev
chimera123his rev

pNZtest1
pNZtest2
pDRtest1
pDRtest2

GCGGCCAAGCTTAGGAGGAGAACAAAATTG
GCCTGCGCTAGCTTATTTCACCGACTCAGTAAGAG
GGCTCGGCTAGCAGGAGGAAATGTTGTTGAAAAGG
GCGACTGCATGCTCACTTTTTCTTTCCTCCG
CCGCGAGCTAGCAGGAGGAGAACAAAATTG
CTCTTGGAAGATGCGCTG
AACAGCGCATCTTCCAAGAGGCTTTACAGCCGGAAATGC
GCGACTGCATGCTCACTTTTTCTTTCCTCCG
CGGGCGCCATGGTAAAAACATATCAAAAACTTTTGGCTATGGG
CGGCGCTCTAGATCACTTTTTCTTTCCTCCG
CGCCCGCCATGGTGTTGAAAAGGAGAATAGGGTTG
CGCCCGTCTAGATTATTTCACCGACTCAGTAAGAGC
GCGTCTAGATCAGTGATGGTGATGGTGATGCTTTTTCTTTCCTCCGGCTTTTTGCGGC
GCGTCTAGATTAGTGATGGTGATGGTGATGTTTCACCGACTCAGTAAGAGCGGCTGTTTTTTTAC
ACCTGCCCCGTTAGTTGAAGAAG
GGCTATCAATCAAAGCAACACGTGCTG
CGTTGCTCGAGGGTAAATG
CGATCTTTCAGCCGACTC

YTMS12-STMS345
Y169fw
Y169rev
S100 fw
S100 rev

GCGGCCAAGCTTAGGAGGAGAACAAAATTG
CGAGTGTGACGCAATTTCAGGTGTTGAG
CGCTCAACACCTGAAATTGCGTCACACTCGTTCTTATGGTTTGACTTAGGAG
GCGACTGCATGCTCACTTTTTCTTTCCTCCG

YTMS123-STMS45
Y209fw
Y209rev
S64 fw
S64 rev

GCGGCCAAGCTTAGGAGGAGAACAAAATTG
TTGCGGGACAGCGGAATATTTCG
CGCGAAATATTCCGCTGTCCCGCAACAAAATCCGCAAATGGCGATGATG
GCGACTGCATGCTCACTTTTTCTTTCCTCCG

chimera456his rev

STMS1-YTMS2345
S91fw
S91rev
Y187fw
Y187rev

GGCTCG GTCGAC AGGAGGAAATGTTGTTGAAAAGG
CTGCATCGCTTTCGAACTTCTCAG
CTGAGAAGTTCGAAAGCGATGCAGCAGCGCATCTTCCAAGAG
GCCTGCGCTAGCTTATTTCACCGACTCAGTAAGAG

STMS12-YTMS345
S166fw
S166 rev
Y177fw
Y177rev

GGCTCG GTCGAC AGGAGGAAATGTTGTTGAAAAGG
GTCAAACCATAAGAAGCTATGCTCTG
CAGAGCATAGCTTCTTATGGTTTGACCAATCTGATATTCTCATGTCCC
GCCTGCGCTAGCTTATTTCACCGACTCAGTAAGAG

STMS123-YTMS45
S197fw
S197 rev
Y67fw
Y67rev

GGCTCG GTCGAC AGGAGGAAATGTTGTTGAAAAGG
CTGCGCATTGCCAGCCATCATCAG
CTGATGATGGCTGGCAATGCGCAGCAAAACCCTGCAGCGCAGCAATCC
GCCTGC GCTAGC TTATTTCACCGACTCAGTAAGAG

YP1-STMS12345
Y54fw
Y54rev
S53fw
S53rev
SP1-YTMS12345
S52fw
S52rev
Y55fw
Y55rev

CCGCGAGCTAGCAGGAGGAGAACAAAATTG -3’
ACCCTTAAGCAGAGCGGAAAACGGTTCG -3’
TCCGCTCTGCTTAAGGGTGTAGCGAAATTGACGGGAGATAAC-3’
GCGACTGCATGCTCACTTTTTCTTTCCTCCG-3’
GGCTCG GTCGAC AGGAGGAAATGTTGTTGAAAAGG-3’
ATACGTAATGAGCTCAGACAATGGATATAC-3’
CCATTGTCTGAGCTCATTACGTATGTTGCCGGGCTGTTTCACGGAG-3’
GCCTGCGCTAGCTTATTTCACCGACTCAGTAAGAG-3’
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Role of the cytosolic loop C2 and the C-terminus of
YidC in ribosome binding and insertion activity

Abstract
Members of the YidC/Oxa1/Alb3 protein family mediate membrane protein insertion, and this process is initiated by the assembly of YidC:ribosome nascent chain
complexes at the inner leaflet of the lipid bilayer. The positively charged C terminus
of Escherichia coli YidC plays a significant role in ribosome binding but is not the sole
determinant because deletion does not completely abrogate ribosome binding. The
positively charged cytosolic loops C1 and C2 of YidC may provide additional docking
sites. We performed systematic sequential deletions within these cytosolic domains
and studied their effect on the YidC insertase activity and interaction with translation-stalled (programmed) ribosome. Deletions within loop C1 strongly affected the
activity of YidC in vivo but did not influence ribosome binding or substrate insertion, whereas loop C2 appeared to be involved in ribosome binding. Combining the
latter deletion with the removal of the C terminus of YidC abolished YidC-mediated
insertion. We propose that these two regions play an crucial role in the formation
and stabilization of an active YidC: ribosome nascent chain complex, allowing for
co-translational membrane insertion, whereas loop C1 may be involved in the downstream chaperone activity of YidC or in other protein-protein interactions.
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Introduction
In eubacteria, membrane proteins constitute ~ 30% of the total proteins synthesized in the
cell (1). They participate in signal transduction, respiration, energy generation, as well as the
transport of a variety of ions, solutes and macromolecules. The majority of the inner membrane proteins are destined for and inserted into the membrane via the SecYEG translocon-mediated pathway (2, 3). However, a specific subset of membrane proteins requires YidC
insertase for integration into the membrane. Escherichia coli YidC is an abundant membrane
protein, with ~ 2500 copies per cell (1) and it is involved in the insertion, folding and/or assembly of membrane proteins into the cytoplasmic membrane independently or in concert
with the SecYEG translocon (4). E. coli YidC is essential for cell viability (5) and has been
shown to function as an insertase in the membrane insertion of the filamentous phage Pf3
coat and M13 pro-coat proteins (5, 6)and the endogenous substrates F0c (7), MscL (8, 9), and
TssL (10). In cooperation with the Sec translocase, YidC assists in the membrane insertion
of CyoA (11, 12), NuoK (13), F0a and F0b subunits of F1F0 ATPase (14), and the translocation
of the periplasmic loop 1 and loop 2 of TatC (15). It also acts as a chaperone in the folding of
lactose permease LacY and MalF (16, 17).
All members of the YidC/Oxa1/Alb3 protein family share a very conserved hydrophobic core
region consisting of five transmembrane segments (TMS) connected by hydrophilic loops
(18), but the E. coli YidC possesses an extra N-terminal TMS1 linked by a large periplasmic
domain P1 to the TMS2 (19). Recently, Kumazaki et al. (20) reported the crystal structures
of YidC2 from Bacillus halodurans and YidC of E. coli, both solved in the lipid environment.
The high-resolution structures revealed that the global arrangement of the conserved core
regions in E. coli YidC and B. halodurans YidC2 are in high agreement with the folding of the
five TMSs into a positively charged groove, whereas the hairpin-like C1 domain that consists
of two antiparallel helices is more flexible in the E. coli YidC.
Like the SecYEG translocon, the YidC protein family facilitates co-translational substrate insertion involving ribosome binding to initiate the insertion process. The C-terminal regions
of the mitochondrial Oxa1 and Streptococcus mutants YidC1 and YidC2 have been shown
to be crucial for the contact with ribosomes (21–23), and deletions within these domains
compromised the protein insertion function. In E. coli, the C-terminus of YidC is positively
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charged, but it is substantially shorter (13 residues; total charge +5) in comparison with Oxa1
(86 residues; +14), YidC1 (33 residues; +9) and YidC2 (61 residues; +14) (19, 22, 23). Recently, we have investigated the interaction of YidC with translation-stalled ribosomes by means
of the fluorescence correlation spectroscopy (FCS) technique under physiological condition
using nanodisc-embedded YidC to mimic the native lipids environment (24). In contrast to
earlier models (25), we found that monomeric E. coli YidC was sufficient for ribosome binding and thus it formed a minimal functional unit. The analysis highlighted the role of the
C-terminus of YidC in the ribosome binding, but also suggested it to be not the sole determinant, so alternative ribosomal contacting sites were proposed within the positively charged
C1 and C2 domains of YidC (25). The chimeric E. coli YidC with an extended C-terminal
tail from Rhodopirellula baltica YidC (YidC-Rb) exhibited enhanced binding of translating
ribosome forming primary interaction sites on the ribosomal rRNA helix 59 and the ribosomal protein L24, as shown by the cryo-electron microscopy (cryo-EM) structure of the
YidC-Rb:RNC complex (26). Lately, Wickles et al. built a structural model of E. coli YidC via
the intramolecular co-variation analysis, which appeared in agreement with the experimentally solved structure (27). The model was applied to interpret the interaction of E. coli YidC
with the RNC-F0c visualized in cryo-EM. The residues Tyr-370 and Tyr-377 in the C1 loop
and Asp-488 in the C2 loop of YidC were suggested to be directly engaged in the ribosome
binding at His-59 and the protein Leu-23, respectively (27). Substitution of the residues compromised the vegetative growth of cells, however, the role of cytoplasmic loops in ribosome
binding and insertion activity of YidC has not been studied.
Here, we aimed to determine the regions of YidC involved in ribosome binding and further investigate the contribution of the YidC:ribosome physical interaction to the insertion
process. Herein, we made sequential deletions within the C1 and C2 loops of E. coli YidC
and studied their activity in vitro by means of biochemical and biophysical assays, and also
checked functional properties of these YidC variants in vivo. Truncations within loop C2 reduced ribosome binding to YidC at the membrane interface and combining deletions within
C2 and at the C-terminus of YidC also inactivated YidC in membrane insertion of F0c and
MscL, suggesting that these two sites build a platform for ribosome docking. On the other
hand, modifications within the loop C1 severely affected in vivo functioning of YidC, but did
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not interfere with ribosome binding or substrate insertion, suggesting that the C1 loop is involved in chaperone/foldase activity of YidC or protein-protein interactions at the membrane
interface, or the insertion of yet unknown YidC substrates that are essential for cell viability.

Experimental procedures
Bacterial strains and plasmids
The YidC depletion strain E. coli FTL10 (28) was a kind gift of Frank Sargent (University of
East Anglia, Norwich, UK). E. coli SF100 (29) was used to express the YidC variants. Plasmid
pKA107 was used as the template, in which the endogenous cysteine residue at position 423
of YidC was substituted for a serine, whereas a solvent-exposed cysteine was introduced at
position 269, which did not affect the functionality (24). Primers were designed annealing to
the flanking regions of the selected deletions in the cytosolic loops C1 and C2 of E. coli YidC
(Table 1). PCR products containing truncated yidC genes were treated with DpnI at 37°C for
2 h and then subject to gel purification. After phosphorylation and self-circularization, the
resulted plasmids were multiplied in DH5α cells and verified by DNA sequencing. Plasmids
containing the genes encoding for YidC mutated proteins were subject to Eco88I (AvaI) and
HindIII double digestion, and the obtained DNA fragments with truncated yidC genes were
re-cloned into fresh pTrc99a, yielding plasmids pKA120-126 (Table 1). As for the mutated
yidC gene containing deletions in the C2 domain and at the whole C-terminus, PCR reaction
was carried out using plasmid pKA125 as the template. The resulting yidC double truncated
gene was subject to XbaI and HindIII double digestion and cloned into XbaI/ HindIII double-digested pTrc99a vector, yielding the construct pYP00.
In vivo complementation assay
To study the functionality of E. coli YidC variants, E. coli FTL10 cells were transformed with
plasmids harboring genes encoding for mutated YidC proteins, and grown under aerobic
or anaerobic conditions. For aerobic growth, cells were grown overnight in the LB medium
supplemented with 0.2 % arabinose (w/v) and ampicillin (100 µg/ml). To deplete YidC, overnight cultures were diluted into fresh LB medium supplemented with 0.2 % glucose (w/v)
and ampicillin (100 µg/ml) and grown at 37°C for 3 h. After adjusting to the same OD600,
10-fold dilution series of each culture were made and 3 µl of each dilution was spotted on LB
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Table1 Strains and plasmids used in the study
Plasmid/ Strain
Plasmids
pTrc99a
pKA107
pKA120
pKA121
pKA122
pKA123
pKA124
pKA125
pKA126
pKA131
pYP00
pETNuoK
pET20MscL
pET2302
pJK763
pEM36-F0c
E. coli strains
DH5α
FTL10
SF100

Description
Expression vector
YidC(C423S, D269C)
YidC(C423S, D269C) ∆374-383; YidC∆1
YidC(C423S, D269C) ∆385-394; YidC∆2
YidC(C423S, D269C) ∆392-401; YidC∆3
YidC(C423S, D269C) ∆401-410; YidC∆4
YidC(C423S, D269C) ∆410-419; YidC∆5
YidC(C423S, D269C) ∆485-489; YidC∆6
YidC(C423S, D269C) ∆489-493; YidC∆7
YidC(C423S, D269C) ∆536-547; YidC∆C
YidC(C423S, D269C) ∆485-489,∆536-547; YidC∆8
pET20 containing nuoK gene
MscL
SecYEG
RNC-F0c44 SecM-stalled
RNC-F0c TnaC-stalled
supE44 hsdR14 recA1 endA1 gyrA96 thi-1 relA1∆lacU169
(Φ80lacZ ∆M15); K12 derivative
FTL10 yidC attB::(araC+ PBAD yidC+); Kanr
F-, ∆lacX7, galE, galK, thi, rpsL, strA 4, ∆phoA(pvuII), ∆ompT

Source

(24)
This study
This study
This study
This study
This study
This study
This study
(24)
This study
(13)
(9)
(38)
(24)
(27)
(39)
(28)
(29)

plates in the presence of 0.2 % arabinose (w/v) or 0.2 % glucose (w/v) and 50 µM isopropyl
1-thio-β-D-galactopyranoside (IPTG). The plates were incubated at 37°C at least 10 h, and the
growth phenotype of the diluted cultures displayed on LB plates supplemented with glucose
and IPTG represents the deletion effect on YidC function. For the anaerobic growth, cells
were grown overnight at 37°C in the basal anaerobic medium containing K2HPO4 (0.7 %),
KH2PO4 (0.2 %), NH4Cl (0.1 %), MgSO4∙7H2O (0.02 %), CaCl2∙2H2O (0.002 %), SL9 trace elements solutions (0.1 % v/v) supplemented with the carbon source glycerol (0.5 % v/v) and the
electron acceptor sodium fumarate (10 mM), and 0.2 % arabinose (w/v) was supplied initially
to induce the expression of endogenous yidC gene. To deplete the endogenously expressed
YidC, overnight cultures were collected and washed twice with basal anaerobic medium and
were diluted 2-fold into the same medium supplemented with glycerol and sodium fumarate.
The procedure was repeated until the growth cessation. The cells were subsequently serially
diluted and 3 µl of the cell suspension were spotted on anaerobic medium plates containing
0.2 % arabinose (w/v) or 50 µM IPTG and 0.5 % glucose, respectively. The anaerobic growth
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was carried out in sealed bottles under O2-free environment.
Protein purification and YidC labeling
Histidine-tagged YidC proteins or SecYEG were expressed into E. coli SF100 and the inner
membrane vesicles (IMVs) were prepared as described previously (24, 30). Target proteins
were purified by Ni+-NTA affinity chromatography. Firstly, IMVs were solubilized in 50 mM
Tris-HCl pH 8.0, 1 % n-dodecyl β-D-maltoside (DDM), 100 mM KCl and 10 % glycerol at
4 °C for 30 min. As for YidC variants, 200 μM tris (2-carboxyethyl) phosphine (TCEP) was
added to inhibit disulfide bonds formation. Then, solubilized proteins were mixed with Ni+NTA agarose beads for 1 h at 4 °C on a rolling bank, washed with 3 bed volumes of buffer A
(50 mM Tris-HCl pH 8.0, 0.1 % DDM, 100 mM KCl, 10 % glycerol) supplemented with 50
mM imidazole and finally eluted with 300 mM imidazole in buffer A. For optional labelling,
Ni+-NTA-bound YidC variants were incubated with the labeling buffer B (100 mM K2HPO4/
KH2PO4 pH 7.0, 0.1 % DDM, 100 mM KCl, 10 % glycerol and 200 μM TCEP) supplemented
with 200 µM Alexa Fluor 488 C5-maleimide (Life Technologies/Invitrogen) for 2 h at 4 °C on
a rolling bank, followed by extensive washing with 10 mM imidazole and finally eluted by
400 mM imidazole in buffer B. Protein concentration and labeling efficiency were estimated
spectrophotometrically. The extinction coefficient values for YidC at 280 nm and AlexaFluor
488 at 500 nm were as 96,000 cm-1M-1 and 72,000 cm-1M-1, respectively.
Nanodisc reconstitution of YidC
To ensure a native membrane environment, the fluorescently labeled YidC variants were reconstituted into the lipid bilayers supported by the major scaffold protein (MSP) to form
nanodiscs according to the previous method with minor modifications (31, 24) Synthetic
membranes composed of DOPG:DOPE:DOPC (dioleoyl-phosphatidylglycerol: dioleoylphosphatidylethanolamine: dioleoylphosphatidylcholine) at a molar ratio of 3:3:4 were used to
generate stable nanodiscs (32). To obtain nanodiscs containing single YidC molecule (YidCmo-Nd), detergent-destabilized lipids were mixed with MSP1D1 and YidC at the molar ration

no

of 250:10:1. The YidC-containing nanodiscs were spontaneously assembled upon removal of
the detergent by Bio-Beads SM2 sorbent (Bio-Rad), yielding nanodiscs with a diameter of ~10
nm (33). Size-exclusion chromatography was then employed to separate the empty nanodiscs,
and YidCmono-Nd. YidC-enriched factions were used for FCS measurement. For preparing
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empty nanodiscs 2 % of fluorophore-conjugated DOPE-Atto 488 (Atto Tech) was added to
the lipid formulation and lipids and MSP were mixed at the molar ratio 25:1.
Ribosome nascent chain isolation
Generation of SecM-stalled ribosomes carrying the F0c nascent polypeptide chain was performed as described (24, 34). The stalled polypeptide chain is composed of N-terminal 3x
Strep-tag followed by a sequence encoding for the 1-44 residues of F0c containing the first
TMS and flanking polar regions, with SecM arresting sequence fused to the C terminus.
RNCs were expressed in vivo in E. coli and isolated by a StrepTactin affinity chromatography
(IBA) as previously described (34). TnaC-stalled RNCs were prepared in vivo according to
the published protocol (35). The N-terminal poly-histidine tag at the F0c nascent chain was
removed upon specific proteolysis by the 3C protease.
Fluorescence correlation spectroscopy
FCS experiments were performed on the inverted confocal microscopy LSM710 in combination with the Confocor 3 module (Zeiss GmbH) and on a home-built set-up described
previously (36). Prior to the experiment, the known diffusion coefficient of AlexaFluor 488
in water was used to calibrate the confocal volume (D = 400 µm2/s) (37). To analyze the
interactions between fluorescently-labelled YidC and RNC-F0c, YidCmono-Nd was diluted to
a final concentration of ~50 nM in buffer (50 mM HEPES-KOH pH 7.2, 100 mM KCl, 5 %
(v/v) glycerol and 5 mM MgCl2) and a 5-fold excess of RNCs was added. The reaction was
incubated at room temperature for 5 -10 minutes before subject to the FCS measurement. The
fluctuation of fluorescence arising from the fluorescent YidC-Nd complexes was monitored
and auto-correlated over the time to measure average diffusion time. Auto-correlation curves
were fitted using the two-component model as described in the previous study (24, 34). The
individual diffusion times for the two-component analysis were determined in separate experiments. The diffusion of YidC-Nd alone was taken from measurements in the absence
of RNC-F0c and the YidC-Nd:RNC-F0C complex was approximated by measurements with
labelled RNC-F0c alone. During fitting, the two diffusion times were fixed and only the amplitudes were varied. The fluorescence lifetime data available within our FCS data indicate
that binding of RNC-F0c does not alter the fluorescence intensity. Hence, the amplitude of
the two components represents their relative populations. The background fluorescence was
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analyzed using non-labelled YidC-Nd and RNCs at stated concentrations. The intensity of the
background fluorescence did not exceed 5% of the fluorescently labeled YidC-Nd.
In vitro synthesis, insertion and translocation assay
In vitro synthesis of the insertion substrates was performed as described before (30). The in
vitro transcription and translation was carried out at 37 °C for 20 minutes in the presence of
EasyTag EXPRESS35S Protein Labeling Mix (PerkinElmer) and empty liposomes or proteoliposomes containing YidC and/or SecYEG. A small fraction of the reaction was taken as a
control, in the case of F0c, the remainder was treated with 2.5 mg/ml proteinase K at room
temperature for 20 min. For probing insertion of MscL and NuoK, the proteoliposomes were
collected through a 5% (w/v) sucrose cushion and then treated with proteinase K (0.5 mg/
ml) for 30 min on ice. The samples were precipitated in 20% trichloroacetic acid (TCA) and
analyzed on SDS-PAGE followed by phosphor imaging and visualization on Typhoon scanner
(Amersham).

Results
YidC Variants Complement the Growth Defect of a YidC Depletion Strain
To study the role of the cytoplasmic loops in the YidC function, we introduced sequential deletions within YidC as illustrated schematically in Fig. 1. Five deletions of 10 amino acids each
were introduced within loop C1 starting at position 374. For loop C2 two deletions, 5 residues
each, were introduced starting at position 485. To probe the activity of designed YidC variants
in vivo, pTrc99a plasmids bearing the genes encoding for the YidC mutants were transformed
into E. coli strain FTL10 (28), in which the endogenous chromosomal yidC gene was deleted,
whereas a copy of the yidC gene was placed under the control of the arabinose-inducible
promoter and integrated into the chromosome. Therefore, growth of the FTL10 is strictly arabinose-dependent. In the presence of arabinose, the transcription of the yidC gene is initiated,
thereby exhibiting normal growth phenotype, whereas glucose supplementation inhibits the
chromosomal yidC expression. The activity of designed YidC mutants can be examined by
observing whether they rescue the growth defect of strain FTL10 when grown with glucose.
Cells harboring the YidC variants displayed a robust growth phenotype under arabinose conditions (Fig. 2). However, under glucose and IPTG conditions different growth phenotypes
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Figure 1. Overview of E. coli YidC variants. A, a ribbon representation of the E. coli YidC structure.
The short regions of E. coli YidC that were deleted are colored in the range of purple to red from the
N-terminus to the C terminus. The cytosolic loop C2 and the C terminus are structurally disordered. B,
a topology diagram of E. coli YidC. Helices and strands are indicated by cylinders and arrows, respectively. The CH1 and CH2 helices in the cytosolic loop C1 fold into a hairpin-like structure. The cytoplasmic loops C1 and C2 are highlighted in the dashed boxes. C, a schematic representation of designed E.
coli YidC variants. The numbers in parentheses indicate the positions of amino acid residues in E. coli
YidC, and the deletion fragments are colored as in A. The prolines in TM2 are indicated by a circled P.
Because of the structural disorder of cytosolic loop C2 and the C terminus in E. coli YidC, the YidCΔ6,
YidCΔ7, and YidCΔC variants are not shown in A. In addition, a summary of the growth complementation by the variants is indicated for FTL10 cells grown under aerobic and anaerobic conditions as
described under “Experimental Procedures” and in the legend of Fig. 2.

were observed. As expected, cells containing the empty vector pTrc99a were unable to grow
without arabinose, confirming that depletion of native YidC led to the loss of cell viability
(4), whereas IPTG-inducible wild-type YidC could compensate for the growth loss (Fig. 2,
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YidC). Remarkably, except for YidC∆1 (∆374-383, the numbers represent the position of the
amino acid residues in YidC), which failed in growth complementation, all YidC mutants
were capable of restoring the growth deficiency of the YidC depletion strain, although to
varying extents (Fig. 2A, YidC∆1-YidC∆7). The deletions within the C1 loop had detrimental
(YidC∆1) or moderate (YidC∆2-∆5) effects on cell survival, suggesting an important role of
the dynamic helical hairpin region for YidC activity (40, 41). Interestingly, a deletion at the
tip of the hairpin had the least effect on cell growth (YidC∆3), because it is unlikely to distort
the hairpin structure. Both deletions within loop C2, YidC∆6 (485-489) and YidC∆7 (489493), could fully rescue the growth defect of the YidC defective strain, confirming that the C2
domain of YidC is not crucial for its activity (42). This was also the case for the deletion of the
C-terminal end of YidC (YidC∆C (∆536-547)) in agreement with previous data (24).
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Figure 2. An in vivo activity analysis of E. coli YidC variants. A and B, growth complementation under
aerobic (A) and anaerobic (B) conditions. In the presence of arabinose, all the cells exhibited similar
growth phenotype (right panels). However, under the condition of glucose repression, differences of cell
viability were manifested by a dilution series (left panels). pTrc99a, cells containing the empty vector
pTrc99a (negative control); YidC, cells containing wild-type YidC (positive control); YidCΔ1–ΔC, cells
containing the YidC variants.

Depletion of YidC also impairs cell growth under anaerobic conditions caused by defects in
the membrane biogenesis of the anaerobic respiratory complexes, such as NADH dehydrogenase and the F1F0 ATPase (43). To determine whether the designed YidC variants could fulfill
the growth complementation function under anaerobic conditions, E. coli strain FTL10 har-
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boring the genes encoding for YidC variants were grown in anaerobic medium supplemented
with 0.5% w/v glycerol and 10 mM sodium fumarate serving as the nonfermentable carbon
source and electron acceptor, respectively. As shown in Fig. 2B, under arabinose-inducible
conditions, the chromosomal copy of yidC genes in all strains were fully expressed to maintain growth. Similar to the growth pattern under aerobic conditions, in the presence of IPTG
and glucose all the YidC variants, excluding YidC∆1, were complementation positive and
could support cell growth comparable with the wild-type YidC, indicating a generic phenotype of the mutants.
To rule out the possibility that the lack of activity of the YidC∆1 mutant resulted from poor
expression or structural instability, the total membrane fraction containing overexpressed
YidC∆1 protein was isolated and subjected to immunoblotting analysis using antiserum
against the polyhistidine tag, wild-type YidC serving as the loading control. Immunoblotting
confirmed that the YidC∆1 variant was expressed at the same level as the wild-type YidC
protein (data not shown). Taken together, our data verified that the C2 domain and the C
terminus are dispensable for YidC activity, whereas the C1 domain (region 374–383) of YidC
is a functionally critical region.
Membrane Insertion of F0c Is Not Affected by Deletions in YidC Cytoplasmic Loops
As described above, the YidC∆1 mutant could not restore the growth of the YidC depletion
strain. A recent study has also suggested that deletions within the C1 loop dramatically reduced the insertion of YidC-only substrates of Pf3 coat and M13 procoat, but had weak effect
on insertion of E. coli endogenous protein CyoA (41). Here, we set out to test whether truncated variants of YidC could still fulfill the role as insertases in the in vitro membrane insertion of an endogenous substrate. F0c is a small membrane-embedded subunit c of F1F0 ATPase
that exclusively relies on YidC for the membrane insertion (Fig. 3A) (7, 45). To test the YidC
insertion activity, the established in vitro co-transcription, translation and insertion assay in
the presence of [35S]-methionine and YidC-containing proteoliposomes was employed. Purified YidC variants were reconstituted into liposomes composed of E. coli phospholipids. SDSPAGE demonstrated that all variants could be reconstituted into the liposomes as efficient
as the wild-type YidC (Fig. 3B and D). Subsequently, the lipid bilayer insertion efficiency of
newly synthesized F0c was assessed by the protein accessibility to proteinase K.
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Figure 3. The effect of cytoplasmic loops deletions in YidC on the membrane insertion of F0c. A, a
topology diagram of E. coli endogenous substrates F0c. B and D, the YidC variant proteins was reconstituted into the E. coli liposomes and monitored by 12.5% SDS-PAGE, with empty liposomes (Empty) and
proteoliposomes-reconstituted WT YidC as negative and positive controls, respectively. C and E, the
in vitro synthesis and insertion of F0c were carried out as described under “Experimental Procedures.”
After conducting the synthesis/insertion at 37 °C for 20 min,10% of the reaction volume was taken as a
synthesis control, and the rest was subjected to proteinase K treatment and TCA precipitation. Buffer,
buffer without liposomes; Empty, empty liposomes;WT, wild-type YidC-containing proteoliposomes;
YidCΔ1–ΔC, YidC variants-containing proteoliposomes; Mw, molecular mass markers.

As expected, there was no insertion in the absence of proteoliposomes and the synthesized
F0c was fully digested by proteinase K (Fig. 3C, buffer lane). Despite the background insertion resulting from the empty liposomes, a significant protease-protected fraction of F0c was
observed when wild-type YidC-containing proteoliposomes were present (Fig. 3C, lane WT).
Remarkably, protease K-resistant F0c was also observed when YidC∆1-containing proteoliposomes were introduced in the in vitro transcription/translation system (Fig. 3C, lane ∆1).
Also all other designed YidC mutants demonstrated insertase activity of the F0c substrate at
the level similar to the wild-type YidC (Fig. 3E). Our data suggest that the region 374-383 of
YidC is not essential for insertion activity despite its disabled function in cell growth complementation. In addition, no other specific region within the cytosolic domains of YidC was
solely found to be responsible for the insertase activity.
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Cytosolic Loop C2 and the C-terminus of YidC Determine Interactions with Ribosomes
To probe the interaction of YidC with programmed ribosomes, we employed the highly sensitive confocal microscopy-based technique of FCS (46). In FCS, fluorescence fluctuations
arising from labelled molecules migrating through the confocal volume of a laser beam are
recorded and auto-correlated over the recording time. For the case of translational diffusion,
the average residence time of the molecule within the illuminated confocal volume can be
measured by FCS and it is inversely proportional to the diffusion coefficient D, which is deterA
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Figure 4. Purification of stalled ribosomes and nanodisc-embedded YidC. A, a schematic representation of the SecM-stalled RNC-F0c. The stalled polypeptide chain emerging from the ribosome
exit tunnel is composed of the first TMS of F0c with SecM arresting sequence and the triple Strep tag

fused to the C and N termini, respectively. B, purifiedRNC-F0c complexes were visualized on an SDSPAGE with Coomassie staining (left panel), of which the multiple unspecific bands correspond to ribosomal proteins. The stalled F0c nascent chains in the RNC-F0c complexes were verified by Western
blot using antibody against the Strep tag (right panel). C, YidC was efficiently conjugated to Alexa Fluor
488-C5-maleimide at position269 within the periplasmic loop1 and analyzed via Coomassie Brilliant
Blue (CBB) staining (left panel) and via fluorescence when illuminated at 488 nm (right panel). D, YidC
was reconstituted into the synthetic lipids with a composition of 30% mol DOPG, 30% mol DOPE,
and 40% mol DOPC as described before (24). The YidC-containing nanodiscs were fractionated and
separated via size exclusion chromatography (top panel, Alexa Fluor 488 fluorescence; bottom panel,
Coomassie staining). Fraction #13 or #14 was used for ribosome binding analysis.
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mined by the hydrodynamic radius of the molecule. Thus, interactions of a small membrane
protein, such as YidC, with a large macromolecular complex, such as the ribosome, can be
unambiguously detected because of a decrease in the protein’s diffusion coefficient.
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Figure 5. FCS analysis of the YidC: RNC interaction. A, FCS of the interaction between YidC mutants and RNCs. Autocorrelation functions determined from FCS measurements of nanodisc-embedded YidC freely diffusing in solution in the absence and presence of RNCs. Binding of designed YidC
variants to the ribosome dramatically reduced their diffusional mobility of YidC-Nd, manifested by a
shift of the autocorrelation curve. B, the populations of free and ribosome-bound YidC-Nd estimated
from the quantitative analysis of the autocorrelation functions for all YidC variants using a two-component model. C, YidC-Nd binding to RNC-F0c in the absence of the purification tag. Upon adding 100
nM tag-less RNCs to YidC-Nd, binding of YidC was analyzed by means of FCS. Removal of the hydrophilic purification tag at the F0c nascent chain recovered binding of YidCΔ6 to programmed ribosomes.
However, the interaction of YidCΔC remained weak but above the background unspecific binding of the
nascent chain to the nanodiscs. D, YidCΔ8 was efficiently reconstituted into E. coli liposomes. Expression of the YidCΔ8 variant was visible on SDS-PAGE. E, isolated YidCΔ8 was reconstituted into E. coli
proteoliposomes similar to the other YidC variants. pTrc99a, empty vector.
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To exclude the unspecific binding of YidC to ribosomes, the measurements were performed
with Alexa Fluor-488 labeled YidC reconstituted into a lipid membrane provided by nanodiscs (24) (Fig. 4). Auto-correlation curves were fitted using the two-component model as
described previously (24, 34). As suggested by the auto-correlation function of nanodisc-embedded YidC, diffusion coefficients for all YidC variants varied within a narrow range of 39
± 2 cm2/s. To monitor the binding of YidC to ribosomes, RNC-F0c complexes (Fig. 4) were
added in 5-fold excess to YidC-Nd and the binding efficiency was analyzed based on the shift
of the autocorrelation curves caused by the change in the size-dependent diffusion coefficient
(Fig. 5A). Interactions of wild-type YidC-Nd with RNCs caused a prominent shift in the auto-correlation trace, while only weak binding accounting for ~20% nanodiscs was observed
for the C-terminal truncated YidC at the same ribosome:YidC ratio (Fig. 5A) in agreement
with previously published data (24).
RNC binding was analyzed for all YidC variants and their binding efficiencies were calculated.
Deletions within the C1 domain of YidC had no influence on the ribosome binding efficiency
(Fig. 5B) and the YidC∆1 variant, which severely compromised YidC functionality in the
cell viability assay (Fig. 2), exhibited full binding efficiency to RNCs (Fig. 5C). In contrast,
deletion of the region 485-489 within the C2 domain (YidC∆6) caused a strong reduction in
YidC:ribosome complexes. Only 20 % of YidC∆6 were associated with ribosomes that was
similar to YidC∆C variant. The deleted region included a conserved residue Asp-488, which
was previously suggested as a potential “hot-spot” in ribosome binding (27). Another truncation within the C2 loop, YidC∆7, had a weaker effect on RNC binding, but it required
prolonged incubation up to 20 min to achieve equilibrium between free and RNC-bound
states. No temporal variations in complex assembly were observed for other YidC variants.
This suggests that the modification within the C2 loop altered the binding kinetics, either
reducing the association rate, or allowing rapid dissociation of the ribosome prior the nascent
chain insertion, hence slow the overall binding. The nascent chain exposed contains the first
transmembrane domain of F0c and a polar purification Strep-tag, which has to be translocated upon the TM insertion, thus posing a potential bottleneck for the insertion process. To test
this hypothesis we employed RNC-F0c with a cleavable purification tag of polar N-terminal
amino acids that could be specifically cleaved by 3C protease. When the purification tag was

78

Chapter 3
removed from the F0c nascent chain, rapid YidC∆6:RNC assembly at wild-type levels was
observed, whereas binding of other YidC variants was not affected (Fig. 5C) as compared
with the tagged RNC-F0c binding (Fig. 5B). With the YidC∆C, weak RNC-F0c binding is
observed. To test whether this was mediated by YidC or by hydrophobic interactions between
nanodiscs and the transmembrane domain of F0c, we analyzed interactions between RNC-F0c
and empty nanodiscs containing fluorophore-conjugated lipids. Only 7% of empty nanodiscs
were observed in complex with RNCs (Fig. 5, B and C), suggesting that the truncated variant
YidC∆C demonstrated residual affinity to programmed ribosomes. Thus, we conclude that
deletions within the C2 loop destabilize the YidC:ribosome complex.
The Cytoplasmic Loop C2 and the C-terminus of YidC Support Insertion Activity
To further investigate the assembly of YidC:RNC complexes, a double truncated YidC variant
(YidC∆8) was cloned and expressed in which both the region 485-489 of C2 and the C-terminus were removed (Fig. 6A and Fig. 5, D and E). The nanodisc-reconstituted YidC∆8 variant
demonstrated a weakened interaction with RNC-F0c, although the interaction appeared to
be higher than for the YidC∆C variant (Fig. 5C). YidC∆8 was further subject to activity tests
via the growth complementation and F0c membrane insertion assays. Although no effect was
observed for the individual deletions YidC∆6 and YidC∆C (Fig. 1), the combination of these
truncations within YidC only weakly suppressed the growth deficiency both under aerobic
(Fig. 6B) and anaerobic conditions (data not shown). To analyze the membrane insertion
of F0c, YidC∆8-containing proteoliposomes were introduced into the in vitro transcription/
translation reaction system, and insertion was tested. Remarkably, the double deletion in
YidC had a detrimental impact on its insertion activity in vitro. Upon removal of the region
485-489 and the C terminus, YidC was not capable of stimulating the membrane insertion of
F0c (Fig. 6C), whereas single truncated YidC variants were fully functional in the assay.
To further verify the inhibitory effect of mutations on the YidC activity, membrane insertion of another YidC exclusive substrate MscL was explored. Similarly to F0c, MscL is a
double-spanning membrane protein (Fig. 6D), but with both the N- terminus and the long
C-terminus protruding into the cytoplasmic environment and requiring SRP for membrane
targeting and insertion (9, 47). After treatment with proteinase K, the C-terminal region of
membrane-inserted MscL was largely digested. The amount of the truncated N-terminal frag-
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Figure 6. The effect of deletion of the C terminus and C2(485–489) region of YidC on the insertion
of F0c and MscL. A, a schematic representative of the YidC double deletions mutant (YidCΔ8). The
region 485–489 of the C2 domain and the C terminus of YidC were removed. B, results from growth

complementation test suggest limited functionality of YidCΔ8 in vivo. C–E, membrane insertion of
YidC-dependent substrates F0c (C) and MscL (D and E) were assayed and quantified. ***, full-length
MscL; **, proteinase K-resistant bands. To quantify the insertion efficiency, the amount of F0c and MscL
inserted by wild-type YidC was set to 100, and the insertion mediated by YidC variants was normalized to this value. Empty, empty liposomes;WT, wild-type YidC-containing proteoliposomes; Δ6, YidCΔ6-containing proteoliposomes; ΔC, YidCΔC-containing proteoliposomes; Δ8, YidCΔ8-containing
proteoliposomes. The data shown were derived from three independent experiments, and calculated
standard deviation intervals are shown.
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ment MscL(∆C) was visualized by phosphor imaging and quantified to assess the insertion
efficiency (Fig. 6, D and E). The wild-type YidC and the YidC∆1 variant bearing the N-terminal deletion within the C1 loop were equally functional with respect to MscL insertion,
suggesting that the protein is capable of interacting with SRP. In contrast, YidC∆8 was totally
inactive in stimulating the membrane insertion of MscL, whereas full activity was observed
for the individual deletions YidC∆6 and YidC∆C (Fig. 6, D and E). The data suggest that the
loop C2 together with the C terminus are essential for stabilizing the functional interaction
of YidC with translating ribosomes, thereby allowing for the membrane insertion, and these
domains may cooperate in maintaining the YidC activity. It is likely that the double deletion
within YidC perturbed its structure, which stimulated recruitment of ribosomes as observed
in FCS experiments without forming a functional YidC:RNC complex.
The Cytoplasmic Loop C2 and the C-terminus of YidC Are Required for Efficient Membrane Insertion of NuoK
In E. coli, YidC functions either independently or in cooperation with SecYEG translocon. In
the SecYEG-mediated co-translational pathway, YidC is suggested to localize in the vicinity
of the lateral gate of SecY to facilitate the release of the TMSs from the SecYEG channel into
the lipids bilayers and to chaperone the folding and/or assembly (44, 48). To further examine
whether YidC∆8 is still functional in the SecYEG-YidC insertion pathway, the membrane
insertion of NuoK was explored. NuoK is a small membrane subunit K of the NADH dehydrogenase (Fig. 7A), requiring both the SecYEG and YidC for efficient membrane insertion
(13). To study the in vitro membrane insertion of NuoK, YidC together with SecYEG were
integrated into liposomes to obtain SecYEG-YidC containing proteoliposomes (Fig. 7B). Subsequently, YidC-SecYEG proteoliposomes were introduced into the NuoK synthesis system
and the amount of proteinase-protected NuoK fragments (13) was analyzed and quantified
as described (Fig. 7C). A decrease in the amount of membrane-inserted NuoK was observed
for the YidC∆8 mutant, down to ~ 70% of the wild-type YidC. With YidC∆1 and YidC∆6,
full functionality was retained with respect to the membrane insertion of NuoK. This suggests
that the cytosolic loop 2 and the C terminus are needed for the efficient insertion of NuoK
that is YidC- and Sec-dependent.
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Discussion
Despite recent structural insights, the exact molecular mechanisms of YidC-mediated
membrane protein biogenesis remain unknown. YidC has been described to participate in a
range of cellular reactions, including ribosome and SRP binding, Sec translocon interactions,
and insertion, folding and oligomerization of its substrates (1). Hence, a comprehensive
methodological approach is required to address particular aspects of the insertase
functionality. Previous studies using the C-terminal deletion suggested that this domain is
involved in ribosome binding (24), as has also been shown for the YidC homologues in Grampositive and Gram-negative bacteria (24–26). However, with the E. coli YidC a substantial
residual binding of translating ribosomes was observed, and the truncated YidC variant was
fully active in insertion and could rescue growth of YidC-depleted cells. Thus, the C-terminus
of E.coli YidC was thought not to be the only determinant for communication with the
ribosome, and the positively charged cytosolic loops were suggested as potential binding
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partners (24, 27). In this study, we applied both in vivo and in vitro analyses to investigate the
roles played by the cytosolic domains of E. coli YidC in its functioning. We could demonstrate
that the cytosolic loop C2 and the C-terminal end of YidC determine ribosome binding and
the insertion activity, whereas the C1 loop is essential for cell viability and may be involved in
downstream protein biogenesis.
Crystal structures of YidC proteins from B. halodurans and E. coli (20, 40), as well as coevolution based modeling (27), demonstrate that the large cytosolic loop C1 is folded into
a helical hairpin that protrudes from the membrane plane with a tilt determined by an
N-terminal proline residue (position 371 within E. coli YidC). Point mutations Y370A and
Y377A at the N-terminal end of the loop inactivate YidC in vivo (27), whereas mutations, but
not deletions, within the hairpin did not interfere with YidC functionality. This domain forms
a potential interface for ribosome binding. Previous studies provided conflicting views on
its role. Depletion of the entire C1 domain (positions 371-416) inactivated YidC for growth
complementation and membrane insertion of Pf3-coat and M13 procoat proteins (41),
whereas in another study the C1 region was found to be dispensable for YidC activity (42).
We observed that the YidC∆1 mutant bearing an N-terminal deletion of the helical hairpin
was severely compromised in growth complementation both under aerobic and anaerobic
conditions. Because YidC∆1 was steadily expressed, the phenotype was not caused by the in
vivo instabilities and suggested an essential role of the region 374-383 within the C1 domain
of YidC in cell viability, in accordance with the recent data (27). However, neither ribosome
binding nor membrane protein insertion was affected, as tested in vitro for the YidC-only and
the SecYEG-associated pathways. Other deletions within the C1 loop had moderate effects on
cell viability, but also did not reveal defects in ribosome interactions or membrane insertion of
F0c and MscL. Thus, there is a low correlation between the YidC insertase activity and in vivo
functionality for this domain. We hypothesize that the C1 region of YidC is possibly involved
in the membrane insertion of yet unknown substrates that are essential for cell viability, or it
plays an important role in chaperone activities, such as correct folding of inserted membrane
proteins, substrate oligomerization or protein-protein interactions at the membrane interface.
The conformation of the C2 loop could not be resolved in crystal structures of YidC suggesting
that it is flexible. The loop is built of ~10 amino acids, and contains one conserved charged
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residue Asp488. A negatively charged residue is essential in this position for cell viability (27).
When introducing short deletions within this loop, we observed fully functional YidC with
respect to cell viability and substrate membrane insertion. Although these deletions did not
affect the insertase activity of YidC in vitro, they inhibited or slowed down the assembly of
YidC:RNC complexes. In contrast to the C-terminal deletion, ribosome interactions could
be restored either upon prolonged incubation or by increasing the hydrophobicity of the
nascent chain. Thus, the loop C2 ensures the stable docking of a translating ribosome to YidC,
whereas modifications within this region lead to enhanced ribosome dissociation. Hence,
the YidC:ribosome complexes may dissociate before the initiation of the co-translational
membrane insertion, leading to termination of the membrane insertion events.
Remarkably, combining deletions within the C2 loop (region 485-489) and at the C-terminus
of YidC (YidC∆8) abolished the functionality of YidC in the membrane insertion of the YidConly substrates F0c and MscL. It is unlikely that this phenotype arises from the instability
of the YidC∆8 variant because a considerable amount of overexpressed YidC∆8 could be
detected, purified and reconstituted into the liposomes and nanodiscs. Moreover, using NuoK
as a model substrate, we found that YidC∆8 was also less efficient in the SecYEG-YidC cotranslational insertion pathway. The double deletion of the C2 and C terminus likely induces
a conformational alteration of YidC that negatively affects insertion.
In conclusion, our findings provide insights into the associations between the insertion activity
of YidC and ribosome binding.We demonstrated that the cytosolic loop C2 together with the
C terminus of E. coli YidC are critical for the assembly of functional YidC:RNCs complexes
at the membrane interface, whereas the loop C1 is involved in other vital functions of YidC.
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Abstract
In Escherichia coli, most inner membrane proteins are inserted into the membrane
via the SecYEG complex and/or via YidC. YidD is a small peripheral membrane
protein whose gene localizes in a well-conserved gene cluster rpmH-rnpA-yidDyidC-trmE. A functional link between YidC and YidD has been suggested, but the
role of YidD in membrane biogenesis is unknown. Deletion of the yidD gene resulted
in a reduction of the proton motive force and a weak overexpression of the stress
protein PspA. YidD co-purified with SecYEG and NuoK, the membrane subunit of
the NADH dehydrogenase complex. An interaction with YidC was observed only
when YidC and YidD were co-overexpressed. Membrane insertion of NuoK, which is
dependent on both SecYEG and YidC, was stimulated by YidD, whereas membrane
insertion of subunit c of the F1F0ATPase complex, a specific YidC substrate, remained
unaffected. Yet YidD was still required for the functional assembly of the F1F0ATPase
complex. We propose that YidD is a new component of the translocase that stimulates
SecYEG-YidC mediated insertion.
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Introduction
In E. coli, inner membrane proteins (IMPs) are co-translationally inserted into the membrane
via YidC and/or the SecYEG complex [1]. The latter forms a hourglass-shaped channel with
a constriction called “pore ring” and a short helical “plug” at the periplasmic face of the
membrane folds back into the channel [1–3]. IMPs may exit the SecYEG channel via the
lateral gate of SecY that provides a direct access to the lipid bilayer. Some IMPs require both
SecYEG and YidC for membrane insertion. YidC localizes to the lateral gate [4] and may
facilitate membrane partition of transmembrane segments (TMSs) of IMPs and/or function
as a chaperone assisting in the folding and/or assembly of IMPs [5]. YidC belongs to the YidC/
Oxa1/Alb3 superfamily of membrane insertases that facilitate the assembly of membrane
proteins in bacteria, mitochondria and plant thylakoids, respectively. YidC possesses a
conserved core domain of five TMSs with a hydrophilic groove at the cytoplasmic leaflet of
the membrane [6]. This groove is supposed to be the catalytic center of membrane insertion
and may allow inserting TMSs to slide directly into the hydrophobic acyl region of the lipid
bilayer [7]. Some IMPs, such as the F0a and F0b subunits of the F1F0ATPase [8,9], CyoA of
the cytochrome bo3 oxidase [10,11], and NuoK of the NADH dehydrogenase [12] require
both YidC and SecYEG for membrane insertion. Other proteins, such as LacY and MalF
[13,14] insert via SecYEG but depend on YidC for proper folding. YidC can also function
independently of SecYEG as an insertase for a subset of small IMPs, such as the endogenous
substrates F0c subunit of the F1F0ATPase [15] and MscL [16] in E. coli, and the exogenous Pf3
phage coat and M13 procoat proteins [17,18].
The yidC gene is localized in a well conserved operon composed of five genes in the order of
rpmH, rnpA, yidD, yidC and trmE, which are involved in protein synthesis and membrane
targeting [19,20]. The yidD gene localizes upstream of the yidC gene with only two base pairs
in between the two genes. The yidD gene encodes for a small protein termed YidD (85 residues,
~9.3 kDa), which localizes at the inner membrane via a predicted N-terminal amphipathic
α-helix [21]. Deletion of the yidD gene resulted into a number of fitness phenotypes in a
recent high-throughput phenotyping screen of a library of non-essential gene deletions in E.
coli, including increased sensitivity to detergents, paraquat, aminoglycosides and bleomycin
[22]. These phenotypes were shared by all other non-essential components of the SecYEG-
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YidC system that were part of the same screen (Fig. 1), suggesting a functional relationship
between YidD and SecYEG-YidC. Additional observations re-enforce this functional
correlation between YidC and YidD [21]. Deletion of the yidD gene was shown to result in
reduced levels of YidC-dependent IMPs such as the M13 procoat protein, F0c and CyoA [21].
In vitro crosslinking suggests that YidD is in close vicinity to a nascent FtsQ which is a SecYEG
dependent IMP [21]. These data point to a role for YidD in membrane protein biogenesis, but
direct evidence for a function in membrane insertion is lacking. Here, we demonstrate that
the small NADH dehydrogenase subunit NuoK that inserts into the membrane in a SecYEG
and YidC-dependent manner requires YidD for efficient membrane insertion. These data

Number of strains

suggest that YidD is a component in the SecYEG-YidC pathway.

Figure 1. Chemical sensitivities of ΔydiD cells correlated with those of ~ 4,000 bacterial mutants [22],
and represented as a histogram of correlation [R] values. Some of the most highly associated mutants
include that of the genes involved in the function of the SecA/SecYEG complex: secG is the only nonessential gene of the complex, yajC is a non-essential subunit of the SecDF complex that assists in the
SecA/SecYEG translocation, and hflC is modulating SecY stability.
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Table1. E. coli strains, plasmids and primers used in the study
Plasmid/strains

Description

Source

Plasmids
pTrc99A
pET15b
pBAD30yidD
pEK745
pEK746
pEThisYidDYidC
pJK810
pTrcyidC
pETNuoK

Expression vector with a hybrid trp/lac promotor
Expression vector with T7 promotor
pBAD30 containing yidD
pET15b containing yidD
pET15b containing yidD with an N-terminal 6×His-tag
pET15b containing his-yidD followed by yidC
pET15b containing yidC
pTrc99a harboring yidC
pET20 containing nuoK

[23]
Novagen
This study
This study
This study
This study
This study
[24]
[12]

supE44 hsdR14 recA1 endA1 gyrA96 thi-1 relA1∆lacU169
(Φ80 lacZ ∆M15); K12 derivative
∆yidC attB::(araC+ PBAD yidC+); Kanr
F- dcm ompT hsdSB(rB-mB-) gal (λDE3)
fhuA2 [lon] ompT gal (λDE3) dcm ∆hsdS/pLemo(Camr)
F-Δ(araD-araB)567ΔlacZ4787(::rrnB-3)λ- rph-1 Δ(rhaDrhaB)568 hsdR514
BW25113yidD::kanr

[25]

E. coli strains
DH5α
FTL10
BL21 (λDE3)
Lemo21 (DE3)
BW25113
BW25113∆yidD

[26]
Novagen
New England Biolabs
[27]
[28]

Materials and methods
Strains and plasmids
E. coli BW25113 and BW25113 ∆yidD::kanr was obtained from the Keio collection. E.
coli DH5α was used for molecular cloning. E. coli BL21 (λDE3) and E. coli Lemo21 (DE3)
were used for YidD overexpression. To clone yidD in pET15b, a PCR reaction was carried
out with the primers JDK157 (GATTATCCATGGCGCCGCCACTGTC) and JDK158
(CAGAAAGGATCCGCCAAAACAGCCAAGC) using pBAD30YidD as template. The
resulting fragment was cloned into the NcoI and BamHI sites of pET15b, yielding pEK745.
To fuse a hexa-histidine tag at the N-terminus of yidD, a PCR reaction was carried out
with the primers JDK158 (CAGAAAGGATCCGCCAAAACAGCCAAGC) and JDK159
(CCGATTACATATGGCGCCGCCACTGTC). The product was cloned into the NdeI and
BamHI sites of pET15b, resulting in pEK746.
For a plasmid allowing the overexpression of both hisYidD and YidC, the genes were amplified
with primers JDK159 and His-YidD-YidC using genomic DNA of E. coli K12 as template. The
product was cloned into the NdeI and XhoI sites of pET15b, resulting in pEThisYidDYidC.
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Cell growth and inner membrane vesicle isolation
E. coli BW25113 and BW25113∆yidD were grown overnight at 37 °C in LB medium without
and with 25 µg/ml kanamycin, respectively. Overnight cultures were 1:100 diluted into fresh
LB medium and grown at 37 °C to an optical density at 600 nm (OD600) of ~0.6. Cells were
harvested by centrifugation (7,500 × g, 10 min) and suspended in buffer S (50 mM Tris-HCl,
pH 8.0, 20 % (w/v) sucrose). Isolation of inner membrane vesicles (IMVs) was performed as
described [29].
To moderately express YidC in E. coli BW25113 and BW25113∆yidD harboring plasmid
pTrcyidC or the empty plasmid pTrc99A were grown overnight at 30 °C in LB medium
supplemented with 100 µg/ml ampicillin and when required 25µg/ml kanamycin. Expression
was induced with 25 µM isopropyl 1-thio-β-D-galactopyranoside (IPTG). Overnight cultures
were diluted 100-fold into fresh LB medium supplemented with 100 µg/ml ampicillin and 25
µM IPTG. Growth was continued to an OD600 of ~0.6 and cells harvested by centrifugation
(7,500 × g, 10 min), resuspended in buffer S, and subsequently used for IMVs isolation [29].
To obtain IMVs containing overexpressed hisYidD, E. coli Lemo21(DE3) cells containing
pEK746 were grown overnight at 30 °C in LB medium supplemented with 100 µg/ml
ampicillin. After a 40-fold dilution into fresh medium, growth was continued to an OD600 of
~0.5. Expression of YidD was induced by addition of 500 µM IPTG for 2 hours, and cells were
collected for IMVs isolation as described above.
YidC depleted IMVs from the strain E. coli FTL10 were prepared as described [24]. Cells
were grown overnight at 37 °C in LB medium with 0.2 % (w/v) arabinose and 100 µg/ml
ampicillin. Overnight cultures were washed with pre-warmed LB medium and diluted into
fresh LB medium containing 0.2 % (w/v) glucose and 100 µg/ml ampicillin. Growth was
continued to an OD600 of 0.6 whereupon the culture was two-fold diluted with fresh medium.
The procedure was repeated until growth cessation occurred. Cells were harvested for IMVs
isolation.
Proton motive force measurements
Generation of the transmembrane pH gradient (∆pH) was monitored by following the
fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine (ACMA) [30]. The reaction
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mixture (total volume of 1 ml) at 30 °C contained buffer A (50 mM Hepes-KOH, pH 8.0, 50
mM KCl, 1 mM DTT and 5 mM MgCl2), 12.5 µg/ml IMVs and 1 µM ACMA. To generate
a ∆pH, 0.625 mM NADH or 1 mM ATP was added. Fluorescence quenching of ACMA was
monitored using SLM2 spectrofluorometer (Aminco Bowman) at the excitation and emission
wavelengths of 411 and 474 nm, respectively, with slit widths of 3 nm.
The generation of a ∆ψ was measured by using the potential sensitive dye oxonol VI [31].
The reaction containing 100 µg/ml IMVs in buffer A was initiated by addition of 1.25 mM
NADH or 1 mM ATP. Oxonol VI fluorescence was measured at the excitation and emission
wavelengths of 523 and 624 nm, respectively, using slit widths of 5 nm.
NADH dehydrogenase activity
NADH dehydrogenase activity was determined spectrophotometrically [32]. Measurements
were performed at 25 °C using 80 µg/ml IMVs and the artificial electron acceptor K3Fe(CN)6
(1 mM) in a buffer of 50 mM potassium phosphate, pH7.5, and 5 mM MgSO4∙Reaction was
initiated by the addition of 1 mM NADH and the reduction of K3Fe(CN)6 was monitored
spectroscopically at 420 nm. Measurements were calibrated with a concentration series of
K3Fe(CN)6 recorded at 420 nm.
To measure the NADH dehydrogenase activity as part of the entire electron transfer chain, the
absorbance change of NADH at 340 nm was followed in the presence of the electron acceptor
O2 [32]. Reactions were performed with 75 µg/ml IMVs in 50 mM Hepes-KOH, pH7.5, using
350 µM NADH.
ATPase activity
The ATPase activity of IMVs was measured by the release of inorganic phosphate using the
malachite green phosphate assay kit (GENTAUR). IMVs (15 µg/ml) were incubated in 50
mM Hepes-KOH, pH 8.0, 50 mM KCl, 2.5 mM MgCl2, 2 mM DTT and 1 mM ATP for 15 min
at 37 °C. Reactions were stopped at various time intervals by the addition of the malachite
green agent and the mixture was incubated for 30 min at 37 °C for color development. The
absorbance was measured at 660 nm, and the activity was calculated from a phosphate
standard curve. Measurements were corrected for background activity in the absence of
IMVs. The N,N’-dicyclohexylcarbodiimide (DCCD)-sensitive ATPase activity, which is the
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proton pumping coupling ATPase, was determined in the presence of 0.5 mM DCCD that
was prepared as a 100 mM stock solution in ethanol.
In vitro transcription, translation and insertion
In vitro synthesis and insertion was performed as described previously [12], except that the
buffer used was 50 mM Hepes-KOH pH 7.6. The reaction was carried out at 37 °C for 20
min (for F0c) or 30 min (for NuoK) in the presence of T7 polymerase, EasyTag EXPRESS35S
Protein Labeling Mix (PerkinElmer) and IMVs. A small portion of the reaction mixture was
taken as synthesis control, and in the case of F0c, the remainder was subjected to proteinase
K (2.5 mg/ml) digestion for 20 min at room temperature. For NuoK, the material was loaded
on a 20% (w/v) sucrose cushion in 50 mM Hepes-KOH, pH 8.0 and centrifuged for 30 min in
an Beckman Airfuge at 28 p.s.i.. The pellet was resuspended in 50 mM Hepes-KOH, pH 8.0
and treated with proteinase K (0.5 mg/ml) for 30 min on ice. After trichloroacetic acid (TCA)
precipitation, membrane inserted F0c and NuoK was analyzed on 16% tricine SDS-PAGE
followed by phosphor imaging and quantification with ImageJ [33].
Protein interaction and immunoblotting
IMVs were isolated from E. coli BL21 transformed with plasmids pET15b, pEK746,
pEThisYidDYidC, or pJK810. The IMVs (1 mg/ml) were solubilized in 25 mM Tris-HCl, pH
8.0, 2 % n-dodecyl β-D-maltoside (DDM), 100 mM KCl and 10% glycerol at 4 °C for 30 min.
After centrifugation at 4 °C (15,000 × g, 10 min), the supernatant fraction was incubated
with Ni+-NTA agarose beads at 4 °C for 1 h on a rolling bank, washed with five bed volumes
of a buffer containing 25 mM Tris-HCl, pH 8.0, 0.1 % DDM, 100 mM KCl and 10% glycerol
supplemented with 50 mM imidazole. Bound protein was eluted with the same buffer but
containing 400 mM imidazole. Fractions were analyzed by SDS-PAGE and Western blotting
using antibodies directed against YidC, SecYEG and NuoK. IMVs derived from strains E. coli
FTL10 and BW25113∆yidD were analyzed by immunoblotting using antibodies against YidC,
SecYEG, NuoK, PspA and LepB [24].

Results
Deletion of the yidD gene results in a reduction in the proton motive force
YidC is essential for viability. The deletion of yidC gene results in a major reduction in the
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proton motive force (PMF) and the corresponding overexpression of the phage shock protein
A (PspA) [8]. Deletion of the yidD gene has no major effect on cell growth and morphology
[21]. To examine the effect of YidD on the generation of a PMF, IMVs were isolated from
E. coli BW25113 ∆yidD and the parental strain. The two components of the PMF, i.e. the
transmembrane pH gradient (∆pH) and the transmembrane electrical potential (∆ψ) were
measured by the use of the pH-sensitive fluorescent dyes ACMA and oxonol VI, respectively
[31,32]. Either NADH or ATP was used to energize the IMVs. To ensure that the ∆pH is the
only component of the PMF, valinomycin was added to convert the ∆ψ into a ∆pH, while
during the measurements of the ∆ψ, nigericin was added to collapse the ∆pH interconverting
it into a ∆ ψ. Compared to the parental strain, IMVs derived from the ∆yidD cells exhibited
reduced levels of the ∆pH and the ∆ψ, both with NADH and ATP as energy sources (Fig. 2),
showing some similarity to the phenotype of YidC depleted cells.
ACMA fluoresence (a.u.)

∆pH
ATP

NADH
Val.

A

Val.

B

Nig.

Nig.

oxonol VI fluoresence (a.u.)

Time (sec)

∆ψ
NADH

ATP
Nig.

Nig.

C

Val.

D

Val.

Time (sec)

Figure 2. Deletion of yidD leads to reduced PMF generation in IMVs. The generation of a ∆pH (A
and B) and ∆ψ (C and D) was determined by monitoring the fluorescence quenching of ACMA and
oxonol VI, respectively. Where indicated, 0.625 mM NADH or 1 mM ATP was supplied to IMVs to
generate a ∆pH. For ∆ψ generation, the reaction was initiated by the addition of 1.25 mM NADH or 1
mM ATP. Valinomycin (Val.) and nigericin (Nig.) were used at a final concentration of 1 µM to collapse
∆ψ and ∆pH, respectively. The PMF traces for IMVs derived from the BW25113 (WT, solid lines) and
BW25113∆yidD (∆yidD, dotted lines) strains were monitored in time. a.u. arbitrary units.
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Figure 3. Deletion of yidD results in a reduced activity of NADH dehydrogenase. The NADH
dehydrogenase activity was determined in IMVs derived from E. coli BW25113 (WT) and BW25113∆yidD
(∆yidD) by measuring the NADH-dependent reduction of the artificial electron acceptor K3Fe(CN)6 (1
mM) (A) and by the direct monitoring of NADH oxidation in the presence of the electron acceptor O2
(B). The activity of F1F0 ATPase was probed by measuring the release of the free inorganic phosphate
from ATP in the presence (gray bars) or absence (white bars) of 0.5 mM DCCD (C). The data are the
average of three independent measurements with the calculated standard deviation.

Subunits of the NADH dehydrogenase, cytochrome o oxidase and the F1F0-ATPase are
dependent on the function of YidC during biogenesis. To probe for the activity of the NADH
dehydrogenase, the NADH-dependent reduction of the artificial electron acceptor K3Fe(CN)6
by IMVs was measured. The activity of the NADH dehydrogenase in the ∆yidD IMVs was
reduced by about 50 % as compared to wide-type IMVs (Fig. 3A). When oxygen was used
as an electron acceptor, which also involves the cytochrome o oxidase, the rate of NADH
oxidation was even further reduced in the ∆yidD IMVs down to 30 % (Fig. 3B). The activity of
the F1F0ATPase measured by the release of inorganic phosphate from ATP was reduced in the
∆yidD IMVs (Fig. 3C). In the presence of DCCD, a F0c-specific inhibitor of the F1F0ATPase
[34], the ATPase activity of both wild-type and the ∆yidD IMVs was reduced to an identical
basal DCCD insensitive level. When taking the DCCD sensitive ATPase activity into account,
the activity of the F1F0ATPase is reduced by about 40 % in the ∆yidD IMVs relative to the
wild-type IMVs.
Next the level of several membrane proteins was examined by immunoblot analysis of the
IMVs. The yidD deletion resulted in a slight upregulation of PspA indicative of stress-induced
membrane damage [35] (Fig. 4, lanes 3-5). As expected a much stronger PspA response
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Figure 4. Deletion of yidD results in reduced levels of the NADH dehydrogenase membrane subunit
NuoK. Immunoblot analysis of IMVs of E. coli FTL10 grown under YidC expression (lane 1) or depletion
(lane 2) conditions, of E. coli BW25113 (lane 3) and of two independent BW25113 yidD::kan strains
(lane 4 and 5) obtained from the Keio collection. Immunoblots were decorated with antibodies against
YidC, PspA (PMF stress protein), F0c (YidC only substrate), NuoK (YidC-SecYEG substrate) or LepB
(SecYEG substrate) as indicated.

occurred when YidC is depleted (Fig. 4, lane 2), which more severely affects the PMF [8]
than the yidD deletion. Although the yidD deletion slightly influenced the membrane levels
of YidC (Fig. 4, lanes 3-5), it had little effect on the levels of the YidC dependent c-subunit
of the F1F0-ATPase (F0c). This observation differs from an earlier report where yidD deletion
resulted in reduced levels of F0c [21]. The level of LepB, a SecYEG dependent membrane
protein, was not affected by the absence of YidD. Remarkably, the level of NuoK, a subunit
of the NADH dehydrogenase was significantly reduced upon yidD deletion. NuoK is a
small membrane protein that requires both YidC and SecYEG for membrane insertion [12].
Although the effect was not as severe as observed with the YidC depletion (Fig. 4, lanes 1-5),
the decrease in the levels of the membrane embedded NuoK correlates with the observed
reduction in NADH dehydrogenase activity in the yidD deletion strain (see above). These
data suggest a role of YidD in the biogenesis of the NADH dehydrogenase.
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Figure 5. YidD interacts with SecYEG and NuoK and weakly contacts YidC. (A) Specific co-purification
of SecYEG and NuoK with his-tagged YidD. IMVs were isolated of E. coli BL21(DE3) transformed with
the empty vector pET15b (lane 1) or the his-YidD overexpression plasmid pEK746 (lane 2) and after
DDM solubilization subjected to Ni+-NTA affinity chromatography. The bound fractions eluted with
imidazole were analyzed by SDS-PAGE and coomassie brilliant blue staining, and by Western blotting
using antisera against SecY or NuoK. (B) Co-purification of overexpressed YidC with His-YidD. IMVs
of E. coli BL21 (DE3) transformed with an empty plasmid pET15b (-, lane 1), pEK746 (hisYidD, lane
2), pEThisYidDYidC (hisYidD/YidC, lane 3) or pJK810 (YidC, lane 4), solubilized in DDM and subject
to Ni+-NTA affinity chromatography. Elution fractions were analyzed by SDS-PAGE and coomassie
brilliant blue staining, and by Western blotting using an antibody against YidC.

YidD interacts with SecYEG and NuoK
Previous crosslinking studies have shown that YidD is in close vicinity to nascent FtsQ, a
SecYEG dependent membrane protein [21]. To determine whether YidD contacts other
proteins, his-tagged YidD was overexpressed in E. coli BL21(DE3). IMVs derived from cells
transformed with the empty expression vector pET15b were used as a control. Likely because
of the His-tag, YidD showed an aberrant migration behavior on SDS-PAGE, running at
a molecular mass of approximately 13 kDa (Fig. S1, lane 3), whereas its expected mass is
9.3 kDa. IMVs were solubilized and subjected to Ni+-NTA affinity chromatography. When
analyzed by SDS-PAGE, the elution profile showed the 13 kDa band corresponding to YidD
and several other proteins, while no Ni+-NTA resin associated protein was observed with the
control (Fig. 5). Immunoblotting analysis showed that one of the proteins that co-purifies with
his-tagged YidD is NuoK (Fig. 5A). In addition, SecY was found to be present in the elution
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fraction (Fig. 5A), while under these conditions, no co-purifying YidC could not be detected
(Fig. 5B, lane 2). The absence of YidC could either mean that YidD and YidC do not interact,
or that the interaction is only transient or weak. To distinguish between these possibilities,
the yidD and yidC genes were cloned and overexpressed (Fig. S1, lane 4). Overexpression
of both proteins enabled the co-purification of YidC with his-tagged YidD (Fig. 5B, lane 3),
while in the absence of his-tagged YidD, YidC was not present in the elution fraction. These
results demonstrate that YidD stably interacts with SecYEG and NuoK, and suggest a weak
interaction between YidC and YidD.
YidD is required for efficient membrane insertion of NuoK
Since the levels of NuoK were affected in the yidD deletion strain, and since NuoK copurified
with His-tagged YidD, the role of YidD in NuoK insertion was analyzed using a wellestablished in vitro transcription, translation and insertion assay [12]. NuoK is a small
membrane protein with two transmembrane spanning segments (Fig. 6A) that has been
shown to require both YidC and SecYEG for the membrane insertion [12]. In vitro coupled
synthesis and insertion of NuoK was carried out in the presence of [35S]-methionine and IMVs
of wild-type E. coli BW25113 or the ∆yidD strain. Proteinase K resistant bands corresponding
to the C-terminally cleaved NuoK were analyzed by autoradiography and quantified. In the
absence of IMVs, the in vitro synthesized NuoK was fully digested by proteinase K (Fig. 6B).
Significant membrane insertion was observed in the presence of wide-type IMVs (Fig. 6B
and C). Remarkably, the membrane insertion of NuoK by the ∆yidD IMVs was dramatically
decreased, to approximately 50 % of that the levels observed in the wide-type IMVs (Fig. 6B
and C).
The yidD gene is co-transcribed with the yidC gene [21]. Deletion of yidD slightly influenced
the downstream expression of the yidC gene (Fig. 4). However, this could be restored by a
subtle overexpression of YidC (Fig. S2). The deletion of yidD had no effect on the SecYEG
translocon, as the levels of the signal peptidase LepB in ∆yidD IMVs was identical with that
in wide-type IMVs (Fig. 4). To rule out that the reduced levels of NuoK insertion in the ∆yidD
IMVs was caused by the reduced YidC levels, IMVs of the ∆yidD mutant containing the
restored levels of YidC were isolated and analyzed for NuoK insertion. Increasing the levels of
YidC in the IMVs had no significant effect on the membrane insertion of NuoK (Fig. 6B and
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Figure 6. YidD is required for the efficient membrane insertion of NuoK. (A) Membrane topology
model of NuoK. (B) In vitro insertion of NuoK into IMVs derived from E. coli BW25113 (WT) and
the ∆yidD strain were transformed either with the empty overexpression vector pTrc99A or the YidC
overexpression vector pTrcyidC. Mild expression of YidC was induced by the addition of IPTG (25
µM) to compensate for the slight reduction of YidC levels in the ∆yidD strain. (C) Quantitation of
the membrane insertion of NuoK from panel B. (D) In vitro insertion of NuoK into IMVs derived
from the E. coli Lemo21 (DE3) harboring the empty vector pET15b or the YidD overexpression vector
pEK746. (E) Quantitation of the membrane insertion of NuoK from panel D. The in vitro transcription,
translation and insertion assays were carried out as described in the Materials and Methods section.
A small portion of the reaction was taken as the synthesis control. The remainder was subjected to
proteinase K treatment and TCA precipitation. Full length NuoK is labeled with three arrow heads
(<<<). The proteinase K resistant bands corresponding to the N-terminal NuoK fragment is labeled with
two arrow heads (<<). Membrane insertion of NuoK was quantified with ImageJ and the level observed
with the WT IMVs was set at 100. All the data points shown here are obtained from the average of five
independent experiments with the indicated standard deviation.
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C). Next, the effect of YidD overexpression was investigated. Herein, the E. coli BL21(DE3)
cells were transformed with empty overexpression vector pET15b and YidD overexpression
vector pEK746, and YidD overexpression was induced with IPTG (Fig. S1). In comparison
to wide-type IMVs, membrane insertion of NuoK was enhanced by ~ 50 % upon YidD
overexpression (Fig. 6D and E). Taking together, these data suggest that YidD is involved in
the efficient membrane insertion of the SecYEG and YidC dependent substrate NuoK.
YidD is not required for the membrane insertion of F0c
Membrane insertion of the c subunit of the F1F0 ATPase complex F0c is exclusively YidC
dependent (Fig. 7A) [15]. A yidD deletion strain has previously been reported to contain
reduced membrane levels of F0c in vivo [21], but this effect appears marginal in this study
(Fig. 4). Therefore, we examined the dependence of membrane insertion of F0c on YidD
using an in vitro protease protection assay. In the absence of YidD, the membrane insertion
of F0c was slightly reduced by about 20% (Fig. 7B and C). However, this reduction could
be fully complemented by the subtle overexpression of YidC (Fig. 7B and C). Furthermore,
overexpression of YidD hardly affected F0c membrane insertion (Fig. 7D and E) indicting that
YidD is not required for the membrane insertion of F0c.

Discussion
In E. coli, the yidD gene is localized in a well-conserved operon composed of the rpmHrnpA-yidD-yidC-trmE genes. The yidD gene encodes for a small peripheral membrane
protein that has been implicated in YidC dependent membrane biogenesis [21]. Here, we
show that deletion of the yidD gene induces a reduction of the PMF, which at least in part can
be attributed to a decreased activity of the NADH dehydrogenase (due to decreased NuoK
insertion). Although lowering the PMF decreases aminoglycoside uptake, cells lacking yidD
were more sensitive to aminoglycosides as were other mutants in the SecYEG-YidC system
[22]. This implies that YidD may be involved in the proper insertion of more IMPs, and in its
absence cells become more sensitive to aminoglycosides presumably due to an increase in the
mis-insertion of IMPs; the latter is known to increase aminoglycoside uptake [36].
YidC is essential for cell viability as it is involved in the membrane biogenesis of energy
transducing complexes [8]. Deletion of the yidC gene has a strong effect on the PMF and
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triggers the PspA specific stress response [8]. Expression of PspA is an indicator of stressinduced membrane damage functionally linked to the dissipation of the PMF [35]. The
deletion of yidD induced a partial reduction of the PMF and this was accompanied with a
weak PspA response. This is in line with the notion that YidD does not specify an essential
function, in contrast to YidC. The NADH dehydrogenase plays an important role in the
generation of the PMF. The deletion of the yidD gene resulted in a significant reduction of the
activity of the NADH dehydrogenase, while only a slight effect was observed for the activity of
the F1F0 ATPase. Remarkably, when YidD was expressed as a his-tagged protein and purified
from the membrane, SecY and NuoK were found to co-purify. Both YidC and the SecYEG
translocase are essential for NuoK insertion [12]. Indeed, using in vitro synthesis and insertion
assays, deletion of yidD resulted in a reduced NuoK insertion whereas overexpression of YidD
caused an increased membrane insertion of NuoK, indicating that YidD is a new component
in the SecYEG-YidC-mediated membrane protein insertion mechanism. Importantly, yidD
deletion also caused a slight reduction of YidC expression. This is likely due to a polar effect
on gene expression. However, this slight reduction of the YidC expression cannot explain
the observed phenotypes. Subtle overexpression of YidC in the ∆yidD strain did not affect
the membrane insertion of NuoK. In contrast, membrane insertion of YidC-only substrate
F0c, which was slightly impaired in the ∆yidD IMVs and this was restored to wild-type levels
upon the subtle overexpression of YidC. Since the DCCD-sensitive F1F0ATPase activity was
significantly reduced in the yidD deletion strain, it appears that there is functional defect in
assembly of the membrane-associated F1 domain onto the membrane integral F0 domain in
the absence of YidD. This is in line with previous observations on the two YidC homologues
SpoIIIJ/YqjG in Bacillus subtilis [24] showing that the double deletion of spoIIIJ/yqjG only
slightly affects the membrane insertion of F0 subunits, while it had a significant effect on
the level of assembled F1F0 ATPase complexes as assayed by the DCCD sensitive ATPase
activity [37]. Previous studies suggest that deletion of YidC leads to an impaired membrane
assembly of the cytochrome o oxidase that contributes to the reduction of the PMF [8]. CyoA
is the subunit II of the cytochrome o oxidase, comprising two TMSs with an N-terminal
signal peptide and a C-terminal periplasmic domain. YidC is essential for the membrane
insertion of the N-terminal helical hairpin domain, while the membrane biogenesis of the
C-terminal domain is SecA/SecYEG dependent [10,11]. Yu and coworkers have shown a
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reduced membrane level of CyoA in a ∆yidD mutant. Likely, the decreased overall activity of
the respiratory chain with NADH also reflects a partial defect in the cytochrome o oxidase
contributing to the reduction in PMF generation in the IMVs derived from the yidD deletion
strain.
Taking together, our data suggest that the membrane protein NuoK depends on YidD for
efficient membrane insertion whereas F0c insertion is independent of YidD. We proposed that
YidD is a new, but non-essential component of the translocase that enhances the membrane
insertion of NADH dehydrogenase subunit NuoK and the assembly of other membrane
proteins complexes. YidD might recruit YidC for an efficient membrane insertion in the
SecYEG-mediated insertion pathway, as we found that YidD stably associates with SecY
whereas only a weak YidD-YidC interaction was observed.
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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.

3

2
4 5 6

2

3

4

5
T474

6

T362

Q429

S520
N521

R366

T373

Q527

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

117

Summary
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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Introductie
Eén van de grootste uitdagingen voor alle levende cellen is, tijdens de synthese van een eiwit,
deze te dirigeren naar de beoogde eindbestemming. Noodzakelijk voor een goed verloop van
dit proces is de tijdige herkenning van het eiwit, de exacte sturing van het eiwit richting het
einddoel, de translocatie van het eiwit over het membraan en uiteindelijk de vouwing van
het eiwit in het correcte subcellulaire compartiment. In bacteriën kan dit proces opgedeeld
worden in twee verschillende routes, namelijk de post-translationele en de co-translationele
route. Welke route genomen word is sterk afhankelijk van het type eiwit dat gesynthetiseerd
word. Eiwitten die in het membraan functioneren zijn zeer hydrofoob en onstabiel in het
cytoplasma. Deze worden naar het membraan gedirigeerd via de co-translationele route.
Dit in tegensteling tot eiwitten welke een functie hebben buiten de cel. Voor deze eiwitten
wordt vaak gekozen voor de post-translationele route welke begint wanneer het eiwit volledig
is gesynthetiseerd aan ribosomen in het cytoplasma. Het eiwit wordt in het cytosol in een
ongevouwen toestand gehouden door chaperonnes, welke incorrecte vouwing en aggregatie
voorkomen. Vervolgens wordt dit complex naar het Sec translocon aan het membraan
gedirigeerd, waar de translocatie over het membraan plaatsvindt. In de co-translationele route
wordt gedurende de synthese van een eiwit een signaal sequentie of een hydrofoob membraan
domain aan het begin van de polypeptide keten herkend door het signal recognition particle
(SRP). SRP dirigeert het incomplete eiwit-ribosoom complex tijdens de synthese naar de
membraanreceptor FtsY, welke vervolgens het complex naar het Sec translocon dirigeert.
Het eiwit dat wordt gesynthetiseerd, wordt vervolgens overgedragen aan het Sec translocon
waar de synthese verder gaat en het eiwit gelijktijdig in het membraan geïnserteerd word.
Het bacteriële Sec translocon is een eiwit complex wat voorkomt in het cytoplasmatische
membraan en uit drie verschillende componenten bestaat; SecY, -E en –G. Bij Eukaryote
cellen bestaat het Sec complex uit Sec61α, -β en –γ en komt het voor in het endoplasmatisch
reticulum. Alle homologe Sec complexen verzorgen de translocatie van eiwitten door en in
het membraan van bacteriën, het, ER membraan van eukaryoten en de thylakoïde membraan
van planten.
In bacteriën wordt het leeuwendeel van de membraaneiwitten in het membraan geïnserteerd
door het SecYEG complex. Echter een klein deel van de totale membraaneiwitten wordt niet
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door dit complex verwerkt, maar worden door het YidC eiwit in een SecYEG onafhankelijke
route geïnserteerd in het membraan. YidC behoort tot de YidC/Oxa1/Alb3 eiwit familie,
welke in alle domeinen van het leven te vinden is (3-5). Leden van deze eiwitfamilie zijn
werkzaam in de elektronentransportketen en fotosynthese (6,7). Het in de mitochondriën
voorkomende Oxa1 eiwit was voor het eerst geïdentificeerd als essentieel voor de insertie en
vouwing van onderdelen van het cytochrome c oxidase en de F1F0ATPase. Daaropvolgende
onderzoeken hebben aangetoond dat het bacteriële YidC en Alb3 uit chloroplasten een
vergelijkbare rol vervullen. Ondanks het feit dat de eiwitsequenties van de YidC homologen
erg van elkaar verschillen, delen ze allen een geconserveerde kern met vijf transmembraan
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Figuur 1. Vergrote weergave van de hydrofiele groeve van E. coli YidC met de zijketenen van de
hydrofiele residuen weergegeven.

segmenten (TMSs), welke wordt beschouwd als het katalytische gedeelte voor de eiwit
membraan insertie (10). Ze zijn zo gerangschikt dat ze een hydrofiele groeve vormen in het
membraan. Door deze conformatie zou het omliggende membraan aan de cytoplasmatische
kant gedestabiliseerd kunnen worden, wat de insertie van membraaneiwitten vergemakkelijkt.
(Fig. 1) (11). De gedeelde functies en structuur kenmerken van de YidC homologen zijn
samengevat in hoofdstuk 1 van deze thesis.
Het E. coli YidC is essentieel voor de levensvatbaarheid van de cel, dit doordat YidC de insertie
van eiwitten uit de elektronentransportketen en andere energie-overdragende eiwitten
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verzorgt (12,13). YidC kan zonder tussenkomst van andere complexen, eiwitten inserteren
of in samenwerking met het SecYEG complex helpen met de vouwing of correcte insertie
van membraaneiwitten. De gevonden substraten welke enkel door YidC in het membraan
geïnserteerd worden, zoals de subunit c van de F1F0Atpase (F0c), het mechanosensitive channel
of large conductance (MscL) alsmede de YidC/SecYEG afhankelijke substraten zijn opgesomd
in hoofdstuk 1. De meeste Gram negatieve bacteriën, zoals E. coli, beschikken enkel over
één YidC homoloog. Echter vele Gram positieve bacteriën bevatten twee YidC paralogen,
zoals Bacillus subtilis YidC1 (SpoIIIJ) en YidC2 (YqjG). Ondanks het feit dat SpoIIIJ en YqjG
qua functie grotendeels uitwisselbaar zijn, heeft SpoIIIJ een specifieke functie in sporulatie
(14), waar YqjG de ontwikkeling van competence versterkt (15). Hoofdstuk 2 beschrijft het
onderzoek naar de regio’s van SpoIIIJ welke bijdragen aan de sporulatie specifieke functie
en waarin het zich functioneel onderscheid van YqjG. De E. coli YidC gemedieerde cotranslationele insertie en de regio’s van YidC welke belangrijk zijn voor de binding met het
ribosoom worden onderzocht in hoofdstuk 3. Aangetoond is dat de cytosolische lus 2 en de
C-terminus van YidC betrokken zijn in de binding met het ribosoom en essentieel zijn voor
membraaninsertie van de YidC afhankelijke substraten F0c en MscL. Echter niet alleen de
binding met het ribosoom, maar ook andere potentiele componenten kunnen betrokken zijn
in de YidC gemedieerde membraanbiogenese. In hoofdstuk 4, wordt de ontdekking van een
nieuw component betrokken bij de YidC/SecYEG gemedieerde insertie, YidD, beschreven.
Dit eiwit is nodig voor een efficiënte biogenese van het membraaneiwit NuoK.

TMS2 en de omliggende regio’s zijn essentieel voor de SpoIIIJ sporulatie
specifieke functie
De Bacillus subtilis SpoIIIJ (YidC1) en YqjG (YidC2) eiwitten bevatten dezelfde geconserveerde
topologie als andere YidC eiwitten. Deze twee eiwitten hebben een overlappende functie voor
de levensvatbaarheid van de cel en de insertie van membraaneiwitten zoals de subunit F0c
van de F1F0-ATPase (16-17). Voor normale groei is slechts één van de twee voldoende, maar
een uitschakelen van beide paralogen is lethaal. Ondanks de overlap in functie kan YqjG de
rol van SpoIIIJ in sporulatie niet complementeren. Om de regio’s welke belangrijk zijn voor
deze sporulatie specifieke activiteit van SpoIIIJ te identificeren, werden een aantal chimeras
van SpoIIIJ/YqjG gemaakt. Deze werden gemaakt door de TMSs van SpoIIIJ te vervangen
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door de corresponderende regio’s van YqjG en vice versa (hoofdstuk 2). Onze gegevens
suggereren een essentiële rol voor de TMS2 en de omliggende regio’s; cytosolische lus 1 (C1),
periplasmische lus 2 (P2). Daarnaast spelen de TMS1 en TMS3 een mindere cruciale rol en
de twee C-terminale TMSs (TMS4/TMS5) hebben geen invloed op de SpoIIIJ specifieke
sporulatie functie.
SpoIIIJ is essentieel voor de activatie van het late voorspore specifieke factor sigma factor σG.
Als deze factor niet geactiveerd wordt, stopt de sporulatie in fase III (14-16). Activatie van σG
benodigd ook de eiwitten SpoIIA (SpoIIIAA-SpoIIIAH)en SpoIIQ, welke een secretiecomplex
vormen in de twee membranen om de voorspore (18). Er is voorgesteld dat SpoIIIJ betrokken
is bij de vouwing en vorming van het SpoIIIAA-SpoIIQ kanaal. Aanwijzingen hiervoor worden
geleverd door de SpoIIIJ depletie, waardoor een niet functioneel polytopic membraaneiwit
SpoIIIAE gevormd wordt. Mogelijk komt dit door een defect in membraaninsertie of
vouwing van dit eiwit (19). Een verhoogde expressie van het membraaneiwit SpoIIIAH wordt
geïnduceerd door de depletie van SpoIIIJ, was suggereert dat SpoIIIJ eerder een chaperonne
of foldase activiteit heeft dan dat het actief is als een insertase van SpoIIIAH. Verdere studies
zijn nodig om deze hypothese te bevestigen naast het zoeken naar andere membraaneiwitten
die afhankelijk zijn van SpoIIIJ voor hun biogenese. Ook moet het nog bevestigd worden dat
SpoIIIAE een feitelijk SpoIIIJ substraat is.
TMS2 van de Bacillus subtilis SpoIIIJ (TMS3 in de E. coli YidC) is het meest geconserveerde
transmembraan domein van de YidC eiwitten. In E. Coli zijn er twee mutaties het TMS3 van
YidC, nl. C423R en P431L, beschreven die een temperatuur gevoelig fenotype veroorzaken
(20). Chemische crosslinking studies hebben bovendien een aantal locaties op dit TMS3
geïdentificeerd als plaatsen voor interactie met substraten zoals de Pf3 coat protein, F0c
en de Sec-afhankelijke substraten LepB en FtsQ (8). Dit suggereert dat TMS2 van SpoIIIJ
een algemene bindingsplaats is voor membraan eiwitten tijdens insertie. De uitwisseling
van SpoIIIJ TMS2 met de overeenkomstige sequentie van YqjG resulteerde in een sterk
verminderde sporulatie activiteit, wat aantoont dat TMS2 van SpoIIIJ cruciaal is voor
sporulatie (Hoofdstuk 2). Recente kristalstructuren van het E. coli en B. halodurans YidC
tonen aan dat de C1 regio aan de cytosolische kant van het membraan tot een antiparallel
hairpin-achtige structuur vouwt (CH1 en CH2). De verwijdering van het CH1 of CH2
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domein veroorzaakt een drastische reductie van de bacteriële groei en insertie activiteit van
SpoIIIJ (9) daarbij leidt het vervangen van het CH1 domein voor een glycine linker tot de
volledige inactivatie van SpoIIIJ. Deze waarnemingen wijzen op een belangrijke rol voor het
C1 domein in de correcte werking van het SpoIIIJ eiwit. In Hoofdstuk 2 wordt beschreven
hoe de verdere vervanging van het TMS2 en de omliggende regio’s (C1 en P2) van SpoIIIJ
met de corresponderende regio’s van YqjG de sporulatie volledig blokkeren, maar geen effect
hebben op de vegetatieve functie van SpoIIIJ. Dit duidt op een rol van de C1 en P2 domeinen
in sporulatie. Tot op heden is het exacte mechanisme van de specifieke rol van SpoIIJ in
sporulatie onduidelijk. Het ontdekken van nieuwe SpoIIIJ afhankelijke substraten zou meer
helderheid kunnen geven in de mechanistische werking ervan.

De cytosolische lus 2 en de C-terminus van E. coli YidC zijn cruciaal voor
ribosoom binding en insertase activiteit
Co-translationele membraan insertie van YidC/Oxa1/Alb3 substraten wordt geïnitieerd
op de YidC-ribosoom grensvlak. De C-terminale regio van de mitochondriale Oxa1 (86
residuen, totale lading +14) de Streptococcus mutants YidC1 (33 residuen, totale lading +9) en
YidC2 (61 residuen, totale lading +14) zijn cruciaal voor het contact tussen het eiwit en het
ribosoom en dit gebeurd middels elektrostatische interacties. Deleties in deze C-terminale
domeinen beïnvloeden de eiwitinsertie functie van YidC(21,22). De C-terminus van E. coli
YidC is positief geladen maar aanzienlijk korter dan dat van homologen, nl. 13 residuen
lang met een totale lading van +4. Deze regio is net zoals andere YidC eiwitten betrokken
bij ribosoom binding, maar niet de enige bepalende factor voor een stabiele binding (23).
Hoofdstuk 3 beschrijft verdere studies naar de rol van de positief geladen cytosolische
regio’s van E. coli YidC, welke betrokken zijn bij ribosoom binding en insertase activiteit. De
cytosolische lus 2 (C2) en de C-terminus van YidC zijn belangrijk voor ribosoom binding en
essentieel voor YidC-afhankelijke membraaninsertie van F0c en MscL. De C1 regio van YidC
is niet noodzakelijk voor een stabiele binding met het ribosoom, maar is essentieel voor de
levensvatbaarheid van de bacteriële cel en kan betrokken zijn in latere biogenese stappen van
een membraaneiwit zoals eiwitvouwing (Hoofdstuk 3).
De kristalstructuur van YidC laat zien dat de C1 regio tot een anti parallel hairpin-achtige
structuur vouwt parallel aan het cytoplasmatische membraan. Dit is een potentiele plek voor
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interacties met het ribosoom. Verschillende tegenstrijdige visies over de rol van deze C1 lus
zijn de afgelopen jaren gepubliceerd. Een voorbeeld is een studie naar de deletie van het C1
domein (residuen 371-416) waarin de auteurs claimen dat deze deletie de levensvatbaarheid
van de bacterie negatief beïnvloed en de membraaninsertie van de Pf3-coat en M13 procoat
eiwitten verstoord (24). Een andere studie toont aan dat de C1 regio niet essentieel is voor
de correcte werking van YidC (25). Onze data suggereert dat de C1 regio (residuen 374383) van YidC essentieel is voor de levensvatbaarheid van een cel. Echter, noch ribosoom
binding en membraaninsertie van de YidC afhankelijke substraten F0c en MscL werden
beïnvloed door de deletie van deze regio. Deze data suggereert dat deze C1 regio misschien
essentieel is voor de vouwing en/of opbouwing van membraaneiwitten, of betrokken is bij
de membraaninsertie van een tot op heden onbekend substraat dat essentieel is voor de
levensvatbaarheid van de cel. In tegenstelling tot de structuur van de C1 lus, is de C2 lus
en de C-terminus van YidC structuurloos mogelijk door hun flexibiliteit. Beide regio’s zijn
betrokken bij ribosoom binding en membraaninsertie (Hoofdstuk 3). Deleties van enkele
residuen in deze regio’s hebben weinig invloed op de activiteit van YidC, echter een dubbel
deletie resulteert in een gereduceerde binding van het ribosoom en een totaal verlies van de
activiteit van YidC. Wij veronderstellen dat deze dubbele deletie een conformatie verandering
teweeg brengt in YidC wat resulteert in een niet functioneel YidC:RNC complex of een
verstoorde membraaninsertie. Voorgaande studies hebben een correlatie aangetoond tussen
ribosoom binding en de insertase activiteit van YidC homologen. De C-terminale ingekorte
mitochondriaal Oxa1 vertoont een gereduceerde insertase activiteit, hetzelfde geldt voor de
S. mutans YidC1 en YidC2 (21,22). Echter, een dergelijke correlatie tussen de binding met het
ribosoom en membraan insertie van F0c en MscL werd door ons niet waargenomen voor het
E. coli YidC. Dit is in overeenstemming met de minder essentiële rol van de C-terminus van E.
coli YidC. In plaats daarvan spelen de kenmerken van de incomplete polypeptide ketens aan
het ribosoom een grotere rol in de interacties en het insertiemechanismen.

Efficiënte membraan insertie van NuoK benodigd het YidD eiwit
In E. coli is het yidD gen gelokaliseerd in een sterk geconserveerd operon, welk de genen
rpmH-rnpA-yidD-yidC-trmE beslaat. Het is gesuggereerd dat het kleine membraaneiwit
dat gecodeerd wordt door het yidD gen een functionele link heeft met het YidC eiwit (26).
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Echter is de rol van het YidD eiwit in de biogenese van membraaneiwitten is onbekend. In
hoofdstuk 4 wordt beschreven hoe de deletie van het yidD gen resulteert in een gereduceerde
proton motive force en een lichte overexpressie van het membraan stress eiwit PspA. Gebruik
makend van een in vitro membraaninsertie methode werd aangetoond dat de insertie van de
NADH dehydrogenase subunit NuoK, wat een YidC-SecYEG afhankelijk eiwit is, efficiënter
in het membraan geïnserteerd wordt in de aanwezigheid van YidD. Echter de rol van het YidD
eiwit in de biogenese van membraaneiwitten lijkt substraat-specifiek. De insertie van F0c werd
namelijk niet gestimuleerd door de aanwezigheid van YidD. Onze data suggereert dat YidD
een nieuw, maar niet essentieel onderdeel is van de translocase dat YidC-SecYEG afhankelijke
membraan insertie faciliteert.
Crosslinking studies hebben voorgesteld dat YidD zicht in nabij het FtsQ eiwit bevindt tijdens
de synthese ervan. Dit eiwit is een SecYEG afhankelijk membraaneiwit, en YidD zou mogelijk
als chaperonne kunnen functioneren tijdens de insertie van FtsQ in het membraan (26). In
hoofdstuk 4 wordt beschreven hoe YidD mee opgezuiverd wordt met SecYEG en NuoK.
Een interactie met YidC werd alleen waargenomen wanneer YidC en YidD gelijktijdig tot
overexpressie werden gebracht. Daarbij resulteerde de deletie van YidD tot een vermindering
van de in vivo membraanniveaus van NuoK terwijl in vitro studies bevestigden dat YidD nodig
is voor een efficiënte membraaninsertie van NuoK. De resultaten van hoofdstuk 4 wijzen in
de richting dat er tot nu toe nog onbekende factoren zijn welke een rol spelen in de SecYEG
afhankelijke membraaninsertie. Verdere identificatie van zulke componenten zullen bijdragen
aan een beter inzicht in de mechanismen hoe membraaneiwitten geïnserteerd worden.

Laatste woord en toekomst visie
Leden van de YidC/Oxa1/Alb3 eiwit familie hebben allen een sterk geconserveerde kern
welke uit vijf TMSs bestaat. Deze segmenten rangschikken zich zo dat er en hydrofiele groeve
gevormd wordt wat mogelijk het katalytische centrum vormt voor membraan eiwit biogenese.
De kristalstructuren van YidC uit E. coli en B. halodurans geven een nieuw inzicht in de
mogelijke mechanismen over hoe membraaneiwitten met een enkel membraandomein met
een negatieve lading in het membraan geïnserteerd worden. Echter hoe eiwitten met meerdere
membraandomeinen geïnserteerd, gevouwen en/of gerangschikt worden door YidC noch de
exacte rol van ribosoom binding in het insertie proces blijft onduidelijk. In dit proefschrift
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identificeren we de domeinen van YidC welke betrokken zijn in ribosoombinding en
insertase activiteit en hebben we YidD ontdekt als een nieuw maar niet essentiële factor voor
membraaninsertie. De analyse van de SpoIIIJ regio’s welke betrokken zijn bij de sporulatie
specifieke activiteit geven meer inzicht in de regio’s van YidC welke de substraatspecificiteit
bepalen, echter meer onderzoek is nodig om de exacte regio’s te vast te stellen. De meeste
membraaneiwitten volgen de co-translationele SRP/FtsY route, hoe en wat bepaalt of het
substraat naar YidC of het Sec translocon gestuurd moet worden blijft vooralsnog onduidelijk.
Met de hulp van de structuur informatie, kunnen toekomstige studies naar YidC meer gericht
worden op de mechanismen waarop het systeem membraaneiwitten insereert en vouwt.
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