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General IntroductIon

11.1 IntRoDUCtIon
one of the challenges in biology is to understand how newly synthesized proteins find 
their right location in the cell and fold into a specific three–dimensional conformation. 
The Gram-negative, rod-shaped bacterium Escherichia coli (fig. 1A) has proven its 
value in this challenge. Many mechanisms found in E. coli turn out to apply to all 
kingdoms of life. for example, the DnA replication machinery is conserved throughout 
the evolution. Another strongly conserved process is the targeting of proteins to and 
their translocation across cellular membranes. The process of protein targeting has been 
extensively studied in E. coli, a gram-negative bacterium (fig 1B). The cell envelope of 
this bacterium consists of an outer membrane (oM) and an inner membrane (iM) 
separated by an inter-membrane region called the periplasm. in the asymmetric oM, 
phospholipids are located in the inner leaflet whereas lipopolysaccharides are located 
in the outer leaflet. The oM contains primarily β-barrel type proteins and lipoproteins. 
The symmetrical iM is composed of phospholipids and contains mainly proteins that 
span the membrane via α-helical domains, the inner membrane proteins (iMps). The 
journey of a newly synthesized membrane protein to the correct membrane and its 
folding into a membrane embedded conformation presents interesting challenges 
to the cell. At many points during this process, decisions have to be made. During 
evolution a sophisticated system of chaperones and catalysts has developed along this 
route to ensure proper folding and accurate localization in the membranes.

Figure 1. Photomicrograph and schematic representation of E. coli. A. scanning electron 
micrograph of E. coli (rocky Mountain laboratories, niAiD, niH). B. schematic representation 
of an E. coli cell. proteins are synthesized by the ribosome in the cytoplasm, destined for the 
cytoplasm, inner membrane, periplasm, outer membrane or secreted into the extracellular space.
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in this chapter an overview will be given of the factors involved in the processes of 
synthesis, targeting, and folding of iMps in E. coli. where appropriate a sideline will be 
made to other organisms. finally, an outline of this thesis will be given.

1.2 MeMBRAne PRoteIns
Membrane proteins perform a diverse set of functions in the cell, including uptake of 
nutrients, energy conversion and cell signaling. These proteins are ubiquitous in both 
eukaryotic and prokaryotic cells, making up approximately 20% to 30% of the total 
proteins. in E. coli, the membrane proteins reside either in the oM or in the iM. outer 
membrane proteins (oMps) transport and assembly pathways are discussed in other 
reviews (81) (55). Compared to the pathway of oMps, the pathway of the iMps from 
the cytoplasm to the iM is shorter, but nonetheless complex. The hydrophobicity of the 
amino acid sequence of the targeting signal in the nascent chain determines whether 
the sequence is translocated across the iM or ejected laterally into the lipid bilayer 
(169). Most of the integral iMps contain α-helical transmembrane segments (tMs), 
stretches of ~20 hydrophobic amino residues that are sufficiently long to span the iM. 
These membrane-spanning helices can be straight or kinked, but can also adopt a 
highly curved conformation or span the membrane only partialy. α-Helical membrane 
proteins can exist as a monomer or as homo- or hetero-oligomeric membrane 
complexes. All these various integral iMp conformations need to be recognized and 
processed as such. The following paragraphs will discuss the different factors involved 
to ensure correct targeting, insertion and folding of iMps.

1.3 PRoteIn tRAnsLAtIon
The journey of all proteins in E. coli, including the iMps, starts in the cytoplasm at the 
ribosome.

1.3.1 the ribosome
ribosomes are large complexes composed of 2 major multicomponent subunits with a 
total molecular mass ranging between 2.4 MDa in Bacteria and 4 MDa in eukarya (171). 
The bacterial ribosome is composed of a few large ribosomal rnA (rrnA) molecules 
and more than 50 proteins, organized in a large subunit (50s) and a small subunit 
(30s). Although the protein and rrnA content of the ribosomes differ somewhat 
between prokaryotic and eukaryotic cells, they are structurally and functionally 
highly similar (125). Despite the complexity of the ribosome, great progress has been 
made in unraveling the overall structure by X-ray crystallography and in identifying 
reactive steps in the ribosome, for which the 2009 nobel prize in Chemistry was 
awarded to ramakrishnan, steitz, and Yonath (171). in E. coli there are 53 different 
ribosomal proteins and 3 rrnAs: the 5s, 16s and 23s rrnA (139). The 30s subunit 
is involved in decoding the messenger rnA (mrnA), while the 50s subunit harbors 
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1the peptidyltransferase center, which forms the site for peptide bond formation. The 
large subunit also contains the ribosomal peptide exit tunnel for nascent polypeptides. 
while rrnAs play a crucial role in protein synthesis, from initiation, elongation to 
termination, the roles of ribosomal proteins are in general less clear, and may mainly 
have a structural function or act as facilitators of rrnA function.

1.3.2 the ribosomal peptide exit tunnel
when a protein is synthesized by the addition of amino residues to the polypeptide, 
the nascent protein chain is released into the exit tunnel as elongation continues. The 
ribosomal exit tunnel is the first environment that a nascent chain encounters, and is 
thought to actively interact with the emerging polypeptide. The peptide tunnel has 
a length of 80-100 Å with a diameter ranging from 10-20 Å (7) (58). The tunnel can 
accommodate a peptide stretch of ~30 amino acids in extended form or, if the formation 
of secondary structure is possible, up to 60 amino acids in an α-helical structure (166). 
The tunnel wall is formed predominantly by 23s rrnA and the ribosomal proteins l4, 
l22, and l23. The exit of the ribosomal tunnel is composed of rrnA and a ring of four 
conserved proteins (l22, l23, l24, and l29) (96).

The tunnel in the large ribosomal subunit is clearly not just a passive channel for 
the nascent chain, but rather an interactive compartment. The ribosome is able to 
respond to a tM while it is still deeply buried in the exit tunnel (111). The interplay 
between the nascent chain and the exit tunnel induces ribosomal conformation 
changes. These alterations are suggested to prime the translocon for the arrival of the 
tM and permit its subsequent lateral exit into the lipid bilayer (92). for example, the 
eukaryotic homolog of l22, rpl17, is located primarily at the ribosomal surface near 
the tunnel exit, but the presence of a tM in the exit tunnel alters the surroundings of 
rpl17 at the surface in such a way that it now contacts the small translocon-associated 
protein rAMp4 (118). Vice versa, the feedback regulation via the tunnel interactions 
can lead to transient translational pausing. such pausing promotes the coordination 
of ribosome associated factors or the co-translational insertion of nascent chains 
into the iM. for example, the translation of tnaC, the small regulatory peptide of 
the tryptophanase operon, is reversibly stalled in the presence of high tryptophan 
concentration thereby allowing complete transcription of the tna operon. At low 
tryptophan concentrations, ribosomes are released from the mrnA after translating 
the tnaC, resulting in lower translation rates of the downstream orfs of the tnaA 
and tnaB genes (51). similarly, secM, encoded by the 170-codon orf upstream of 
secA in the same transcriptional unit, monitors the sec export pathway in E. coli (107). 
secM is designed as a periplasmic protein, but contains a translation arrest sequence, 
which is suggested to interact with the exit tunnel of the ribosome (106). As translation 
proceeds, the n-terminal region of the secM nascent peptide, including the ss engages 
in secA-secYeG-dependent translocation across the cytoplasmic membrane. when 
the ribosome attempts to translate the arrest sequence, it stalls on the mrnA. The 
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stalled ribosome disrupts the secondary structure formed at the secM-secA intergenic 
region and consequently exposes the shine-Dalgarno sequence required for translation 
of secA. Although the elongation arrest is transient in wild-type cells, as it is released 
by active translocation reaction, it is prolonged when the sec translocation activity is 
compromised, exposing the shine-Dalgarno sequence for prolonged lengths of time 
and allowing for enhanced levels of secA translation. The released, completed product 
of secM is rapidly proteolyzed in the periplasmic space (107).

Before completion of polypeptide synthesis, the nascent polypeptide engages 
interaction with other proteins, such as chaperones, the signal recognition particle 
(srp), and the sec translocon.

1.4 CYtoPLAsMIC CHAPeRones
in principle, newly synthesized polypeptides have the potential to fold 
autonomously; the required information for the native conformation resides in 
the primary sequence. However, in vivo, nascent chains interact with various 
chaperones to ensure proper and rapid folding (62, 94). typically, chaperones 
binds transiently to non-native polypeptides, mostly at exposed hydrophobic 
patches, thereby preventing aggregation and allowing proper folding. while 
substrate folding can be energy-independent, active assistance often requires 
energy from Atp hydrolysis. The first chaperone that interacts with nascent 
peptide chain is trigger factor (tf). subsequently, nascent polypeptides can 
interact with the chaperones DnaK/DnaJ and further downstream with the 
Hsp60 chaperonins Groel/Groes. Alternatively, proteins that are destined for 
co-translational insertion into the iM of the bacterial cell are recognized by 
the srp complex composed of the ffh protein and a 114-nt rnA, the 4.5s rnA. 
srp binds to ribosome-nascent chain complex (rnC) and recognizes an srp-
specific hydrophobic signal sequence in the peptide region that emerges from 
the ribosome. The involvement of cytoplasmic chaperones in protein folding 
will be discussed in the following paragraphs. The chaperone secB will be 
discussed as part of the post-translational pathway (paragraph 1.5.1).

1.4.1 trigger factor
tf, a 48 kDa chaperone, is constitutively expressed and exists in two to three molar 
excess relative to ribosomes (30). This protein associates transiently with the ribosome 
via its n-terminal domain in a 1:1 stoichiometry. tf cooperates with the Hsp70 
chaperone DnaK in the folding of newly synthesized proteins. neither the absence 
of tf nor of DnaK alone causes severe folding defects. However, the combined loss 
of both chaperones leads to protein aggregation and cell death above 30ºC (33). in 
addition to its chaperone function, tf displays peptidyl-prolyl-isomerase (ppiase) 
activity. surprisingly, ppiase-deficient tf mutants are fully functional, indicating that 
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the catalytic activity of tf is not crucial in vivo (86). tf associates with the ribosomal 
protein l23, which is located at end of the ribosomal tunnel exit (87). in this way, tf is 
directly localized at the exit of the tunnel where growing nascent chains emerge from 
the ribosome. furthermore, a ribosome-independent function has been ascribed to 
tf. More than 50 proteins have been identified by mass spectrometry analysis to stably 
associate with tf (98). The substrate proteins were mostly components of protein 
complexes, such as the ribosome. it is suggested that tf functions also to stabilize of 
native-like substrates until they are assembled into protein complexes.

tf is present in high concentrations and cycles on and off the ribosomes. in 
the presence of nascent chains, the duration of tf association with the ribosome is 
increased 9 to 30-fold (76) (129). structural studies on tf revealed an elongated, 
dragon-shaped structure, arched over the tunnel exit (43) (102). However, tf has 
substantial rotational freedom in its ribosome-bound state, allowing tf to open 
or close in over the exit tunnel, perhaps in response to the presence of a particular 
nascent chain. it is hypothesized that tf accommodates nascent chains in the space 
that is formed by the ‘dragons’ arms and tail, thereby shielding nascent chains from 
degradation by proteases (63) (146).

Despite all the detailed information on the structure of tf, the central question of 
how tf contributes to the folding has not been satisfactorily answered. tf displays in 
vitro chaperone activity in prevention of protein aggregation and promotion of refolding 
of model substrates (62). to date, two major models are proposed. one option is that 
tf prevents premature folding by keeping nascent chains unfolded during translation. 
Another option is that tf serves as a folding scaffold thereby accelerating efficient co-
translational folding. More studies will required to distinguish between these possibilities.

1.4.2 DnaK-DnaJ
DnaK belongs to the Hsp70 class of chaperones and its actions are regulated by the 
Hsp40 co-chaperone DnaJ (Hsp40) (100). This chaperone system assists in a number 
of cytoplasmic cellular processes, including folding of nascent polypeptide chains, 
rescue of misfolded proteins, and polypeptide chain translocation through membranes 
(8). The chaperone action of DnaK is driven by Atp hydrolysis and is assisted by DnaJ 
and the nucleotide exchange factor, Grpe (20). DnaK consists of an n-terminal Atpase 
domain whose binding to Atp regulates the interaction of its C-terminal substrate-
binding domain with short hydrophobic segments exposed at the surface of misfolded 
or nascent substrate proteins (48). recently, using an in vitro system, it was shown that 
DnaK converts misfolded substrates into unfolded intermediates that, upon release from 
the chaperone, can spontaneously refold to their native state (140). screening a library 
of known DnaK chaperone substrates led to the determination of a consensus motif 
consisting of a hydrophobic core of 4-5 leucine residues flanked by basic residues (20).

tryptophan fluorescence spectroscopy indicated that the Atpase cycle of DnaK can 
be described as an alternation between two states: the Atp-bound and ADp-bound 
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states (54). DnaK is assisted in its cycle of action by co-chaperone DnaJ, which promotes 
the formation of a high-affinity DnaK–ADp–substrate complex by stimulating Atp 
hydrolysis. Grpe stimulates ADp dissociation from the complex, clearing the way for 
Atp binding and the consequent release of substrate (140). remarkably, under these 
in vitro conditions used, one Hsp70 molecule consumed only five Atps to effectively 
unfold a single misfolded luciferase protein into an intermediate that, upon chaperone 
dissociation, spontaneously refolded into the native state. This refolding process has a 
thousand times lower energy cost than expected for protein degradation and de novo 
synthesis.

1.4.3 GroeL-Groes
The E. coli chaperone protein Groel (Hsp60) and its regulator Groes (Hsp10) are 
required for the folding of a subset of cellular proteins and are probably the most 
abundant protein complex in the bacterial cell. Groel and its homologs are named 
chaperonins (94). Mutations in these genes resulted in a temperature-sensitive 
phenotype, implying that the groE genes are involved in a general stress response. The 
crystal structure of Groel has been resolved at a resolution of 3 Å (173). Groel forms 
a large protein complex with two rings, each made up of seven identical subunits of 
~60 kDa. each ring forms a barrel with a central cavity. The ‘bottom’ of the barrels are 
positioned back-to-back with the heptameric Groes acting as lid to the barrels. 

Hydrophobic residues of Groel lining the interior of the barrel are responsible for 
substrate protein binding. Upon binding of Groes, Groel undergoes conformational 
changes resulting in a global change of the shape and character of the central cavity. 
The cavity of the bound ring enlarges 2-fold in volume and is closed off at the open 
end by the dome-shaped Groes ring, encapsulating the nonnative protein. The 
hydrophobic binding surface is twisted away from the polypeptide, releasing it into 
the cavity while the cavity surface becomes hydrophilic in character, favoring burial of 
hydrophobic surfaces in the folding substrate protein and exposure of its hydrophilic 
surface, thus acting to promote the native state (173). Due to this relatively aspecific 
nature of interaction, Groel can interact with a wide range of unfolded or partially 
folded proteins to aid them in reaching their fully folded and active state. There are 85 
proteins identified by mass spectrometry which absolutely require Groel for proper 
folding (77), of these, eight proteins are argued to be essential, which may explain the 
essential nature of Groel and Groes (99). 

Groel and Groes are both heat inducible, but are also expressed constitutively and 
are required for growth under all conditions tested (41). In vivo studies determined 
that overproduction of either Groel/s or DnaK/J prevents aggregation of misfolded 
proteins. from these studies, it was proposed that Groel/s proteins and the DnaK/J 
proteins have overlapping functions in the folding and assembly of proteins (52). 
Although Groel associates transiently with newly synthesized proteins, it is absent 
from the ribosomes. This suggests that DnaK/J play an early role in protein maturation, 
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whereas Groel acts at a later stage. while Groel has not been found to play directly 
a role in membrane protein folding, Groel was found to be redistributed to the 
membranes upon membrane stress (170). This indicates that Groel plays a general 
role in assisting the folding of cytoplasmic domains of iMps or in maintaining nascent 
membrane proteins in a folding-competent state. 

1.5 PRoteIn tARGetInG to tHe MeMBRAnes
it has been estimated that 20-30% of the synthesized proteins are targeted to membranes 
to be either inserted into the iM or translocated across the iM to the periplasm for 
further insertion into the oM or for secretion into the medium. These secretory and 
membrane proteins are recognized by their n-terminal signal sequences (ss) or their 
hydrophobic tMs, when emerging as nascent chains at the ribosomes. from this point, 
the nascent chains are targeted via the co-translational route to the secYeG translocon 
and YidC. secretory proteins mostly use the post-translational pathway (fig. 2).

Figure 2. The post- and co-translational targeting pathways in E. coli. pre-secretory proteins 
are targeted to the inner membranes (iM) via the post-translation pathway. Membrane proteins 
are targeted co-translationally to the iM for insertion into the lipid bilayer. The targeting 
pathways are described in detail in the text.
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1.5.1 Post-translational targeting
Most secretory proteins are targeted to the sec translocon in a post-translational manner, 
which means that they are first synthesized to their full length before they are passed 
through the translocation channel (fig 2). As preproteins appear from the ribosome 
as nascent polypeptide chains, they are recognized by default by tf consistent with 
its binding site near the ribosome tunnel exit and its cellular abundance. presecretory 
proteins bearing an n-terminal ss are subsequently recognized by the cytoplasmic 
chaperone secB, which binds to the mature region of preproteins (10). secB has at this 
point an anti-folding activity by slowing down the folding rates, thereby maintaining 
the translational-competent state of preproteins (29). subsequently, secB acts as a 
preprotein targeting factor that binds directly to the membrane-associated secA, the 
motor protein in the sec complex (59). The preprotein transfer from secB to secA is 
stimulated upon binding of Atp to secA, leading to the insertion of the ss into the 
sec channel. secB is released from secA and returns to the cytosol where it is able to 
associate with a new preprotein (42). in addition to its chaperone function in the post-
translational pathway, it was recently shown that secB, together with the lon protease, 
is involved in the quality control of presecretory proteins in E. coli (130). These data 
suggest that, when the sec secretion pathway is compromised, presecretory proteins 
are transiently maintained in a translocation-competent state and, thus, protected from 
lon-mediated degradation by secB.

Although secB is not essential, in its absence many secretory proteins are found as 
full length precursors in protein aggregates. in addition to secB, other more general 
chaperones can associate with unfolded secretory proteins such as the previously 
discussed tf and DnaK (153). Direct evidence for secB dependence was shown for 
eighteen proteins in E. coli (6). These secB-dependent proteins all contain an n-terminal 
ss that directs them to the sec complex. However, the exact molecular mechanism of 
preprotein recognition by secB remains obscure. secB does not recognize or bind to 
the ss of preproteins, but is thought to associate with internal polypeptide stretches 
in the core regions that drive protein folding. peptide scan library analysis showed 
that secB binding motifs in protein substrates are enriched in both aromatic and basic 
residues, with acidic residues disfavored (80).

1.5.2 Co-translational targeting
proteins destined for the iM are targeted and inserted in a co-translational manner in 
which the translocation through the translocon is coupled to elongation of the nascent 
chain on the ribosome. when the hydrophobic core of the first tM emerges from the 
ribosomes, it is recognized by the srp and is targeted as an rnC to the iM (fig. 2). 
The E. coli srp directs the rnC via the srp receptor ftsY to the secYeG complex, 
where translation at the ribosome provides the driving force for the insertion of the 
membrane protein. The srp-rnC complex is initially targeted to the membrane-
bound receptor ftsY, resulting in an rnC-srp-ftsY complex. Both srp and ftsY bind 
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Gtp and upon Gtp hydrolysis the rnC is transferred to the secYeG translocon or the 
YidC insertase. srp and ftsY dissociate from each other, allowing srp to recycle and 
participate in another round of co-translational srp-mediated targeting of rnCs. The 
transfer of the nascent chain to the translocon is facilitated by the direct interaction of 
ftsY with secY (5). 

srp binds to the ribosome in the vicinity of the peptide exit site, and cross-linking 
experiments have identified ribosomal protein l23 as the main attachment site, the 
same protein that is involved in docking of tf (67, 152). whereas the binding of srp 
to rnCs is greatly promoted by strongly hydrophobic tMs, tf probably binds to any 
nascent peptide. As mentioned previously, tf is present in excess over ribosomes, 
such that every ribosome has tf bound, despite its moderate binding affinity (~1 µM). 
srp, however, is present in far lower concentrations in the cell relative to ribosomes 
(85). it was unknown whether tf and srp exclude one another from their ribosomal 
binding site, until it was shown that srp and tf can bind simultaneously to the rnC, 
sharing l23 as a common attachment site (21). it has become clear that tf is adjacent 
to emerging nascent chains by default and that srp effectively competes with tf 
when a ss of an iMp appears outside the ribosome. The srp remains in contact with 
the ss and targets the rnC to the membrane-bound ftsY and sec translocon where 
membrane insertion is initiated (12, 151, 152). 

1.6 MeMBRAnes InseRtIon CoMPLeXes
1.6.1 the sec machinery
Bacterial membrane protein insertion into the iM predominantly occurs at the sec 
translocon (126, 169). The sec translocon is composed of the membrane-embedded 
core complex secYeG, the peripheral membrane component secA, and the accessory 
secDf-YajC membrane complex. secYeG is the protein conduit that transfers unfolded 
newly synthesized polypeptides across or into the iM. secA, the motor Atpase, is 
essential for energizing translocation of proteins and large hydrophilic domains of 
iMps across the iM. The secDf-YajC complex somehow makes translocation and 
membrane protein insertion more efficient, although this accessory complex appears 
dispensable in in vitro protein translocation studies (26, 117).

1.6.2 secYeG translocon
The hetero-trimeric secYeG translocon is embedded in the iM and is involved in 
both the insertion of iMps and translocation of proteins that are destined for the 
periplasm, the oM, or secretion (31, 116, 169). This complex is highly conserved with 
representatives in eukaryotes (sec61αβγ) and in  archaea (secYeβ). The bacterial 
translocon consists of the large subunit secY, which has ten tMs, sece and secG, 
both having variable numbers of tMs. to date, several crystal structures of archaeal 
and bacterial sec translocons are available that provide detailed information on the 
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organization of sec translocon. The seminal breakthrough came from the determination 
of the 3.2 Å crystal structure of the secY complex from Methanococcus jannaschii (fig. 
3) (161). The secY channel has an hourglass structure with a funnel-like opening of 
20-25 Å that narrows down to a hydrophobic constriction of 3-5 Å in size located 
in the center of the channel. The pore is composed of a hydrophobic ring consisting 
of isoleucine, valine, and leucine residues, which is plugged by an α-helix from tM2 
(161). in a closed state, this short helix would block passage of small molecules through 
the translocon. This plugging proved to be essential, as excision of tM2 from secY 
showed that secY restructured itself to form a new plug (91).. The tMs of secY form a 
clamshell-like fold with the tMs 1-5 and 6-10 constituting the two halves of the shell 
connected by a flexible hinge between tM5 and tM6. The lateral opening is proposed 
to be at the interface of tM2 and tM7 (161). This gate is proposed to allow the tMs 
to escape the channel laterally and to partition into the lipid bilayer. in addition, the 
lateral opening has been shown to be important for translocation, as locking the gate 
by thiol cross-linking prevents secA-mediated translocation (35). it is believed that 
sufficiently hydrophobic helices would prefer the hydrophobic iM and thereby leaving 
the channel laterally, whereas more polar helices would favor the translocon and cross 
the membrane into the aqueous periplasm.

sece of E. coli consists of 3 tMs, while the M. jannaschii has only 1 tM. sece appears 
to stabilize the channel by embracing the secY clamshell as a clamp (161). sece and 
its eukaryotic counterpart, sec61γ, are essential, while secG is a non-essential subunit 
that associates peripherally with the channel. secG is a small protein that copurifies 

Figure 3. The crystal structure of SecYEβ-complex of Methanococcus janaschii  at a 3.2 Å  A. 
top view from the cytoplasm. secY is divided in two domains (tM1-5 and tM6-10) which are 
connected at one side by an external loop with the hinge being the loop between tM5 and tM6  
(tM5/6 hinge). A solid arrow indicates schematically how a tM of a nascent membrane protein 
would exit the channel into the lipid bilayer. sece and secβ (homologous to the bacterial secG) 
are peripherally associated with secY. B. View from the front with the black lines indicating the 
border of the iM (adapted from Van den Berg et al., 2004).
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with secYe and stimulates translocation activity in reconstituted membrane vesicles 
(110). The secG subunit is the least conserved element in the translocon with regard to 
its sequence and function. secG knock-out mutants have various phenotypes ranging 
from mild to severe secretion defects combined with cold sensitivity that were strain 
dependent (18, 38) (56). However, it was later shown that these mutants contained an 
additional mutation in glpR that causes constitutive expression of the glp regulon and 
led to a changed membrane physiology causing the severe effects that were observed in 
some secG knock-out strains(44). 

A controversial issue in the secretion field concerns the oligomeric state of secYeG 
during active protein transport (36). Based on the M. jannaschii secYeβ structure (161), 
it has been proposed that a single secYeG heterotrimer forms the active translocation 
channel. Cryo-eM studies on the sec61 complex in mammals and yeast suggest also 
that it is monomeric when associated with the rnC (13). However, this view has been 
challenged suggesting secYeG functioning as a dimer with one copy of secY forming 
the channel (101). This view is supported by a study in which secYeG is shown to be 
stabilized by antibodies in dimers in detergent solution (150) and dimers were also 
detected in Blue-native pAGe (Bn pAGe) gels (19). it has also been suggested that the 
active channel may be formed by two secYeG heterotrimers arranged with the lateral 
openings facing one another, such that a contiguous channel may be formed (103, 104). 
A third view proposes secYeG forming a tetramer of heterotrimers. freeze-fracture 
analyses indicated that the secYeG complexes in the membrane are in an equilibrium 
of monomers, dimers, and tetramers. The formation of dimers and tetramers in the lipid 
environment is stimulated significantly by the interaction with translocation ligands 
secA, preprotein and Atp (134). The oligomeric state of the active secYeG complex 
may also be influenced by the substrate that is to be transported (19). preompA was 
found in the same complex with a single secYeG channel, while an inserting mannitol 
permease (MtlA) molecule was found to be in a complex together with secYeG and 
YidC. together, these data suggest that secYeG may be a composite translocon that 
dynamically adjusts to its substrate. 

1.6.3 secA
The Atp-dependent motor protein secA plays a major role in bacterial post-translational 
translocation (88) (31). secA uses Atp hydrolysis to drive sequential polypeptide 
chain transfer through the sec translocon in segments of 20-30 residues per power 
stroke (165). This Atpase exists in a membrane-bound state and a soluble cytosolic 
state. when membrane bound, secA is the target of the secB-preprotein complex. 
The complex that is maximally efficient in coupling Atp hydrolysis to translocation 
comprises two protomers of secA and one tetramer of secB (97). in its soluble state, 
secA recognizes ss and acts as a targeting factor for the sec translocon. These diverse 
roles could explain why secA is in 20-fold molar excess over the sec translocon (88). 
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secA has several domains, including two nucleotide-binding folds (nBf1 and 
nBf2) that bind the nucleotide between them and move relative to one another during 
the Atp hydrolysis cycle. once inserted into the channel, the substrate is translocated 
by a ‘pushing’ mechanism. Although the details are not yet clear, a plausible mechanism 
assumes that the polypeptide-binding groove of secA closes around the polypeptide 
chain and moves towards the channel, pushing the polypeptide into the secYeG 
channel (182).

Another controversial issue in the translocation field involves the oligomeric state of 
secA. Most structural studies show secA as homo-dimers (reviewed in (88), although 
the interface between the dimers varies in these models. The variety of dimerization 
interfaces could imply that either multiple dimeric conformations are possible, or that 
some of the observed dimers do not reflect physiological conformations. on the other 
hand, the 4.5Å crystal structure of secA-secYeG from Thermotoga maritime reveals a 
different oligomeric state of secA (182). in this structure, one copy of secA is bound to 
one copy of the secY channel. The secA sits flat on the secY channel roughly parallel 
to the membrane surface. to date, this structural issue has not been solved, and will 
remain, together with the oligomeric state of the active secYeG, the topic of many 
debates. 

1.6.4 secDF-YajC 
The genes encoding YajC, secD and secf form an operon in E. coli. secD and secf each 
contain 6 tMs while YajC is anchored via a single tM. in E. coli the heterotrimeric 
membrane complex secDf-YajC was shown to copurify with secYeG (112). secYe 
can associate with secDf-YajC to generate full translocation activity (38). However, 
the mechanistic role of the secDf-YajC complex in protein translocation is not well 
understood. it appears that secDf-YajC modulates the secA cycle of insertion and 
deinsertion. secDf-YajC increases secA insertion and stabilizes the inserted state (38). 
Additional information on the mechanisms of secDf function came from the recent 
study in which the crystal structure of Thermus thermophilus secDf was solved to 
3.3 Å (148). secDf from T. thermophilus consist of a single protein of 12 tMs. The 
n-terminal (tM1-6) and the C-terminal (tM7-12) halves are assembled pseudo-
symmetrically with tM4 and tM10 forming the interface between secD and secf. The 
ttsecDf contains six periplasmic regions of which p1 and p4 are large enough to form 
distinct domains. The p1 domain is suggested to bind unfolded proteins that emerge 
from the translocon, and to ‘pull’ the peptide through the channel powered by the 
proton motive force (pmf) (148). 

Disruption of the yajC gene has no effect on protein translocation (117). in contrast, 
the simultaneous depletion of both secDf-YajC and secG caused near complete 
inhibition of protein translocation, suggesting that the function of sec translocon 
is severely restricted by the complete loss of these auxiliary factors (56), suggesting 
an overlapping role of secDf-YajC and secG in protein insertion and translocation. 
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interestingly, a crystal structure of AcrB, component of the AcrB:AcrA:tolC multidrug 
efflux pumps, included the single tM of YajC in its structure (147). The physiological 
consequences of the presence of YajC in ArcB structure remain puzzling. Growth 
experiments on yajC deleted cells in the presence of β-lactam antibiotics indicate a 
modest increase in β-lactam susceptibility for these cells, yet the functional role of the 
YajC-AcrB interaction could not conclusively be assigned. The association of YajC with 
AcrB would require further investigation to elucidate YajC’s function.

1.7 YidC 
During the 80s most of the sec proteins that are important for iM translocation 
were identified. However, in 2000, 2 landmark studies showed that YidC, besides the 
sec translocon, plays an essential role in iMp insertion in E. coli. samuelson et al. 
demonstrated that the depletion of YidC in E. coli led to the inhibition in insertion 
of sec-independent proteins, which were previously thought to insert spontaneously 
into the membrane (133). scotti et al. showed that YidC copurified with the secYeG 
complex and cross-linked to sec-dependent membrane proteins that were stalled 
during their membrane insertion (137). since the discovery of YidC, many studies have 
focused on its structure, function, substrates, and its implications on cell physiology. in 
the following paragraphs i will discuss these studies. 

YidC is a member of the conserved YidC/oxa1/Alb3 family, which comprises 
evolutionary conserved proteins involved in the biogenesis of membrane proteins 
in the cytoplasmic membrane of bacteria, the mitochondrial iM, and the thylakoid 
membrane of chloroplasts. oxa1 was the first member of this family discovered to play 
a role in membrane protein insertion in mitochondria (9, 16). subsequently, homologs 
of oxa1 were found in bacteria and chloroplasts: YidC and Alb3, respectively (46, 
168). The conservation in this family is probably due to the fact that mitochondria and 
chloroplasts are derived from bacteria by an endosymbiotic event.

1.7.1 YidC homologs in mitochondria
in the mitochondria of fungi, animals, and plants, there is no evidence for the 
presence of secYeG-like translocase systems. The mitochondria have lost the sec and 
srp components after the endosymbiotic event, whereas chloroplasts retained these 
components. The known exception to date is the mitochondrion of Reclinomonas 
americana, which contains sec homologs (89). YidC homologs, however, are present 
in mitochondria and are named oxa (oxidase assembly) (fig. 4A). Mitochondrial 
iMs typically contain members of two distinct oxa1 subfamilies: oxa1 and Cox18. 
oxa1 in Saccharomyces cerevisiae has a long hydrophilic (~ 100 residues) tail at the 
C-terminus while Cox18 of S. cerevisiae (termed oxa2 in Neurospora crassa) lacks a 
long C-terminal domain. Although the amino acid sequence conservation between the 
oxa1 and Cox18 subfamilies is weak, their homology is clear from both their tM core 
structure and functional complementation studies. Both oxa1 and Cox18 complement 
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Figure 4. Topology models of members of the YidC/Oxa1/Alb3 family. Mitochondria (A) and 
chloroplastids (B) contain two homologs of YidC, and Archaea have only one homolog (C). tMs 
are represented by grey cylinders in this manuscript. see text for details.
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the growth defect of a YidC depletion strain when expressed in E. coli. (158, 159). 
Complementation studies with E. coli YidC in yeast mitochondria have shown that 
YidC can partially complement the function of oxa1 if the C-terminal tail of oxa1 
is fused to YidC (121). These results show that YidC, oxa1 and Cox18 share similar 
functions that that have been conserved from bacteria to mitochondria.

oxa1 is critical for the assembly of cytochrome c oxidase and the biogenesis of the 
f1f0 Atpase (4, 9, 16). Disruption of the oxa1 function leads to a complete deficiency 
in complex iV (cytochrome c oxidase), and a decrease in the amounts of the complexes 
iii (bc1) and V (f1f0 Atpase). A strong reduction is observed in iM levels of the 
mitochondrial encoded subunits Cox1 and Cox2, both part of complex iV. in addition, 
there is a reduction in the iM of the mitochondrial-encoded Atp4 and Atp6, part of 
complex V. in contrast, complex iii is reduced to a lesser extent.

silencing of the human mitochondrial oxa1 in HeK293 cells by rnA interference 
resulted in a pronounced decrease in subunit steady-state levels and activity of complex 
V, and a more modest defect in accumulation of subunits and activity of complex i 
(nADH reductase) (142). surprisingly, neither complex iii nor iV, are significantly 
affected in these oxa1-deficient human cells. in humans, the role of oxa1 in the 
membrane assembly of the complex i may be explained by the presence of six subunits 
of complex i that are mitochondrial encoded. oxa1 may therefore play a critical role 
for the insertion of these subunits in the mitochondrial iM.

oxa1 is required for the insertion of mitochondrial iM proteins encoded by either 
mitochondrial or nuclear genomes (69, 144). This indicates that oxa1 inserts proteins 
both in a co- and posttranslational manner. Chemical cross-linking of mitochondrial 
translation products labeled in isolated organelles followed by immunoprecipitation 
using anti-oxa1 antibody has shown that oxa1 interacts with nascent polypeptide 
chains synthesized in mitochondria. Actively translating ribosomes are largely found 
at the inner surface of the mitochondrial iM, suggesting that ribosomes could directly 
involve in establishing oxa1-nascent chain interactions. Consistent with this idea, 
peptide chains stalled on the ribosomes by chloramphenicol treatment remained 
associated with oxa1 after elongation, while treatment with puromycin to cause 
premature release of the nascent chains resulted in significantly reduced association 
of oxa1 with the nascent chains (61). several lines of evidence indicate that oxa1 
physically interacts with the ribosome. first, oxa1 co-fractionated with mitochondrial 
ribosomes in low-salt sucrose gradients, but only if its C-tail domain is present. second, 
the C-terminal domain of oxa1, which forms a coiled structure, binds to mitochondrial 
ribosomes in vitro. Third, oxa1 can be cross-linked to Mrp20, which is homologous 
to bacterial l23, a large ribosomal subunit protein located next to the exit channel of 
bacterial ribosomes (69).

A possible alternative pathway for productive association of ribosomes with oxa1 
translocation functions may be provided by the nuclear encoded protein Mba1 (120). 
Mba1 has been shown to interact with nascent chains and to bind with the large subunit 
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of the ribosome. whereas the absence of Mba1 alone causes almost no phenotype, the 
absence of Mba1 in strains lacking the oxa1 C-tail domain causes a dramatic growth 
defect on non-fermentable medium. Thus the two proteins may cooperate to position 
the ribosome exit site for efficient insertion of the nascent chains, although no stable 
interaction between them has been detected yet. 

1.7.2 YidC homologs in chloroplast
in the chloroplasts, both sec translocase and srp components have remained functional 
and collaborate with the Alb3 in protein insertion into the thylakoid membrane (fig. 4B) 
(46, 168). Chloroplast of green algae and plants contain two homologs of YidC, which 
in Arabidopsis thaliana are named Alb3 and Alb4. Although Alb3 and Alb4 share a high 
sequence similarity, Alb4 cannot compensate for the loss of Alb3 (49). similar to YidC in 
bacteria, Alb3 has been found in proximity of secY by cross-linking (79).

Alb3 works in conjunction with the post-translational chloroplast srp targeting 
system to integrate a family of nuclear encoded light-harvesting chlorophyll-binding 
proteins (lHCps) into thylakoid membranes where they are assembled with chlorophyll 
to form light-harvesting complexes. The lHCps are post-translationally imported into 
the stroma after which they are bound by the srp. The chloroplast srp is unusual in 
that it does not contain an rnA component, but instead a protein component, the 
srp43, which together with srp54 forms srp (136). The srp component srp43 
recognizes an 18 amino acid hydrophilic motif in lHCp, which results in targeting to 
the thylakoid membrane by its interaction with the membrane-bound ftsY (53, 149). 
At the membrane, Alb3 forms a complex with the srp-lHCp. The C-terminal domain 
of Alb3, but not Alb4, interacts with the Chromodomain 2 and 3 of srp43 (40). in 
contrast, lewis et al. identified the ankyrin repeat region of srp43 as the domain 
responsible for the interaction with Alb3 C-terminus (90). irrespectively, these results 
indicate the involvement of Alb3 in post-translational membrane protein insertion of 
lHCps. while Alb3 has a large hydrophilic C-tail in the matrix, there is no evidence to 
date that it interacts directly with stromal ribosomes.

Alb3 functions also in a co-translational fashion in conjunction with srp54, but not 
with srp43 during D1 protein synthesis (109). The D1 protein is a chloroplast-encoded 
protein with five tMs and is part of photosystem ii. Here, Alb3 acts as a chaperone or 
assembly factor, since an alb3 knock-out in Chlamydomonas reinhardtii still showed 
thylakoid membrane localization of D1, but appeared affected in its efficient assembly 
into the photosystem ii (50).

less is known about the homolog Alb4. Analysis of A. thaliana knockout mutant 
lines showed that Alb4 is required for assembly and/or stability of the chloroplast 
f1f0–Atpase. alb4 mutant lines do not only have reduced steady-state levels of Atpase 
subunits, but also their assembly into high-molecular-mass complexes is altered, 
leading to a reduction of Atp synthesis in the mutants. furthermore, Alb4 but not 
Alb3, physically interacts with the subunits f1β and f0ii (14). Alb4 functionally 
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complements YidC depletion in E. coli, provided that the C-terminal region of Alb4 
is present (14). it is interesting that the C-terminal segment of Alb4 is important for 
functional substitution of YidC, because alignments of the amino acid sequence of this 
segment with the sequence of YidC does not indicate any similarities. nevertheless, 
these findings corroborate the idea that Alb4 is a functional member of the oxa1/
YidC/Alb3 protein family, and may act as a chaperone for membrane proteins.

1.7.3 YidC homologs in Archaea
in Archaea, yidC homologs have been thus far only found in the genome of one phylum, 
the euryarchaeota (180). However, these putative proteins appear to lack two of the five 
tM domains, corresponding to the bacterial tM3 and tM4 (fig. 4C). The function of 
these proteins in Archaea has not been experimentally studied. nevertheless, it appears 
that YidC-related proteins may have evolved before the divergence of the three major 
domains of life (179).

1.7.4 YidC homologs in Bacteria
The bacterial members of YidC/oxa1/Alb3 family are known as YidC proteins (fig. 
5), of which the E. coli YidC protein is by far the best studied. YidC is essential for 
cell viability and is shown to play a role in protein insertion of sec-independent 
substrates, the M13 and pf3 phage coat proteins (133). These viral proteins were 
previously thought to insert into the membrane spontaneously (47). The ss processing 
of the sec-dependent proteins pro-ompA, pre-MBp, and pre-β-lactamase was hardly 
affected upon YidC depletion. in another study, YidC was found to copurify with 
the sec translocase, which suggest a function for YidC in association with the sec 
translocon (137).Using a site-specific photo-cross-linking procedure, YidC was shown 
to specifically interact with tMs of nascent iMps in the context of the sec translocon. 
subsequently, many studies confirmed the direct role of YidC during the insertion of 
sec-independent substrates (32, 179).

Another hallmark study on YidC showed the implications of YidC depletion on 
the physiology of E. coli cells (164). The loss of YidC induces a massive pspA response, 
which is indicative of dissipation of the pmf (73). The latter is probably due to defects 
in the functional assembly of cytochrome o oxidase and the f1f0 Atpase. pspA is a 
peripheral iM-associated protein and is involved in two different aspects of the psp 
response. it can act as negative regulator of the transcriptional activator pspf, and 
as an effector of the psp response. in the latter commodity, pspA can form a high-
order complex of about 1 MDa (57). Besides YidC depletion, many other factors and 
conditions have been described that result in a pspA response, including ionophores, 
overexpression of mislocalized oM porins (such as lamB and phoe) and filamentous 
phage infection (73). to date, the mechanism of signal perception by the psp system 
as well as the exact nature of the signal are not well understood. taken together, the 
agents that induce the psp response can be assumed to affect the integrity of the iM. 
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The consequent pspA stress response is believed to function in maintaining the energy 
state of the cell by structurally “patching” the damaged membrane.

in contrast to Gram-negative bacteria, most Gram-positive bacteria, such as Bacillus 
subtilis and Streptococcus mutans have two YidC homologs (fig. 5A). The functions of 
YidC homologs have been best studied in these species of the Gram-positive bacteria. 
in B. subtilis, the YidC homologs are termed spoiiiJ and YqjG. Deletion of either 
encoding gene does not result in cell death, but deletion of both is lethal (145). The 
expression of either spoIIJ or yqjG in E. coli complements for the defects in membrane 

Figure 5. Topology models of members of the YidC/Oxa1/Alb3 family in Gram-positive (A) 
and -negative (B) bacteria. Gram-positive bacteria contain two homologs of YidC while the 
Gram-negative E. coli contain one homolog. The large periplasmic domain p1 of E. coli YidC is 
displayed as a ribbon diagram representation of the crystral structure (taken from oliver et al., 
2008). see text for detail.
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insertion due to YidC depletion (131). in addition, both spoiiiJ and YqjG are found to 
be associated with the f1f0 Atpase complex. Although the two homologs appear to be 
functionally exchangeable in membrane protein insertion and complex assembly, only 
spoiiiJ is essential for spore formation in B. subtilis and cannot be complemented by 
YqjG for that function (132). A mechanism for the coordinated expression of spoIIIJ 
and yqjG came from a recent study (28). SpoIIIJ is constitutively expressed while YqjG 
could function as a backup system for spoIIIJ, because it is induced in spoIIIJ mutants 
(128). This latter observation suggests that B. subtilis has a mechanism by which it 
can sense changing spoiiiJ activity and increase YqjG levels as needed to maintain 
appropriate cellular levels of YidC activity. MifM, a gene located upstream of yqjG, 
serves as a sensor of spoiiiJ activity to regulate yqjG translation. Decreased spoiiiJ 
levels or deletion of the MifM tM arrests mifM translation and unfolds an mrnA 
hairpin that otherwise blocks initiation of YqjG translation. This regulated translational 
arrest and yqjG induction requires a specific interaction between the MifM C-terminus 
and the ribosomal polypeptide exit tunnel. MifM therefore acts as a ribosome–nascent 
chain complex rather than as a fully synthesized protein to monitor protein export 
pathways in B. subtilis (28). Thus far, a similar mechanism has not been found in E. 
coli and may not be necessary as E. coli has only one copy of YidC. However, similar 
translation regulation mechanisms are discussed in paragraphs 1.3.2 involved tnaC 
and secM.

Streptococcus mutans has also two YidC homologs: YidC1 and YidC2 (fig. 5A) (60). 
Attempts to simultaneously delete YidC1 and YidC2 failed, indicating that the presence 
of at least one copy of YidC is required for cell survival. elimination of YidC2, but not 
YidC1, resulted in acid sensitivity and decreased levels of membrane-associated f1f0

 

Atpase activity and an inability to initiate growth at low pH or high salt concentrations 
(60). Both S. mutans YidC1 and YidC2 complement defects of YidC-deficiency in E. coli 
and can mediate insertion of both sec-dependent and sec-independent (“YidC-only”) 
substrates. However, the effects of introducing YidC1 or YidC2 into YidC-depleted E. 
coli are not identical, suggesting that the proteins are functionally distinct (34).

interestingly, YidC2 deletion leads to a similar phenotype as the deletion of 
components of the srp pathway, while double mutants of YidC2 and srp resulted in a 
strong growth defect. This synthetic effect suggests that YidC2 can compensate for the 
absence of the srp pathway, and that YidC2 has overlapping functions with the srp 
pathway in cotranslational protein insertion in S. mutant. As for oxa1 in mitochondria, 
which lack the srp pathway, the C-terminal tail of YidC2 may be involved in tethering 
translating ribosomes to the membrane. indeed, YidC2 and oxa1 can be exchanged 
between S. mutans and yeast cells and partially complement each other. like for 
oxa1, the positively charged C-terminal tail of YidC2 binds to ribosomes to mediate 
cotranslational translocation upon expression in yeast mitochondria (45).
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1.7.5 structure-function of YidC 
All YidC family members, whether in mitochondria, chloroplasts, or bacteria, with the 
exception of the one YidC-like protein in Archaea, have a conserved domain of five 
tMs. in addition, the Gram-negative E. coli YidC proteins have an extra tM and a large 
periplasmic domain separating the first two tMs (fig. 5B). At the C-terminus, some 
YidC homologs in bacteria have an extended C-terminal tail that aids in positioning 
the ribosome to the iM. 

The structure-function relationships of E. coli YidC have been probed in mutagenesis 
studies to define the regions of YidC that are critical for function. The n-terminal 
tM (tM1) serves merely as targeting sequence to the membrane and can be replaced 
by a cleavable ss from MBp (72). in contrast, the five C-terminal tMs are essential 
for YidC activity. systematic mutagenesis of residues in tM2, tM3, and tM6 as well 
as swapping tM4 and tM5 with unrelated tMs proved to have little effect on YidC 
activity (71). it seems that YidC is rather tolerant towards point mutations, which is 
consistent with a role as an insertion platform rather than an active insertase. indeed, 
the tMs may function as platform to bind the hydrophobic segments of the substrates 
as tMs insert into the membrane. whether the tM transfer from YidC into the lipid 
layer occurs en bloc, as shown for MtlA (six tMs), or sequentially for lep (2 tMs), may 
depend on the particular substrate (11, 65).

surprisingly, the large periplasmic domain p1 does not contribute significantly 
to the function of YidC (71). 92% of the periplasmic domain could be deleted 
without impairing YidC function. However, deletion of the C-terminal region of the 
periplasmic domain impairs cell viability and membrane insertion of a number of sec-
dependent and -independent substrates (172). The deletion may cause a structural 
perturbation, as scanning mutagenesis in this region does not identify residues vital for 
YidC membrane insertion function (71). recently, crystal structures of the periplasmic 
domain have been resolved (fig. 5B) (115, 127). They show a twisted β-sandwich with 
an α-helical linker which orients the sandwich near the core tM domains. A portion 
of this periplasmic domain mediates an interaction with secf, although this feature is 
not essential for iMp biogenesis or cell viability (172). so far, besides binding to secf, 
the function of this large periplasmic domain remains unknown.

The C-terminal tail of YidC in E. coli is not critical for in vivo YidC activity (71). 
in a co-sedimentation study, YidC was found to bind ribosomes via its C-terminal tail 
through electrostatic interactions (82). Deletion of the positively charged C-terminal 
tail (13 residues long), resulted in loss of the binding. similar data were previously 
obtained for the C-terminal tail of oxa1 (69, 144). why deletion of the C-terminus 
of YidC has so little effect in vivo, and if this domain is really involved in ribosome 
binding, will need to be determined.

An unresolved issue is whether YidC functions as a monomer or an oligomer 
during membrane protein insertion. in native gels, YidC migrates as a monomer and 
dimer, while oxa1 is found as a tetramer (108, 163). A 10 Å projection map of full 

28



General IntroductIon

1
length YidC suggests that it forms dimers in the membrane (93). A functional YidC 
dimer is also suggested by another cryo-electron microscopy study (82). Dimers of 
YidC were localized at the exit site of a translating ribosome. similarly, the same study 
also showed oxa1 forming a dimer. interestingly, the attachment sites on the ribosome 
are conserved between YidC and oxa1. Helix 59 of the 23s rrnA is a contact point, 
as well as the l23/l29 region (82). YidC has an additional strong anchor point at 
l24, whereas oxa1 shows only a weak connection in this area. These are the same 
contact sites as used by the secYeG translocon (101, 104). in the crystal structure, the 
large periplasmic domain of YidC is monomeric, suggesting that YidC dimerization 
determinants reside in the tM region of the protein (115, 127). taken together, these 
data suggest that dimers of YidC, similar to oxa1, form insertion pores and share a 
common architecture and alignment with the nascent chain exit tunnel as the secYeG 
monomer.

1.7.6 YidC-sec pathway 
The first study in which YidC featured, described it as a component of the sec 
translocase. YidC copurifies with the secYeG, where it can cooperate with the 
translocase to mediate membrane protein insertion (137). Additional studies indicate 
that YidC can function in three manners with the sec translocase, depending on the 
substrate protein (fig. 6A). first, for a subset of substrates that includes CyoA and 
subunit a of f1f0 Atpase, both YidC and secYeG are strictly required for the insertion. 
YidC depletion will affect the levels of these proteins or their complex formation (32). 
second, YidC is also involved, but to a lesser extent, in the membrane insertion of many 
sec-dependent proteins, as cross-linking studies have shown that the tMs of these 
substrates including ftsQ, lep, and MltA interact with YidC (32). Here, YidC plays a 
less critical role, but may nevertheless assist in orchestrating the lateral partitioning 
of tMs into the bilayer after their prior insertion into the secYeG translocon. YidC 
depletion has little effect on the final levels of these substrates in the iM(133). Under 
the growth conditions used, for a third subset of sec-dependent proteins, YidC is not 
involved in insertion, rather YidC is required for the proper folding and/or stability of 
these substrates (105, 167).

for proper insertion of some substrates, both the sec translocon and YidC are 
strictly required (fig. 6B). The best studies example is the insertion of CyoA, subunit 
ii of cytochrome o oxidase (23, 37, 156). CyoA is a lipoprotein that is synthesized 
as a precursor which is processed by signal peptidase ii following insertion (fig. 6B) 
(95). Mature CyoA comprises two hydrophobic tMs connected by a cytoplasmic loop 
and two translocated periplasmic termini: a lipid-modified n-terminus and a large 
C-terminal domain. After targeting to the membrane by srp, insertion takes place 
in two distinct stages. first, YidC is required and sufficient for membrane insertion 
of the n-terminal part of the protein consisting of the cleavable ss sequence, short 
periplasmic loop, and the first tM. second, translocation of the second tM and the 
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Figure 6. The YidC-Sec pathway 
and its substrates. A. schematic 
representation of YidC and secYeG 
acting together in the biogenesis of 
membrane proteins. B. topology 
models of substrates which require 
both YidC and secYeG for proper 
membrane integration. C. topology 
models of substrates which require 
only secYeG for integration. YidC is 
not essential for protein biogenesis but 
is found in close contact to the nascent 
chain of the inserting iMps. D. 
topology models of substrates which 
require secYeG for insertion whereas 
YidC is only essential for acquiring 
final conformation and complex 
assembly. The arrow represents 
cleavage by signal peptidase.
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large C-terminal periplasmic domain is mediated by the sec translocon. CyoA inserts 
in a strictly sequential mechanism requiring the insertion of the n-terminal domain 
prior to the insertion of the C-terminal domain. in this case, the sec translocon 
acts downstream of YidC. in contrast, when the cytoplasmic loop between the two 
tMs is lengthened considerably, the C-terminal tM inserts via the sec translocon 
independently of the YidC-dependent n-terminal domain insertion (22).

in E. coli, the f0 part of the f1f0 Atpase consists of three integral membrane protein 
subunits with a stoichiometry of a1b2c10 (113). subunit a of the membrane integral f0 
complex consists of five tMs without large cytoplasmic or periplasmic domains (fig. 
6B). f0a is another example of a substrate whose insertion is strictly dependent on 
both YidC and the sec translocon (83, 174, 175). first, f0a is targeted to the iM via the 
srp pathway. Then, the first tM is inserted into the membrane by the sec translocon 
independent of YidC, whereas insertion of the whole protein requires both secYeG 
and YidC. This protein serves as an example in which YidC acts downstream of sec 
translocon, but both components are essential for proper membrane insertion.

in E. coli, nADH dehydrogenase i contains 13 subunits, nuoA through to nuon 
with nuoC and nuoD fused to form one protein. if any of these subunits is absent, 
a functional enzyme complex cannot be formed (135). Using in vitro insertion into 
proteoliposomes, it is shown that nuoK, containing three tMs, requires both YidC and 
secYeG for insertion (fig. 6B) (122). specifically, the presence of the negative charges 
in tM 2 and tM3, Glu36 and Glu72, determines the YidC-dependent insertion. 
substitution of the glutamates at these positions produced a protein that, like most 
studied integral membrane proteins, required only secYeG for integration into the 
membrane. nuoK is one of many integral membrane respiratory proteins that contain 
membrane-negative charges. nuoA has a similar structure to nuoK with glutamates 
at positions 81 and 102 (tM2 and 3) and an aspartate residue at position 79 (tM2). it 
would be of interest to know if these similar structural features necessitate YidC in the 
insertion process. 

for the substrates discussed above, CyoA, f0a, and nuoK both YidC and the 
sec translocon are strictly required. in the next section, the second role of YidC in 
conjunction with secYeG is discussed. Here, YidC is not essential to obtain sufficient 
levels of these proteins in the iM, yet it was either found in close proximity to the tMs 
of the nascent substrate proteins (fig. 6C).

photo-cross-linking studies have shown that nascent chains of ftsQ, an iMp 
involved in cell division, inserts into the membrane close to secY and lipids and moves 
to a combined YidC/lipid environment upon peptide elongation. Here, YidC probably 
aids in the lateral transfer of ftsQ tM from the translocase into the lipid by layer (154, 
163). lep is another example of a sec-dependent protein which could be cross-linked 
in vitro to both YidC and the sec translocon during insertion into the iM (64-66, 163). 
lep has two tMs and a large translocated C-terminal domain. A detailed view emerges 
from these cross-linking studies using nascent lep: tM1 in short nascent lep contacts 
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both secY and YidC depending on the position of the cross-linking probe in the tM. 
longer nascent chains have more contact with YidC, whereas in even longer nascent 
lep, tM1 moves away from the sec/YidC complex to become lipid embedded. further 
translation results in exposure of tM2, which contacts first secY, then shifts to YidC 
to eventually move into the lipid phase. These observations are consistent with a linear 
insertion model of tMs into the membrane.

This linear insertion model has been challenged by a study that used MtlA as model 
for protein insertion (11). MtlA is predicted to span the iM of E. coli with 6 tMs 
following a 24 amino acid-long n-terminus located in the cytoplasm (fig. 6C) (143). 
The observation that the first three tMs of MtlA were simultaneously cross-linked 
to YidC resulted to a model in which YidC assists in the assembly of tMs prior to 
their concerted release en bloc into the lipid phase. it remains unclear whether these 
observed differences in the contacts of tMs with YidC are due to the different model 
proteins (two tMs in lep versus six tMs in MltA) or to differences in the experimental 
set-up. 

irrespective of the exact tM release model, the tested sec-dependent iMps interact 
with YidC in in vitro in cross-linking experiments, but their membrane insertion in 
vivo is not strongly affected by depletion of YidC (133) (170). The role of YidC for the 
insertion of these sec-dependent proteins has not been fully defined. The next section 
will discuss the third way in which YidC plays a role in membrane biogenesis of sec-
dependent proteins, i.e. in (late) folding and complex formation (fig. 6D).

lactose permease (lacY) of E. coli is a symporter that catalyzes the coupled 
stoichiometric translocation of a galactoside and a H+ across the membrane and is one 
of the best studied membrane proteins (fig. 6D) (75). YidC is not required for insertion 
of the 12 tMs, whereas the sec translocon is essential (68). However, by using an in 
vitro insertion system and two monoclonal antibodies directed against conformational 
epitopes, it was shown that lacY is only immuno-precipitated when vesicles were used 
that contained YidC. Moreover, lacY only folds properly in proteoliposomes prepared 
with YidC (105). These results indicate that YidC plays a primary role in folding of 
lacY into its final tertiary conformation via an interaction that likely occurs transiently 
during insertion into the lipid phase of the membrane. on a similar note, YidC acts 
in the biogenesis of Malf, which functions in maltose transport as a complex with the 
integral iMp MalG and the peripheral iMp MalK. Malf consists of eight tMs with 
a large periplasmic domain between tM3 and the tM4 (fig. 6D) (114). YidC is not 
required for the insertion of Malf into the membrane whereas it is essential for the 
stability of Malf and the formation of the MalfGK2 maltose transport complex (167). 
probably, YidC supports the folding of Malf into a stable conformation before it is 
incorporated into the maltose transport complex.

recently, it has been shown that YidC has a role in the biogenesis of secreted 
proteins (74). The role of YidC in this process is less clear. Depletion of YidC resulted 
in accumulation of Hbp and espC, members of the auto-transporter family, in the 
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periplasm. As the accumulation occurred in the periplasm, it was tested whether the 
large periplasmic loop of YidC plays a role in biogenesis of these secreted proteins. 
Upon YidC depletion, Hbp accumulation could be rescued by YidC lacking the large 
periplasmic loop indicating that this domain is not essential for Hbp biogenesis. The ss 
of Hbp in nascent Hbp was cross-linked to YidC (141). The translocation of Hbp across 
the iM is mediated by the sec translocon, as nascent Hbp could be cross-linked to secY 
and Hbp secretion was impaired upon depletion of secY (141). Hbp is the first example 
of an extracellular substrate for both YidC and secYeG, but for which the role of YidC 
seems to be in folding of the substrate in the periplasm rather than in the membrane.

in summary, the data discussed above indicate that YidC can act both downstream 
and upstream of the sec translocon. for a subset of proteins, both YidC and the sec 
translocon are strictly required for insertion. for other iMps, YidC seems to be close 
and may act to facilitate lipid partitioning and assembly of tMs rather than being 
absolutely critical for this process under laboratory growth conditions. for yet another 
subset of iMps, YidC seems essential for assembly of tMs to trigger proper folding and 
oligomerization of iMps or for maintenance of secreted proteins in a translocation-
competent state in the periplasm.

1.7.7 YidC only pathway
in addition to the YidC functions in relation with the sec translocon described above, 
YidC can also act as an insertase, independent of the sec translocase (fig. 7A). YidC has 
been found to be essential for the so-called sec-independent iMps that were previously 
thought to require only the pmf for insertion (47). However, depletion of YidC resulted 
in complete inhibition of the insertion of the pf3 and M13 phage coat proteins, the first 
“YidC-only” substrates to be identified (fig. 7B) (133). pf3 coat protein (44 residues) 
has one tM with a translocated n-terminus, while M13 procoat protein (79 residues) 
spans the membrane twice of which the first tM is a cleavable ss. Additional evidence 
that YidC plays a role in membrane insertion is provided by the demonstration that 
YidC physically interacts with the tM domain of pf3 coat protein during insertion and 
that proteoliposomes that contain only YidC are sufficient to insert the pf3 coat protein 
(25) (138). subunit c of the f1f0 Atpase was the first identified endogenous substrate 
that solely depends on YidC for insertion into the iM. similar to the phage coat 
proteins M13 and pf3, f0c is small and hydrophobic, consisting of two tMs, with small 
translocated n- and C-termini (fig. 7B). f0c forms an oligomeric ring of 10 subunits in 
the iM. The first indication that f0c is a YidC substrate came from the study in which 
YidC depletion led to decreased amounts of f0c in purified iMs (164). Additional in 
vitro and in vivo data unambiguously showed that YidC alone is essential and sufficient 
to insert f0c into the iM (157, 162, 174). in mitochondria, oxa1 forms a stable complex 
with the f0c oligomers, while oxa1 deficient mitochondria have reduced levels of f1f0 
Atpase activity (70). similarly, in B. subtilis the YidC homologs spoiiiJ and YqjG are 
copurified with the f1f0 complex, suggesting that YidC is in contact with f0c at late 
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Figure 7. The YidC-only pathway and 
its substrates. A. schematic diagram 
of YidC  inserting an iMs into the iM 
independently of secYeG. B. topology 
models of substrates which require only 
YidC for proper membrane integration. 
C. topology model of a substrate which 
requires YidC for either membrane 
insertion or oligomerization or both. 
The arrow represents cleavage by signal 
peptidase. see text for details.

stage in protein biogenesis (131). These data together suggest that YidC, in addition to 
its role as the insertase for f0C, may also play a part in assembling subunit c into the 
oligomeric complex.

Thus far, the mechanosensitive channel of large conductance protein (Mscl) has 
been described as the second endogenous YidC substrate (39), although conflicting 
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data on the role of YidC have been reported. The Mscl protein plays a role in protecting 
cells exposed to osmotic shock (17). The crystal structure of the Mscl homolog from 
M. tuberculosis shows a homopentameric channel (24). each Mscl subunit spans the 
iM twice and has a small periplasmic domain between the two tMs (fig. 7C). Mscl 
was shown to be is inserted into the membrane independently of the sec translocon, 
whereas YidC appeared essential for efficient membrane insertion (39). in contrast, 
pop et al. reported that both secYeG and YidC are not critical for membrane insertion 
of Mscl (119). iMVs produced from YidC depleted cells have the same level of Mscl 
protein as iMVs from wild type cells, indicating that insertion is not impaired in these 
cells. However, in the absence of YidC assembly of the homopentameric Mscl complex 
was strongly reduced as shown by Bn-pAGe. This indicates a late role for YidC in 
formation of an oligomeric complex than rather involvement in insertion, similar to 
YidC’s role in assembly of the maltose transport complex (167). A third study on Mscl 
biogenesis reported that Mscl, produced in a cell-free system, is able to insert directly 
in a pure lipid bilayer and retains activity in patch-clamp experiments suggesting that 
also oligomerization occurs unassisted (15). However, this is an in vitro study while in 
vivo chaperones such as YidC may be needed to make the process of insertion more 
efficient. indeed, Mscl inserts more efficiently into proteoliposomes containing YidC. 
in yet another study, the subsequent oligomerization into a homopentamer is reported 
to be a spontaneous event resulting in an active channel (123). further studies will be 
needed to clarify these conflicting data.

The number of proteins identified to require YidC for their membrane biogenesis 
remains limited. Thus far, the identified substrates that require only YidC for insertion 
include the M13 and pf3 phage coat proteins, subunit c of f1f0-Atpase, and possibly 
Mscl. in addition, a subset of sec-dependent proteins require also YidC for proper 
insertion. These substrates include CyoA, nuoK, and f0a. As mentioned, a third 
subset of substrates exists that require YidC to acquire their final conformation and/
or complex formation. These include Malf and lacY. it is currently not clear what 
determines if a membrane protein is directed to the YidC-only pathway versus the sec 
or sec/YidC pathway. The identification of new substrates may allow the elucidation of 
properties that define the YidC specificity. to address this, a proteome-wide approach 
has been performed. The effect of YidC depletion on the iM proteome has been 
studied using isotopic labeling (124). This led to the identification of many potential 
YidC substrates, including various membrane integral transporters. However, small 
hydrophobic proteins are under-represented using this approach; f0c, for instance, 
could not be identified by Ms under these conditions whereas the current set of known 
YidC-only substrates are small and hydrophobic. to analyze in detail the effects of 
YidC depletion on the oligomeric assembly of complexes in the iM, 2D-Bn/sDs-pAGe 
was used to analyze iMp complexes in the iM under YidC depleted conditions (170). 
indeed, YidC depletion had a profound effect on the levels of many iMp complexes. 
static analysis revealed one common denominator for proteins that show decreased 
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levels upon YidC depletion; iMps with soluble domains smaller than 100 residues 
are over overrepresented in the category of substrates that are significantly reduced 
in absence of YidC. whether this domain is located in the periplasm or cytoplasm, 
or located at the n-, C-terminus or in the middle, is in this respect not critical. This 
correlation was confirmed using engineered model iMps combining f0c and the p2 
loop of lep (160). whenever the large p2 loop (240 residues) was linked to f0c protein, 
the protein became YidC-independent and secYeG-dependent for proper insertion. 
The tandem linked f0c-f0c remains, as expected, was solely YidC-dependent (160). 

Although this association may hold true for most iMps, there are known exceptions. 
it has been shown that positive charges in the cytosolic loop region of f0c are important 
determinants for YidC recognition, and consequently, also for subsequent YidC-
mediated membrane insertion (84). furthermore, the presence of the negative charges in 
tM2 and tM3 of nuoK determines the YidC-dependent insertion. substitution of the 
glutamates at positions 36 and 72 for lysines produced a protein that, like most studied 
integral membrane proteins, required only secYeG for integration into the membrane. 
This supports a model in which the tMs of YidC have a role in forming a membrane 
chaperone, assisting the integration of less hydrophobic, negatively charged tMs.

1.7.8 Quality control
in addition to the roles of YidC described above, this protein is suggested to have an 
additional role in iMp quality control, together with ftsH. ftsH is an AAA membrane-
protease involved in the quality control of membrane proteins (1). This protease is 
known to degrade subunit a of the f1f0-Atpase when the subunit is overexpressed in 
the absence of interacting subunits (2). similar results were obtained when secY of the 
secYeG complex was expressed in excess over its partner subunits (3). ftsH requires 
Atp hydrolysis to dislocate the protein in a processive manner from the membrane 
to degrade the membrane protein substrate. to initiate proteolysis of a membrane 
embedded protein, ftsH requires a hydrophilic tail of 20 residues or longer (27). 
furthermore, fröderberg et al. showed using in vitro cross-linking that prematurely 
released nascent membrane proteins were transferred from YidC to ftsH, presumably 
to promote degradation. simultaneously, the same truncated membrane protein is 
cross-linked to YidC, suggesting a link between YidC and ftsH. This suggestion is 
strengthened by the finding that YidC copurifies with ftsH and its modulating factors 
HflK/C (155). furthermore, ftsH levels are increased in iM of YidC-depleted cells 
(170). YidC may function in this complex to rescue malfolded or misassembled 
membrane proteins from proteases by folding them and possibly protecting them 
from protein degradation. Alternatively, YidC may select certain membrane protein 
substrates and deliver malfolded proteins to ftsH for protein degradation.
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11.8 oUtLIne oF tHe tHesIs
The research described in this thesis aims at a better understanding of membrane 
protein insertion in the iM of E. coli. in addition to the main protein conducting 
channel complex, secYeG, YidC plays a crucial role in co-translational insertion of 
iMps both in conjunction with secYeG and as a separate integrase . previous scanning 
mutagenesis studies showed that individual amino acids in the tMs of YidC were not 
essential for in vivo YidC activity (71). rather, the presence of the 5 C-terminal tMs 
appeared crucial to form a platform to support partitioning of the substrate into the 
membrane. Additional studies hinted at the importance of tM3 in YidC functioning 
(78, 178). However, little is known about the mechanism and site of substrate 
recognition in YidC. previously, using site-specific photo-cross-linking, it has been 
shown that nascent ftsQ is cross-linked to YidC. furthermore, 108ftsQ with a single 
cysteine residue engineered at position 40 in its single tM was shown to cross-link to 
the unique cysteine residue in YidC reconstituted in proteoliposomes (163). in chapter 
2, we address directly which regions in YidC are involved in substrate recognition. 
Using in vitro site-specific cross-linking, we show that during membrane integration, 
the tMs of several iMps are adjacent to a specific region in the conserved tM3 of 
YidC. The tM in the nascent substrate is flexibly oriented towards the YidC tM3, 
whereas tM3 displays a fixed orientation towards its substrate (177).

Although many studies have focused on the various roles of YidC in iMp insertion, 
the question on why YidC is essential remains. to further our understanding of YidC’s 
role in iMp biogenesis, we screened a random overexpression library for factors 
that rescue the growth of cells upon YidC depletion (Chapter 3). we found that the 
simultaneous overexpression of GadY and GadX partly complemented the growth 
defects of YidC-depleted cells (176). GadY and GadX are regulators of the glutamate-
dependent acid resistance system (181) that are essential for survival under acidic 
conditions. The overexpression of GadX and GadY led to upregulation of the effector 
proteins in the Gad-dependent pathway, GadA and GadB. Upon YidC depletion, 
GadXY overexpression resulted in the suppression of the pspA response, indicative 
of a restored pmf while increased levels of the chaperone Groel were found in iMV 
fractions.

in chapter 4, we present an initial characterization of YidD, a small conserved 
protein of unknown function in E. coli. The gene coding for YidD forms an operon with 
yidC together with rpmH, rnpA, and trmE. we find that the genomic context of yidD is 
conserved in Gram-negative bacteria and that this gene is conserved in Gram-positive 
bacteria, plants, and phages, but not in yeast or mammals. Using plasmid-based 
expression of a His-tagged version of YidD, we show that YidD is localized in the iM, 
although YidD lacks a hydrophobic sequence sufficiently long to serve as a ss or a tM. 
However, we have identified the first helix in YidD to be involved in targeting to the 
membrane, probably due to its amphiphathic nature. we provide evidence that YidD 
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plays a role in the insertion of iMps, as YidD deficient cells were affected in insertion 
and processing of three YidC-dependent substrates: M13p2, CyoA, and f0c. Moreover, 
using in vitro cross-linking, we showed that YidD is in proximity of a nascent iMp 
during its localization in the sec-YidC translocon. This would suggest that YidD is 
functionally related to YidC.

finally, the data in chapters 2-4 are summarized and discussed in chapter 5.
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