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1. Introduction 

In all living cells, membranes are essential for the formation of distinct cellular compartments 
to enable specific enzymatic and bioenergetic processes. Compared to eukaryotes, 
prokaryotes (i.e., bacteria and archaea) have a relatively simple architecture as they lack 
organelles. Nevertheless, bacterial cells are highly compartmentalized. For instance, Gram-
negative bacteria such as E. coli are bordered by two membranes, i.e. the cytoplasmic (or 
inner) membrane and the outer membrane. These membranes contain specific integral 
membrane proteins which constitute about 25-30% of the cellular proteomes (11, 12) and that 
carry out important tasks including transmembrane transport, communication, energy 
transduction and cell morphogenesis. In addition, many proteins function in the compartment 
between the inner and outer membrane, called the periplasm. Since in bacteria all proteins are 
synthesized by ribosomes that reside in the cytosol, dedicated pathways exist to traffic these 
proteins to their correct destination.  

The export of unfolded and folded proteins is generally mediated by the Sec (= secretion) and 
the twin-arginine translocation (Tat) system, respectively (for review (13, 14)). The Sec-
system is also responsible for the insertion of the majority of cytoplasmic membrane proteins, 
although a subset of membrane proteins depends on the YidC protein that is a member of the 
universally conserved YidC/Oxa1/Alb3 family. In E. coli, protein transport and membrane 
integration generally occurs in a post and co-translational manner, respectively (review (4)). 
During post-translational translocation, the substrate secretory proteins (preproteins) are first 
synthesized to their full length and stabilized in an unfolded conformation by molecular 
chaperones, most notably SecB. Next, they are targeted to the SecA component of the 
translocase, whereupon they are translocated across the cytoplasmic membrane (Figure 1). 
With Tat-dependent secretion, protein substrates are first modified and folded before engage 
the Tat translocase. During co-translational membrane integration, a direct interaction occurs 
between translating ribosomes and the Sec-system or YidC. In this process, signal recognition 
particle (SRP) fulfills an important role in the targeting of the nascent chain-ribosome 
complex to the Sec-system. With YidC, also SRP-independent targeting occurs (Figure 1). 

Co-translational protein insertion is a widely spread process that not only occurs in the 
cytoplasmic membrane of prokaryotes, but also in the endoplasmic reticulum (ER) and 
mitochondria of eukaryotes. Here, we summarize our current understanding about the 
bacterial insertases and translocases and their interaction with ribosomes. In addition, the role 
of accessory proteins such as SRP and its membrane receptor protein FtsY in the targeting of 
ribosomes to the membrane is discussed. 
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2. The ribosome 

Ribosomes are universally conserved ribonucleoprotein complexes that decode genetic 
information and translate it into the amino acid sequence of proteins. The size of these giant 
complexes ranges between 2.4 MDa in bacteria to up to 4 MDa in higher eukaryotes (10). 
They may contribute up to 30% of total cell mass, with approximately 105 and 106 ribosomes 
present in the cytosol of bacteria and eukaryotes, respectively (15). Ribosomes consist of a 
large and a small subunit. In bacteria, these subunits are termed 50S and 30S, respectively. 
Together they form the 70S ribosome. In eukaryotes, the large 60S and small 40S subunits 
form the 80S ribosome. The function of the small subunit is to decode the mRNA. The large 
subunit contains the peptidyltransferase active center (PTC), which is essential for peptide 
bond formation (16), and harbors the exit tunnel for nascent polypeptides. The architecture of 

Figure 1. Schematic illustration of protein targeting to the bacterial translocon. (A) Post-translational 
protein translocation pathway assisted by the molecular chaperon SecB (dark purple) and motor 
protein SecA (green). (B) Co-translational integral membrane protein insertion assisted by SRP (light 
purple) and FtsY (pink). (C) Co-translational protein insertion involving YidC insertase with and 
without the assistance of SRP. This figure is taken from (1) with permission. 
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the core region of the ribosome is universal conserved, but the type and number of ribosomal 
RNA and proteins varies for the different domain of life. For instance, the ratio of ribosomal 
RNA/protein may deviate between 2:1 in bacterial ribosomes up to 1:3 in some mitochondrial 
ribosomes (17). 

2.1. Structure and composition of the bacterial ribosome 

Bacterial 70S ribosomes are composed of 62% RNA and 38% protein by weight (18). The 
backbone structure of the small subunit is scaffolded by 16S rRNA whereas the large subunit 
is scaffolded by both 5S and 23S rRNA. By base pairing and intramolecular stacking, the 
RNA chain assumes a fold with multiple junctions of helical regions providing a very defined 
architecture, which accommodates the ribosomal proteins. In total, the 30S small subunit 
comprises 21 proteins (named S1 to S21) while the large subunit contains 33 proteins (named 
L1 to L33) (17).  

In the last 15 years, the structure of the 70S ribosome has been solved at the atomic level by 
both X-ray crystallography and cryo-electron microscopy. In 2000, the first atomic resolution 
(2.4Å) X-ray structure of the 50S subunit from the archaeon Haloarcula marismortui was 
published (19). The overall architecture of this complex is composed of 5S and 23S backbone 
rRNAs surrounded by ribosomal proteins that are dispersed and intertwined throughout the 
subunit. The secondary structure of the 23S RNA possesses six large domains that generate 
an asymmetric tertiary structure with a highly irregular shape. The six domains are 
interlocked to form a compact entity. The ribosomal proteins have irregular, extended loops 
and termini, which intrude between the rRNA helices thereby stabilizing the structure of the 
entire complex. Although this structure showed in great detail many aspects of the ribosome, 
including the PTC, some functionally important regions such as the stem-loops of the RNA 
that are involved in contacting the S30 subunit, it appeared to be disordered. In 2001, a 3.1Å 
resolution structure of the 50S subunit of Deinococcus radiodurans was solved (20). The 
rRNA possessed a very similar conformation as the one reported for H. marismortui but 
without the disordering of the functionally important regions. In 2000, also two crystal 
structures of the Thermus thermophilus 30S small subunit were published at 3.3 and 3.05 Å, 
respectively (21, 22). These structures and a third in 2001 (23) show significant structural 
differences in the RNA and protein components. The overall architecture of the 30S subunit 
shows similar intertwining and interbridging characteristics as the 50S subunit, but with only 
a single stranded 16S RNA backbone intertwined with proteins that are concentrated 
asymmetrically in the 30S structure. The secondary structure of 16S contains four domains 
interbridging within ribosomal proteins. As observed for the 50S, the inter-subunit region of 
30S is practically free of proteins. 
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The first complete ribosomal structure comprising both subunits, the mRNA and the tRNA 
was obtained from T. thermophilus at 5.5 Å (24). This structure provided a general insight in 
the interaction between the 30S and 50S subunits and the interaction between the ribosome 
and tRNAs. A more detailed view of the interface between the 30S and 50S subunits was 
obtained in 2005 with two high resolution (3.5Å) structures of the vacant E. coli 70S 
ribosome (1) (Figure 2). In addition, these structures showed two different conformations of 
the 30S subunit, which were proposed to be related to the movement of mRNA and tRNA 
during translation. Further high resolution structures of the T. thermophilus ribosome 
complexed with tRNA and mRNA (25, 26) provided a detailed insight of the interaction 
between the ribosome and its mRNA and tRNA substrates. 

 

Lower resolution cryo-EM structures also contributed to our understanding of the 
functionally active ribosome. In fact, all initial structures describing the ribosome complex in 
elongation related states were first documented by electron microscopy studies. This, for 
instance, concerns the structure of the ribosome involving subunit ratcheting (27), the motion 
of the tRNA across the ribosome during elongation (28, 29), the L7/L12-EF-G interaction (30, 
31), the conformation of the nascent peptide in the exit tunnel during stalling (32), translating 
ribosomes interacting with the Sec61p translocon complex from mammalian and yeast (33) 
and the change in the tRNA conformation during decoding and accommodation (34, 35). 

Figure 2. A ribbon representation of the ribosome structure from E. coli at 3.5Å. Ribosomal RNAs, 
30S and 50S ribosomal are colored in gray, green and blue respectively. This image is generated 
using Pymol from 2AVY and 2AW4 pdb files (1). 
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These structures provide detailed information on a variety of functional states of ribosome 
during elongation that is difficult to obtain by crystallization.  

In summary, the overall portfolio of ribosome structures today is close to completion using 
information obtained from X-ray crystallography and cryo-EM. However, some functional 
aspects of the ribosome still need to be determined. For example, the biochemically defined 
states of the elongation cycle may correspond too more than a single conformation of the 
ribosome. Single molecule studies now can discern differences in the structures within a 
population of ribosomes (36) which are difficult to achieve with other methods and this will 
be a challenging topic of research. 

 

2.2 The ribosomal exit tunnel and stalling of nascent polypeptides 
 
Following translation at the PTC center, the nascent peptide is guided through the exit tunnel 
of the 50S subunit. The ribosome exit tunnel has a length of 80-100 Å from the PTC and a 
diameter of 10 Å at its most narrow constriction and 20 Å at its widest opening (19, 20, 37). 
The tunnel can accommodate a nascent peptide stretching from around 30 amino acids 
residues in an extended conformation or up to 60 amino acid residues in an α-helical 
secondary structure (38-40). In bacteria, the inner tunnel wall is formed predominantly by 
23S rRNA and the three ribosomal proteins L4, L22 and L23, which form a constriction ring 
(19, 20). A conserved β-hairpin loop of L22 on the opposite side of L4 is located in the 
proximity of the extended loop of L4 (Figure 3A,B, C). From this point on, the exit tunnel 
starts to widen. The region around the exit forms a ring of four ubiquitously conserved 
ribosomal proteins (L22, L23, L24 and L29) and bacterial specific proteins (L17, L32) (10) 
(Figure 3D). Some of these ribosomal proteins interact with targeting factors such as signal 
recognition particle (SRP) or interact with the insertases and/or translocases in the membrane 
as will be discussed later in this chapter.  
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During translation most polypeptides move passively through the ribosomal exit tunnel. 
However, some peptides interact with ribosomal proteins inside of the tunnel or already adopt 
secondary structure within the tunnel (41-43). Charged amino acid residues such as lysine or 
arginine can delay or arrest translation by interacting with charged residues inside of the 
tunnel (44, 45). Thus such polypeptide segments can regulate the rate of translation (44). 
Stalling or transient translational pausing can also provide beneficial effects for the 
coordination of ribosomes with associating factors or facilitate co-translational folding of 
nascent peptides (46). In some cases, ribosome stalling can be used to control gene 
expression (47). In bacteria, two classes of regulatory nascent chains are known. Members of 
the first class such as TnaC and ErmCL arrest the ribosome in response to the presence of 
small molecules (tryptophan and erythromycin, respectively). Tryptophan causes stalling of 
the ribosome at the tnaC stop-codon by inhibiting TnaC translation termination. This 
prevents the binding of Rho factor to transcription-termination sites at the region between 
tnaC and the tryptophanase and tryptophan permease genes tnaA and tnaB thereby activating 
their expression (48-54). In contrast, macrolide antibiotic induced ribosome stalling at 
ErmCL causes conformational changes in the mRNA, activating the translation of the 
downstream localized methylase gene ermC (55-59). Member of the second class of 
regulatory nascent chains such as the E. coli SecM and B. subtilis MifM, contain an intrinsic 
stalling sequence that interacts strongly with the ribosome exit tunnel (60, 61). SecM is a 
secretory protein that functions in a mechanism to detect downstream protein translocation 

Figure 3. Schematic representation of the structural organization of the ribosome and the polypeptide 
tunnel. A) Cross-section of ribosome showing location of ribosomal proteins (L4,L22 and L23) in the 
exit tunnel. L4, L22 and L23 are colored in dark blue, pink and green respectively. B) A zoomed in 
view around the constriction area with the narrowest opening formed by L4 (Blue) and L22 (pink). C) 
Top view of the tunnel showing the constriction area. D) A view from bottom around the exit tunnel 
of ribosome displaying conserved proteins L23, L29, L24 (green), L22 (purple) and bacterial specific 
proteins L17 and L32 (orange). This figure is taken from (10) with permission. 
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defects. The secM gene is located in front of the secA gene that is involved in protein 
secretion (62). A protein secretion defect results in the accumulation of ribosomes at the 
SecM stalling sequence (FxxxxWIxxxxGIRAGP) (61, 63, 64). This leads to an upregulation 
of secA expression such that the secretion defect can be (partially) overcome. The elements of 
the ribosome that are involved in the stalling include several bases of the 23S rRNA as well 
as L22 and L4 (61, 65, 66). In a similar way, MifM monitors the YidC-dependent membrane 
biogenesis pathway in Bacillus subtilis. MifM is a small membrane protein that is 
cotranscribed with the ygjG gene (B. subtilis YidC homolog) that is located downstream of 
mifM. The C-terminus of MifM contains a sequence (RITTWIRKVFRMN) that interacts with 
ribosome exit tunnel (67) and arrests elongation when the levels of the other B. subtilis YidC 
homologue, SpoIIIJ, are low (60). The elongation arrest results in the unfolding of an mRNA 
hairpin that releases the, otherwise blocked, initiation of YqjG translation (60).  

3. Co-translational targeting of ribosome to the translocon  

The co-translational targeting of nascent integral membrane proteins to the prokaryotic 
cytoplasmic membrane or eukaryotic ER membrane is mediated by signal recognition particle 
(SRP). SRP associates with nascent membrane proteins after they emerge from the ribosome 
and directs them as ribosome nascent chain complexes (RNCs) to the membrane bound signal 
recognition receptor. The SRP system was identified in the early 1980s (68-70) as part of the 
protein targeting cascade in the ER. SRP and the SRP receptor are universally conserved 
components present in all organisms although their exact composition can differ (See reviews 
(71, 72)). While the eukaryotic SRP consists of six polypeptides (SRP9, SRP14, SRP19, 
SRP54, SRP68, and SRP72) and a 7S RNA (69, 70), the bacterial (e.g. E. coli) SRP is in 
general composed of only one protein (Fifty-four homologue Ffh) (73, 74) and a shorter 4.5S 
RNA. In E. coli both Ffh and the 4.5S RNA are essential for viability (75-77). The eukaryotic 
SRP receptor (SR) consists of two subunits, called  and , with the latter being a membrane 
protein that anchors the  subunit to the ER membrane. Bacteria contain a homolog of the 
SRα subunit, called FtsY, which associates with the membrane via interactions with anionic 
phospholipids (78) and the SecYEG complex (79). They lack an SR  homolog but the 
membrane anchoring function is already contained in FtsY, which has an additional A 
domain that is involved in membrane and translocon association (79-82). The precise 
functional role of the A-domain has not entirely been resolved as the length and amino acid 
sequence can vary significantly even between two closely related species (82, 83). However, 
the A-domain has been suggested to be “not essential” in the process of co-translational 
targeting in E. coli (84). The A-domain of the E.coli FtsY contains two polybasic lipid-
binding helices that interact with lipid (85, 86). Ffh consists of an N-terminal N-domain, a 
central G- (GTPase) domain and a C-terminal M-domain. The N-domain is α-helical with a 
four-helix bundle that is tightly packed against the neighboring G-domain forming the NG-
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domain. The M-domain contains an α-helical methionine-rich region responsible for signal 
sequence binding and RNA interaction (75, 87). It interacts specifically with the signal 
sequence of secretory proteins or hydrophobic transmembrane segments (signal anchoring 
domains) of nascent membrane proteins (88, 89). The interaction between Ffh and FtsY 
involves the binding of GTP to the highly conserved and related NG-domains of both 
proteins (90, 91) yielding a heterodimeric complex that is primed for GTP hydrolysis. Upon 
GTP hydrolysis, the RNC-Ffh-FtsY complex dissociates and the RNC is transferred to the 
translocon (92). The mechanism of co-translational targeting is discussed in more detail in the 
following paragraphs. 
 
3.1. SRP-ribosome interaction 

The interaction sites between the ribosome and Ffh have been identified by a combination of 
cryo-EM and chemical cross-linking studies (2, 93-96). Translating E. coli ribosomes harbor 
four contact regions (2). The first region (c1) is formed by the ribosomal proteins L23 and, to 
a lesser extent, L29 (Figure 4) (94, 97) and interacts with three helices (h1-h3) of the Ffh N-
domain. Clusters of positively charged residues in the N-domain interact with the negatively 
charged residues present on the surface of L23. In addition, the G-domain of Ffh is located 
above the L29 and may also contribute to the binding (2). The second contact site (c2) 
consists of helix 24 of the 23S RNA and to a lesser extent the L22 and L24 subunits. This site 
interacts with the C-terminal M5 helix of the Ffh M-domain, while the linker region 
connecting helices M3 and M4 may also contribute to the binding (2).  

 

Figure 4. Overview of contact 
sites between SRP and the 70S 
ribosome subunit around the 
exit tunnel. The outline of SRP 
is drawn in red. The four major 
contact regions are encircled in 
yellow. Ribosomal RNAs are 
shown in gray and ribosomal 
proteins are colored as 
displayed in the figure. This 
figure is taken from (2) with 
permission. 
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Interestingly, the M5 helix has also been reported to be involved in the binding of signal 
anchor sequences (i.e., transmembrane domains of nascent membrane proteins) (87). The 
third contact area (c3) is located more further away from the exit tunnel. This crucial binding 
region is formed by the ribosomal protein L18 and contacts the Ffh 4.5S RNA. C3 is in the 
proximity of the 23S RNA (2), which was shown to crosslink to the 4.5S RNA in the 
presence of a nascent chain (96). The fourth contact (c4) requires a 9Å shift of helix 59 of the 
23S RNA towards the M-domain of Ffh in order to bind as compared to the crystal structure 
of E. coli ribosome (1, 2). With unloaded ribosomes, only contact site c1 (2) remains 
available for the binding of the M-domain of Ffh and this site was indeed previously 
identified as the binding domain of Ffh (94, 97). The interaction likely permits SRP to sense 
the presence of a signal sequence at the exit tunnel of the ribosome whereupon a 
conformation changes may occur to expose the complete SRP docking site (c2-c4). 
Consistently, c3 can only be cross-linked to Ffh in the presence of a nascent polypeptide (96).  

3.2. SRP-nascent chain interaction 

Unlike the eukaryotic SRP that seems to fulfill a general function in the targeting of both 
secretory and membrane proteins (for review (98)), the bacterial (or in particular E. coli) SRP 
functions mostly in the targeting of nascent membrane proteins (99-102). The majority of the 
preproteins are targeted to the translocon in a posttranslational fashion by the molecular 
chaperone SecB. SRP binds to ribosomes independently of the presence of a nascent chain 
(2), but its affinity increases dramatically when a signal sequence or anchoring domain is 
exposed from the exit tunnel.  
Signal sequences are cleavable N-terminal peptides that determine the targeting route of 
nascent preproteins. They have a tripartite structure with a N-terminal domain (N domain) 
comprising several positively charged amino acid residues, a hydrophobic core region 
composing 10 to 15 residues (H domain) and a polar C-terminus domain (C domain) (for 
review see (103)). Signal sequences are usually absent in integral membrane proteins, which 
instead contain a highly hydrophobic TMS that function as a signal anchoring sequence. The 
mechanism responsible for pathway selection involves competition between SRP and the 
peptidyl-prolyl cis-trans isomerase trigger factor that both can bind at the exit tunnel of 
ribosome (99). Two distinct features seem to be required in order to follow the co-
translational targeting pathway. First, the hydrophobic domain of the signal sequence or 
signal anchoring sequence must be equipped with a certain threshold level of hydrophobicity 
(89). Indeed, single amino acid mutations in the h-domain may render proteins SRP-
dependent or independent. For instance, replacement of a glycine residue by a leucine (helix-
promoting) residue in the h-domain of the signal sequence of PhoE converts this preprotein 
into a SRP substrate (104-106). Beside the hydrophobic residues, flanking basic residues 
have also been shown to contribute to recognition by SRP (106, 107). The second criterion is 
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that the signal sequence must be capable of adopting an α-helical conformation (104, 106, 
108). SRP likely recognizes the signal sequence or the first transmembrane domain as α-
helical structure (109, 110). Although the criteria mentioned above provide some general 
rules for SRP recognition, the exact binding residues involved in this process remain to be 
elucidated. A recent 3.5 Å crystal structure of SRP54 from the archaeon Sulfolobus 
solfataricus fused to a signal anchor peptide (from the yeast dipeptidyl aminopeptidase B) 
mapped residues involved in signal peptide binding (5) (Figure 5A). The signal peptide binds 
to a hydrophobic groove that is formed by eleven conserved residues in the M-domain 
formed between helix M4 and helices M1 and M2 (5) (Figure 5B).  
 

Specifically, two Trp residues cluster together creating a bulge in the groove surface, while 
eight residues in the H-region of the signal peptide are in an -helical conformation. The M-
domain binds signal peptides with considerable sequence variation and diversity in the H-
region (111). Therefore, additional structures with different signal peptides and/or SRP from 
different species are necessary to determine the relative importance of each contact point 
during signal sequence recognition.  
 
 
 

Figure 5. Overview of the SRP54 structure and its interaction with nascent signal peptide. A) Structure 
of S. solfataricus SRP54-signal peptide fusion protein showing the N-domain (blue), G-domain 
(green) and M-domain (red). The signal peptide is colored in yellow. B) Overall view of the signal 
peptide binding pocket. Important residues involved in the interaction are marked in green. M342, 
V348 and L345 (Cyan) may be crucial for coupling the M-domain to the NG domain. This figure is 
taken from (5) with permission. 
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3.3. SRP-FtsY interaction  

A critical step in co-translational protein targeting of RNCs is the formation of a complex 
between SR (Ffh) and SR receptor (FtsY) at the membrane. Both Ffh and FtsY belong to the 
family of GTPases (112-114) that possess a NG-domain. The NG domains of Ffh and FtsY 
are homologous in sequence and structure (90, 91), and form a symmetrical arranged 
structure in the Ffh-FtsY heterodimer. This dimer harbors a catalytic chamber at the subunit 
interface, and the association and dissociation of this complex is controlled by GTP 
hydrolysis. When GTP is bound, a more stable complex is formed (115, 116). Once GTPase 
activity is initiated, a series of conformational changes occurs in both proteins during 
assembly and disassembly (116, 117). The resulting state has been shown to differ 
tremendously from the initial conformation during complex assembly (118). The activation 
associated conformational changes have been shown to be essential for ribosome-nascent 
chain release (115, 117, 119). Mutagenesis of conserved residues of the E. coli FtsY at the 
heterodimer interface have only a minor effect on complex assembly but instead display 
drastic effects on the GTP hydrolysis activity and impair membrane protein targeting and 
insertion (117, 118). In addition, the 4.5S RNA enhances the rate of complex formation (120, 
121) and GTP hydrolysis (121, 122) once the complex is formed. A recent report suggests 
that 4.5S RNA controls the conformational switch regulating the Ffh-FtsY interaction (123, 
124).  

The interaction sites between Ffh and FtsY have been defined in detail by structural studies 
(3, 93, 115, 116, 125). The structure of the Ffh-FtsY complex has been solved at 3.9 Å in the 
presence of the non-hydrolysable GTP analog (GMP-PCP) both in the presence (3) (Figure 
6A) and absence (115, 116, 125) of 4.5S RNA. As expected, the interaction interface covers a 
large continuous area of the two NG domains and surrounds the two bound GTP molecules. 
The G-domain of both proteins covers the majority of the interaction surface area whereas the 
N-domain is to a less extent involved in interaction (115). At the FtsY-Ffh interface, the 
major interactions are by pairing of H-bonds and Van der Waals interactions (115). 
Interestingly, the 4.5S RNA also contributes to Ffh-FtsY complex formation but was not 
present in some of the earlier structures (115, 116, 125). A recent cryo-EM structure of the 
translating ribosome complexed with the Ffh-FtsY sandwich indeed shows that the G-domain 
of FtsY contacts the 4.5S RNA tetra loop (domain IV) through electrostatic interactions (93).
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Mutation of the amino acid residues involved or modification of the 4.5S RNA disturb 
complex formation (122, 126, 127). In one of the crystal structures (3), the tetraloop region of 
4.5S RNA also interacts with the M-domain of Ffh and this is in agreement with previous 
observations (75, 128). A - helical stretch of 30 amino acids linker lies in between the M- 
and NG-domain and functions as a spacer between the activated NG-domain of Ffh and FtsY 
at the distal end of the 4.5S RNA (3). In one of the structures, the C83 base of the 4.5S RNA 
is located in the proximity of a GMP-PCP molecule and thus interact directly with both Ffh 
and FtsY at the GTPase activity center (3). The interaction between FtsY and the C83 base of 
the 4.5S RNA is mostly hydrophobic and involves a large contacting surface. At the GTP 
binding center, Leu198 and Phe137 of FtsY stack with this base (3) (Figure 6B). The NG 
heterodimer interacts strongly over a large interface area (890 Å2) with the 4.5S RNA (3). 
The majority of the contacts with the 4.5S RNA are contributed by FtsY whereas Ffh only 
interacts at distal end with 2 bases (3). The M-domain of Ffh interacts with domain IV of the 
4.5S RNA. In summary, combining current biochemical data (121, 122, 129-131) with recent 
structures (3, 93), it appears that the 4.5S RNA exhibits a bifunctional role by providing a 
binding platform for the receptor interaction at one end, while allowing GTPase activation of 
Ffh-FtsY complex at the distal end. This allows for spatial exchange of large factors that have 
to gain access to the signal peptide when it emerges from the ribosome exit tunnel (3).  

 

Figure 6. Structure of E. coli Ffh complexed with FtsY. A) Top view of Ffh (cyan)-FtsY(green) 
complex. 4.5S RNA is displayed in gray and the two GMPPCP molecules are colored in red. B) A 
zoomed view of the interaction near the conserved 4.5SRNA base C83 at the interface of Ffh and 
FtsY. C83 is in orange and interacting residues are colored as in A). This figure is taken from (3) 
with permission. 
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3.4. SecA-ribosome interaction  

Although SecA driven protein translocation occurs post-translationally, earlier studies 
indicated that a subfraction of the cellular SecA can be found to be associated with ribosome. 
Indeed, recent studies suggest that SecA already interacts with preproteins before translation 
is competed. The SecA -ribosome interaction is of low affinity (132-134) and occurs close 
the exit tunnel involving L23 and the SecA residues Lys 625 and 633 (135). Binding of SecA 
is enhanced when the ribosome is loaded with a nascent preprotein (133) likely through the 
recognition of the signal sequence (135). Nevertheless, the exact role of this interaction is 
unclear. Mutations in SecA that destroy the interaction between SecA and the ribosome, also 
affect protein translocation (135). However, it is unclear if such SecA mutants have a general 
defect or whether the defect is specific for the ribosome association function of SecA. 

4. Membrane-ribosome interacting ligands  

4.1. The translocon  

In E. coli, the majority of the cytoplasmic membrane proteins insert into the membrane in a 
co-translationally fashion by a process that involves a direct contact between the ribosome 
and the translocon. The translocon is an evolutionary conserved heterotrimeric complex that 
is present in all three kingdoms of life (136). The bacterial translocon consists of the main 
protein conducting channel protein SecY that forms a stoichiometric complex with SecE and 
SecG (for review (14)) (Figure 7A). The SecYEG complex can associate with other protein 
complexes to facilitate protein translocation and membrane protein integration. These are the 
heterotrimeric membrane protein complex SecDFYajC that appears to function as a proton 
motive force driven accessory device, the ATP-dependent motor protein SecA that utilizes 
the energy of ATP binding and hydrolysis to drive the stepwise translocation of unfolded 
proteins across the membrane (for review (4)) and the insertase YidC that functions in 
membrane protein insertion and folding. Both structural and biochemical studies have 
provided a detailed insight the interaction between ribosomes and the translocon and the 
mechanism of co-translational membrane protein insertion. These are discussed in the next 
paragraphs. 
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Figure 7. Overview of the structure of the translocon. A) Membrane topology of the SecYEG complex. 
B) Membrane cross-section view and cytosolic view of the SecYEβ structure from M. jannaschii 
(PDB:1RHZ). TMS1-5 of SecY is displayed in red, TMS6-10 in purple and SecE in yellow. The plug is 
pink marked with a circle. C) Cross-section of the structure of 70S E. coil ribosome complexed with 
SecYEG in nanodiscs. The RNC, tRNA and single anchor are shown in green. SecY and SecE are 
colored in yellow and purple respectively. D) View from the exit tunnel of the structure. Contact sites 
with SecYEG are marked with orange circles. This figure is taken from (4, 8, 9) with permission. 
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4.1.1. Structure and function 

The structure of the SecYEG complex has been solved in its idle, or closed, state and various 
other conformations. The first high-resolution crystal structure of SecYEG was reported for 
the Methanocaldococcus jannaschii SecYEβ (137) (Figure 7B). SecY is the major constituent 
of the protein conducting channel and consists of ten α-helical transmembrane segments 
(TMS). TMS 1- 5 and TMS 6-10 are pseudo symmetrically aligned to form an hour-glass 
shape central pore with an inverted funnel-like central opening (Figure 7B). These two 
domains are hinged by the periplasmic loop between TMS 5 and TMS 6 (137). SecE is a 
smaller membrane protein, and in its minimal form consists of a highly tilted TMS and an 
amphiphatic -helix at the cytosolic membrane surface. SecE adopts a position that enwraps 
the clamp shell-like organization of SecY in a V-shape manner, with its TMS crossing 
diagonally through the membrane at the “back” side of SecY. SecE functions as molecular 
clamp that unifies the two domains and allows a certain degree of freedom and flexibility. 
The β subunit of the archaeal complex is homologous to the third subunit of the eukaryotic 
Sec61p, and likely corresponds to the bacterial SecG. In bacteria, SecG is not essential for 
translocation or cell viability, but it increases the efficiency of translocation (138-140). In 
vitro, SecG improves translocation in absence of a proton motive force or at low temperature 
(141), while in vivo, cells lacking SecG are cold-sensitive for growth but the translocation 
defect is strain-dependent (142-144). The position of the β subunit (SecG) in the crystal 
structure of the SecYEβ complex does not reveal any functional insight as it peripherally 
bound. 

The M. jannaschii SecYEβ structure represents the “closed” state of the translocon. In the 
center of the pore, a ring formed by 6 hydrophobic amino acid residues forms a narrow 
constriction, while a re-entrance loop formed by TMS 2a constitutes a plug that obstructs the 
channel at the periplasmic membrane face. The constriction ring and plug domain provide a 
seal for the free passage of ions and other small molecules through the channel. Opening of 
the channel requires the displacement of this plug region and a widening of the constriction 
ring. (Figure 7B). Cross-linking (145) and fluorescence studies (146) have shown that upon 
the binding of the signal sequence, a displacement of the plug from its central position occurs 
allowing proteins to pass the channel during the translocation. A limited movement of the 
plug is observed in a crystal structure of a complex of the T. maritima SecYEG with SecA 
trapped in the ADP-Beryllium fluoride bound state which mimics an ATP-bounded state 
(147). However, in this 4.5 Å structure, the plug has not moved all the way to the C-terminus 
of the SecE protein as was suggested in earlier studies (145, 148). Indeed, crosslinking 
studies showed that for protein translocation, only a limited movement of the plug is 
necessary to vacate the central pore (146). On the front of the SecYEG complex, TMS 2b, 3, 
7 and 8 form a lateral gate that may form a path for membrane proteins to enter the 
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cytoplasmic membrane. In the M. jannaschii SecYEβ structure, this lateral gate is closed. 
However, in the crystal structure of the T. thermophilus SecYE that also contains a Fab 
fragment that is bound to the cytoplasmic C4 and C5 loops of SecY, the lateral gate is 
partially open, i.e., ‘cracked’ (149). It has been suggested that the Fab fragment mimics SecA 
by binding to the SecA-interacting cytosolic loops of SecY thereby partially opening the 
channel. On the other hand, in the SecA-SecYEG structure (147), the tightly bound SecA 
causes an expansion of the channel where the C-terminal half of SecY is dislocated outwards. 
Partial opening of the lateral gate of SecY between TM2 and TM7 can be seen as well as 
displacement of the plug domain shifting away in the direction of the periplasmic side of 
SecYEG. This so-called “pre-open” state permits the passage of preprotein through the center 
of the channel. In a further structure of the Pyrococcus furiosus SecYEβ (150), the central 
plug domain is still occluding the channel while the lateral gate is opened. Remarkably, the 
crystal arrangement of this structure seems to promote a major conformational change with a 
cytosolic loop of a, in the crystal context, loop of a neighboring SecY partially inserted in an 
opposing channel. Here, it was suggested that this structure corresponds to a translocation 
initiating state. 

Based on the superimposition of the SecYEβ crystal structure from M. jannaschii with a low-
resolution cryo-EM structure of the E. coli SecYEG (151), it appears that these two 
complexes differ only slightly in their conformation (152). The E. coli SecYEG contains 
three additional transmembrane segments (two from SecE and one from SecG). These 
additional SecE TMSs are redundant as a truncated SecE with only one C-terminal TM is 
sufficient for functionality (153).  

4.1.2. Ribosome interaction 

During cotranslational membrane insertion, the ribosome interacts with the translocon. By a 
combination of biochemical and cryo-EM studies, the interacting sites on both the ribosome 
and the translocon have been mapped. The major contacting sites appear to be formed by 
ribosomal proteins L23, L24 and L29 and the 23S rRNA which contact the cytosolic 6/7 and 
8/9 loops of SecY (8, 154, 155). In addition, from the 16Å cryo-EM structure of the ribosome 
complexed with SecYEG, some additional contacts can be derived involving the rRNA 
helices of the large ribosomal subunit (155). Three contacts site regions have been proposed. 
C1 involves an interaction between SecY 8/9 loop upward and the rRNA hairpin helices H59 
and H59 at the exit tunnel (155). These interactions have also been reported biochemically 
(156-158). The C2 site includes binding of the SecY 6/7 loop to the rRNA hairpin H7 and 
H24, while C3 involves a broader area of SecYEG and L23 (155). A model obtained by 
molecular dynamics flexible fitting (MDFF) of the crystal structure of the E. coli ribosome 
(159) and the M. jannaschii SecYEβ complex (137) also identified the SecY 6/7 and 8/9 
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loops as main ribosome interaction sites (154). In addition, the C-terminus of SecY and the 
conserved part of the amphiphatic helix of SecE were proposed to contribute to binding (154). 
Mutational analysis of the SecY indicates that basic amino acids located on the 6/7 
(Arg255,Arg256) and 8/9 (Arg357) loops are essential for binding (133, 155). Arg255, 
Arg256 and Tyr248 in loop 6/7 loop interact with both the 23S rRNA and the ribosomal 
proteins L29, L24 and L23. The 8/9 loop mainly interacts with the RNA backbone. The 
conserved Arg 357 in this loop interacts strongly with 23S rRNA whereas Gly359, Lys 364 
and Tyr 365 bind the 23S rRNA to a lesser extent. Finally, the C-terminal SecY residues 
His437 and Ile40 bind to L24. A more recent and physiological more relevant 7.1 Å cryo-EM 
structure with SecYEG embedded in nanodiscs (8) (Figure 7C) is consistent with these 
findings. In this structure, the 6/7 and 8/9 loops of SecY intrude slightly into the ribosomal 
exit tunnel contacting rRNA helices H6/24/50 and helices H50/53/59, respectively. In 
addition, both loops are in contact with L23 (Figure 7D). The C-terminus of SecY interacts 
with L24 and the rRNA helices H24-H50 (33, 154). Remarkably, the innovative use of the 
membrane embedded SecYEG rather than the detergent solubilized complex also leads to a 
new observation that the ribosome interacts with lipids. A strong density between rRNA helix 
H59 and the lipid surface was observed which was further analyzed in a modeling study 
(154). In addition, L24 displays a strong contact with SecYEG and may also be involved in 
lipids binding (8). In the modeling studies, ribosomal proteins such as L24, Helices H7, H9, 
H54 and H59 of the 23S rRNA and L23, L24, L29 interact with the lipid allowing the 
ribosome to adopt a certain angle relative to the membrane surface, which may cause a 
structural defect in the membrane between ribosome and the lateral gate of SecYEG. Possibly, 
this membrane defect is of functional importance, facilitating the release of inserting 
transmembrane domains from the lateral gate into the hydrophobic acyl chain region of the 
membrane. 

It is generally accepted that L29 and L23 are main sites for interaction for SecYEG with the 
ribosome. Surprisingly, a recent report indicates that these ribosomal proteins are not 
essentially for the ribosome-SecYEG interaction. Instead, rRNA (23S) alone suffices for 
SecYEG binding and the two contact regions (C1: H50, H53 and H59, C2: H7, H24) of the 
rRNA have been proposed to work independently of each other (160). In particular, the 6/7 
and 8/9 loops of SecY have been reported not exclusively to be involved in ribosome binding 
but also to be essential for SecA binding (147, 161, 162). Indeed, SecA and ribosome cannot 
bind to SecYEG simultaneously (133). However, mutational analysis of the key basic amino 
acid residues present on the 6/7 and 8/9 loops indicates that they can severely interfere with 
ribosome binding with little effect on the binding of SecA (133, 163). In this respect, binding 
of SecA to SecYEG involves many sites of contact and is not readily destroyed by single 
mutations. 
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4.2. YidC 

Beside the translocon, YidC is another protein that inserts membrane proteins into the 
cytoplasmic membrane. YidC belongs to the evolutionally conserved YidC/Oxa1/Alb3 
protein family that is present in all three domains of life (164, 165) and that are found in 
bacteria, mitochondria and chloroplasts (166-168). The mitochondrial Oxa1 is crucial for the 
insertion and biogenesis of cytochrome c oxidase and the ATP synthase into the 
mitochondrial inner membrane (169) whereas the chloroplast Alb3, is essential for the 
assembly of chlorophyll containing photosynthetic complexes (170) into the thylakoid 
membrane of plants (171, 172). Remarkably, members of the YidC/Oxa1/Alb3 family are 
functionally interchangeable (173-176) when properly expressed which suggests a high 
promiscuity of this family of proteins. Bacteria possesses at least one copy of YidC, but some 
Gram-positive bacteria such as Bacilli, Lactobacilli, Streptococci, Actinobacteria and some 
Clostridia contain two YidC homologs (177-179). For instance, YqjG and SpoIIIJ are two 
YidC homologs of Bacillus subtilis, while Streptococcus mutans contains the paralogous 
YidC1 and YidC2. Interestingly, although either of these individual YidC proteins suffice for 
viability and thus can carry out all essential functions, they also fulfill specific roles. For 
instance, in B. subtilis, YqjG is involved in natural competence development while SpoIIIJ is 
essential for sporulation (180, 181). In the case of S. mutans, deletion of yidC2 gene causes a 
stress-sensitive phenotype similar to mutants lacking the SRP pathway (182), while deletion 
of yidC1 does not manifest an apparent phenotype besides an impairment of biofilm 
formation (183). Combining currently available biochemical and structural studies, an overall 
insight is obtained on how YidC functions in membrane protein insertion and this is 
summarized in the next paragraphs.  

 
4.2.1. Structure  

Although members of the YidC/Oxa1/Alb3 family are functionally conserved, their primary 
amino acid sequence similarity is poor. The length of these proteins can vary tremendously 
(165, 184), but they all have a conserved hydrophobic core region in common that is 
composed of five TMSs. E. coli YidC has a molecular mass of around 61 kDa and consists of 
six TMSs and a larger periplasmic loop between TMS1 and TMS2 (for review see (7, 170)) 
(Figure 8A). Sofar, only low resolution cryo-EM structures of the E. coli YidC have been 
produced (185) (6). In these structures YidC is bound to RNCs of F0c (Figure 8B) and MscL 
respectively (185) (6) and the C-terminus of YidC was extended with either a C-terminal his-
tag (185) or the C-terminal tails of YidC proteins from marine Gram-negative bacteria that 
possess additional positively charged residues (186). On the other hand, the large periplasmic 
domain of E. coli YidC has been crystallized and its structure was solved (187, 188). 



Chapter 1 – Introduction 
__________________________________________________________________________  

21 

 
 

Figure 8. Overview of the structure of the YidC insertase. A) Membrane topology of YidC from E. coli. 
B) Cryo-EM density of YidC complexed with a RNC. 30S and 50S are shown in yellow and blue, 
respectively. YidC is in red. The interacting ribosomal proteins with YidC are colored in light yellow 
(L29), green (L23). The rRNA H59 in purple. C) A exit tunnel view of the structure. The three contact 
sites are marked with red circles and coloring for the contacts are marked accordingly in the graph. This 
figure is taken from (6, 7) with permission. 
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It is composed of twisted -sandwich fold with an -helical linker that positions the 
sandwich toward the core TMS region (187, 188). Deletion analysis indicates that the large 
periplasmic domain does not significantly contribute to the function of YidC (184). Also an 
extensive mutational and deletion analysis of residues of the E. coli YidC core helices, i.e., 
TM2, TM3 and TM6 had only little effect on its activity. Likewise, swapping TM4 and TM5 
by TM1 and TM2 did not inactivate the protein (184). Since YidC appears to be promiscuous 
accepting many mutations that do not inactivate the protein, it may be that YidC functions 
merely as a platform embedded in the membrane providing a pathway for newly synthesized 
membrane proteins towards the lipid phase. 
 
Several studies have addressed the oligomeric state of YidC. It has been suggested that YidC 
complexed with translating ribosomes is dimeric with a ‘head-to-tail’ orientation of the 
protomers (6). However, the study did not account for densities of the detergent micelle in the 
interpretation of a blob like density associated with the ribosome exit tunnel and also the use 
of his-tagged YidC in acidic solution may have affected the structural determination as the 
His tag causing non-native interactions (189, 190). Native electrophoresis analysis of YidC 
(190) and the chloroplast Alb3 (191) revealed the presence of both monomeric and dimeric 
species. A recent study (Chapter 4), however, employing nanodiscs demonstrated that single 
YidC proteins embedded in these small containers suffice to bind RNCs suggesting that the 
monomer is the minimal active unit. Also the recent structural study on a YidC fused to a 
ribosome-binding C-terminal tail of a YidC homolog from a marine bacterium revealed a 
density that can only accommodate a single YidC copy (186). Nevertheless, a high-resolution 
structure of YidC will be required in order to obtain more insight in its mode of action.  
 
4.2.2. Function of YidC 

In bacteria, YidC functions both in cooperation with the translocon and as an independent 
entity (192, 193). Up till now, only a few small membrane proteins have been characterized 
that follow the YidC-only pathway (See above; and for review (7)). YidC mediates the 
membrane insertion of the Sec-independent filamentous phage Pf3 coat and M13 precoat 
proteins (194-197), which were previously thought to insert spontaneously without the 
assistance of additional factors. Purified Pf3 efficiently insert into proteoliposomes 
containing YidC only (197) in a process that requires the proton motive force (192). In 
addition, crosslinking experiments suggest that YidC interacts with the hydrophobic region of 
the Pf3 protein (192). Also precoat M13 was found to be inserted only if YidC is present 
(195). However, these phage proteins are not endogenous E. coli proteins and merely hijack 
YidC for their biogenesis. In this respect, YidC was so far shown to be essential for the 
membrane insertion of two endogenous substrates, the ATP synthase subunit c (F0c) (198, 
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199) and MscL (200, 201) that are both relatively small integral membrane proteins. A recent 
report utilizing YidC proteoliposomes suggests that polytopic membrane proteins TatC and 
MtlA may also insert via YidC albeit with low efficiency (202). Polytopic integral membrane 
proteins are generally believed to be substrates for the translocon, so it is uncertain to what 
extent the results with YidC can be translated to in vivo membrane insertion.  

YidC can associate with the SecYEG complex through interactions with the SecDF-YajC 
complex (203). YidC co-purifies in a small amounts with SecYEG (204), but likely this 
interaction is more extensive when these proteins are actively engaged in membrane protein 
insertion. Crosslinking experiments revealed that the TMS of FtsQ, a monotopic membrane 
protein, is in the vicinity of YidC during its SecYEG-mediated membrane insertion (205). 
The TMS of FtsQ may insert at the interface of SecYEG and YidC as that region can also be 
crosslinked to SecY. Remarkably, FtsQ does not require YidC for membrane insertion, in 
contrast to subunit a of the ATP synthase (206, 207), CyoA (208-210), NuoK (211) and 
periplasmic loops 1 and 2 of TatC (212) that require both the translocon and YidC for 
membrane insertion. Possibly, YidC localizes in the close vicinity of the lateral gate of SecY 
contacting inserting TMSs. A recent report has identified residues (Gly355 and Met471) on 
YidC that appear to be involved in the interaction with the Sec system (213). 

YidC is also needed for the folding of the lactose permease (LacY) via the SecYEG (214, 
215) and the stability of the MalF (a subunit of the maltose ABC transporter) for complex 
formation (216). This implies that YidC not only functions in membrane insertion but also 
acts as a molecular chaperone to assist in the folding of membrane proteins. 

 
4.2.3. YidC targeting and ribosome interaction 

The mechanism of protein targeting to the YidC membrane protein insertase has not yet been 
fully resolved. The phage proteins do not seem to require a targeting factor, while for subunit 
c of the ATP synthase and MscL conflicting evidence has been published. While some 
studies show that these proteins do not require SRP (198, 207), other evidence indicates an 
involvement of the SRP targeting route (200, 201, 217). Importantly, most of these YidC 
substrates are relatively small and theoretically there will be only a very short time window 
during translation at the ribosome that a stable complex with SRP might be formed. 
Moreover, conceptually it is still difficult to envisage that the SRP pathway targets proteins 
both to the translocon as well as to YidC as it is unclear how specificity is realized. 
Nevertheless, some substrates such Foc and MscL do insert co-translational (198, 200, 201, 
217) suggesting that at some stage of the process, YidC and ribosomes interact. This direct 
interaction occurs due to the possession of an elongated, charged C-terminus. In mitochondria, 
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two YidC homologues (Oxa1,Oxa2) are present and can function in a cooperative and 
concerted manner. For example, the insertion of Cox2 requires both Oxa1 and Oxa2. 
Specifically, Oxa2 (cox18) is required for the insertion of the second TMS of the Cox2 (218-
220) while Oxa1 inserts the first TMS. Oxa1 and Oxa2 exhibit a structural difference, and 
only Oxa1 contains an elongated C-terminal tail that forms a coiled-coiled helical structure 
rich in basic amino acids. This C-terminal tail is required for ribosome binding indicating a 
functional distinction between Oxa1 and Oxa2, with the former capable of interacting directly 
with ribosomes. Likewise, a similar kind of functional distinction has been suggested for the 
S. mutans YidC1 and YidC2 proteins (177). Compared to YidC1, YidC2 contains a longer 
and more basic C-terminal tail and this would allow a specific interaction with ribosomes 
thereby rendering YidC2 more primed for a function in co-translational targeting and 
insertion. Indeed, YidC2 is capable of interacting with mitochondrial ribosomes and it can 
functionally replace Oxa1 in mitochondria. However, recent biochemical studies demonstrate 
that YidC1 and YidC2 both interact with E. coli bacterial ribosomes and RNCs (221) and that 
their C-terminal tails are important for this interaction. Therefore, the functional distinction 
between YidC1 and YidC2 more likely relates to substrate specificity rather than a difference 
in the mechanism of protein targeting. 
 
Due to the lack of atomic level structures, the exact interacting points between YidC and 
ribosome still need to be confirmed with more evidences. Nevertheless, the overall 
interaction region between YidC and ribosome has been mapped by a low resolution Cryo-
EM (6). In total, three contact sites have been reported (Figure 8C). C1 region involves H24 
of 23S RNA and L24 ribosomal protein. The second contact site (C2) is spread into an area 
around the H59 and the C3 touches the L23/L29 (6). However, the presented structure was 
obtained under acidic condition that could protonate the hexahistidine tag on the C-terminus 
and thereby increased affinity of the two interacting species. Furthermore, a recent structure 
of YidC complexed with a RNC shows the major contact involve ribosomal RNA Helix H59 
and ribosomal protein L24 and minor interaction between ribosomal protein L29 and the 
added C-terminal tail from Rhodopirellula baltica (186). As Oxa1 has been shown to bind the 
ribosome through its elongated highly positively charged C-terminal region (6, 222, 223). On 
the other hand, the C-terminus of the E. coli YidC is much shorter (16 instead of 86 amino 
acids) and less positively charged (+5 instead of +14), suggesting that its interaction with the 
ribosome may differ from its mitochondrial counterpart. Indeed, YidC does not bind 
ribosomes directly, unless the ribosomes are loaded with a nascent membrane protein (189) 
suggesting that YidC tethering to the ribosome is dependent on an association of YidC with a 
hydrophobic TMS. With Foc, the positive charged amino acid residues in the cytosolic loop 
appears critical for YidC targeting and binding (224). Importantly, proteins can be diverted 
from the YidC-only to the translocon dependent membrane insertion route through 
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mutagenesis (215). A determining factor is the charge distribution and hydrophobicity of the 
TMS. For instance, a membrane protein can become YidC-dependent when negative residues 
are introduced in the translocated periplasmic domain or when non-polar residues in the TM 
are altered with polar amino acids. On the other hand, addition of positively charged residues 
in the translocated or TM regions may render proteins both translocon and YidC-dependent 
(215). Apparently, the distinction between translocon and YidC dependent is not so strict and 
likely these pathways cooperate to efficiently insert membrane proteins into the cytoplasmic 
membrane. 
 

4. Concluding remarks 

The ribosome is a fascinating complex that functions in many cellular processes. The 
ribosome has the ability to interact with a large variety of ligands including chaperones and 
other folding factors, targeting factors and with translocons/insertases at the cytoplasmic 
membrane. During the last decade, tremendous progress has been made in solving the 
structures of various ribosome ligands both as individual proteins as well as in their ribosome 
bound state. With the wealth of functional data available, this has led to a detailed 
understanding of the mechanisms of catalysis. Nevertheless, most of the structural 
information only provides a snapshot of a particular state, while it does not provide much 
insight in the dynamics of the interactions. Future work should therefore be focus on an 
understanding of the interplay between the various components and the dynamics of the 
process. Herein, single molecule approaches may provide new possibilities to image these 
processes and provide a detailed understanding of its dynamics and kinetics. In addition, it 
will be important to resolve the degree of folding of nascent proteins during translation and 
membrane protein insertion. Also novel reconstitution methods for instance making use of 
nanodiscs will be important as most structural studies dependent on detergent solubilized 
membrane proteins that may not be entirely native.  

5. Scope of this thesis 

Over the last two decades, tremendous progress has been achieved in the field of membrane 
protein structure and function through the use of advanced biochemical reconstitution 
techniques, cryo-EM and X-ray crystallography studies. For many of the components 
involved in protein translocation and membrane protein insertion, structural information has 
been obtained. This allowed the identification of functionally important regions involved in 
catalysis and in protein-protein interactions. Also, intensive research has been conducted to 
elucidate the mechanism of co-translational membrane protein insertion and post-translational 
protein translocation in E. coli. However, still many aspects of the dynamics of the 
interaction between the components involved in these processes are unknown. In particular, 
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studies on the interaction between membrane proteins and soluble protein ligands remains a 
challenge as these are often conducted in detergent solution with the risk that non-native 
states are sampled. Novel techniques such as Fluorescent Correlation Spectroscopy and 
Surface Plasmon Resonance spectroscopy are powerful tools to study the interaction between 
proteins and these two methods in combination with nanodisc technology complement each 
other in determining if two proteins interact. Nanodiscs provide the possibility to study 
membrane proteins in its single and lipid-embedded state in diffusing solution while SPR 
methodology offers the advantage of using immobilized membrane vesicle from the host. The 
development of new sensor chip allows the immobilization of native membranes to a surface 
that is covered with a hydrophobic polymer. Therefore, it allows the detection of the 
interaction of soluble ligands with membrane proteins, providing a perfect tool to study 
aspects of the binding specificity of membrane proteins such as the translocon SecYEG and 
the membrane protein insertases YidC for soluble ligands such as the ribosome and the 
translocation motor SecA.  

In chapter 1, we describe an overview of the current insight in the interaction between the 
ribosome and the components involved in protein secretion and membrane protein insertion: 
SRP, SR receptor, SecA, SecYEG and YidC. The various structures are discussed with a 
focus on interaction sites of each of the binding partners  

In chapter 2, a detailed description is presented on how to employ the Surface Plasmon 
Resonance method for detecting the interaction between ribosomes and the translocon or 
YidC embedded in surface-immobilized membrane vesicles. This method can be used to 
determine the kinetics and specificity of the interaction with the SecYEG complex and YidC. 
The chapter also summarizes the protocols for ribosome, RNC, and SecA isolation.  

Chapter 3 re-visits the hypothesis that SecA and the ribosome can bind simultaneously to the 
translocon. Herein, SPR, FCS and co-sedimentation assay were used to detect the binding of 
the motor protein SecA and ribosome to the SecYEG complex, and to examine aspects of the 
competition between both soluble ligands for SecYEG binding. In addition, the impact of the 
presence of a nascent chain on the binding of ribosomes to SecYEG was studied. 

Chapter 4 presents a study of the interaction between YidC and ribosomes making use of 
nanodisc reconstituted YidC protein and evaluates the impact of the presence of a nascent 
chain on the binding of ribosomes to YidC. Also, it addresses the question if a single YidC 
protein suffices for ribosome nascent chain binding or whether oligomers are needed. 

In Chapter 5, we investigate the interaction between ribosomes and ribosome:nascent chain 
complexes with the YidC1 and YidC2 proteins of Streptococcus mutans. In addition, we 
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determined the importance of the C-terminal tail of these YidC proteins in ribosome binding 
and membrane protein insertion.  

Chapter 6 presents a summary of the work and a short outlook for future research. 
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1. Abstract 
 
The interaction between membrane proteins and their (protein) ligands is conventionally 
investigated by non-equilibrium methods such as co-sedimentation or pull-down assays. Surface 
Plasmon Resonance can be used to monitor such binding events in real-time using isolated 
membranes immobilized to a surface providing insights in the kinetics of binding under 
equilibrium conditions. This application provides a fast, automated way to detect interacting 
species and to determine the kinetics and affinity (Kd) of the interaction. 
 
2. Introduction 
 
Studies on the interaction between soluble proteins and membrane proteins are complicated by 
the need to maintain the membrane protein in a functional state typically the membrane-
embedded state. Conventional methods to monitor such interactions include non-equilibrium 
methods such as co-sedimentation or pull-down assays using either proteoliposomes with the 
reconstituted membrane protein or isolated membrane vesicles. Such methods have the 
disadvantage that they do not monitor the kinetics of the interaction, and also low affinity 
interactions are difficult to capture. More recently developed (equilibrium) methods often 
involve (fluorescent) labeling of the proteins and require the membrane protein to be either in 
detergent solution or reconstituted in a lipid bilayer. These modifications are not always 
desirable, as is illustrated by our recent observation that the interaction between the membrane 
protein complex SecYEG and ribosomes is strongly dependent on the molecular environment of 
SecYEG (1). Whereas the membrane embedded SecYEG complex barely interacts non-
programmed ribosomes, this interaction is remarkably stimulated suggesting that detergent 
arguments particular non-native interactions. 
Here, we describe how Surface Plasmon Resonance (SPR) can be used to monitor the 
interaction between soluble and membrane proteins without the need for labeling or membrane 
solubilization. SPR follows the formation and dissociation of the biomolecular complexes in 
real time. The interactions are monitored on a sensor surface by detecting changes in the 
refractive index near this surface. One of the binding partner (ligand) is attached to the sensor 
surface that forms one wall of a flow cell. Through this flow cell passes a continuous flow of 
running buffer into which the other the binding partner (analyte) is injected. Binding of the 
analyte to the immobilized ligand results in an increase in the refractive index at the sensor 
surface, which is detected and plotted in a so-called sensogram as resonance units (RUs) against 
time. This application not only provides a fast, automated way to detect interacting species but 
also can determine the kinetics and the affinity of the interaction. The sensor surface generally 
consists of a glass coated with gold (or another inert metal) which is further modified to allow 
the immobilization of biomolecules, for example by covalent linkage of a carboxymethylated 
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dextran layer. A decade ago, Biacore introduced the L1 chip, on which the carboxymethylated 
dextran layer is modified with lipophilic groups. Since membrane vesicles and (proteo-) 
liposomes can attach to this surface directly while maintaining their lipid bilayer structure, the 
L1 chip allows for the analysis of the interaction between soluble analytes and membrane 
proteins in their native environment, the lipid bilayer.  
We have developed a robust method in which we use the L1 chip to compare the binding of a 
purified, soluble, analyte to E. coli inner membranes with or without overexpression of the 
membrane protein of interest (1,2). The membranes are isolated from E. coli using a sucrose 
density centrifugation protocol and immobilized without further modification on the L1 chip. 
The multi flow cell set-up of the Biacore system allows simultaneous monitoring of analyte 
binding to the membranes with and without overexpression. Subtraction of the background (no 
overexpression) signal, which includes the effect of differences in the refractive index between 
the running and injection buffer (bulk effect) and the non-specific binding of the analyte, results 
in direct detection of the specific binding to the ligand. The method will be described here using 
the bacterial Sec-translocase as an example. The Sec-translocase mediates the transport of 
proteins across and the insertion of membranes proteins into the cytoplasmic membrane of E. 
coli (3). We will show how SPR can be used to analyze the interaction of the membrane 
embedded core of the translocase, the protein conducting channel SecYEG, with its cytosolic 
binding partners: the ATPase SecA and membrane protein translating ribosomes. However, the 
method can readily be adapted to other membrane proteins that interact with a soluble partner 
protein. 
 
2. Materials 
 
Prepare all solutions in autoclaved ultrapure water (using purifying deionized water to obtain a 
resistance of 18MΩ cm at room temperature).  
 
2.1 Membrane isolation components 
 

1. LB (Luria Bertani) medium: 10 g tryptone, 5 g yeast extract, and 10 g NaCl are 
dissolved in 950 ml water. The pH is adjusted to 7.0 using 5N NaOH and additional 
water is added to obtain a final volume of 1 liter. 

2. 100 mg/ml ampicillin: 1 g ampicillin is dissolved in 10 ml water and filter sterilized. 
(see note 1) 

3. 1 M isopropyl- -D-1-thiogalactopyranoside (IPTG): 2.38 g IPTG is dissolved in 10 ml 
water and filter sterilized. (see note 1) 

4. 100 mM phenylmethylsulfonyl fluoride (PMSF): 1.74 g PMSF is dissolved in 10 ml 
ethanol. (see note 1) 
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5. 1 M MgSO4: 1.20 g MgSO4 is dissolved in 10 ml water. 
6. DNAse (Sigma, St. Louis, MO) 
7. 50 mM TrisHCl pH 8.0: 1.51 g Tris is dissolved in 200 ml water. The pH is adjusted to 

8.0 using 5 N HCl and water is added to obtain a final volume of 250 ml. Cool to 4 ºC 
before use. 

8. 50 mM TrisHCl pH 8.0, 20 (or 36, 45, 51, 55) % (w/v) sucrose: Water is added to 0.3 g 
Tris and 10 g (or 18, 22.5, 25.5, 27.5 g) sucrose to a total volume of 20 ml. The pH is 
adjusted to 8.0 using 5 N HCl and water is added to obtain a final volume of 50 ml. 
Cool to 4 ºC before use. 

9. 50 mM TrisHCl pH 8.0, 20 % glycerol: 0.151 g Tris and 4.6 ml 87 % glycerol are 
dissolved in 15 ml water. The pH is adjusted to 8.0 using 5 N HCl and water is added to 
obtain a final volume of 25 ml. Cool to 4 ºC before use. 

10. One Shot cell disrupter; Constant Systems, Daventry, UK or equivalent  
 
2.2 SecA isolation components 
 

1. LB and ampicillin: see section 2.1 
2. Buffer D (20 mM Hepes-KOH pH 6.5, 10 % glycerol): 2.38 g Hepes and 57.5 ml 87 % 

glycerol are dissolved in 450 ml of water and adjust pH to 6.5 using 5N KOH. Add 
water to a final volume of 500 ml and cool to 4 ºC before use. 

3. Buffer E (buffer D supplemented with 1 M NaCl): 1.19 g HEPES, 14.61 g NaCl and 2.9 
ml 87 % glycerol are dissolved in 200 ml water. The pH is adjusted to 6.5 with 5 N 
KOH. Add water to a final volume of 250 ml and cool to 4 ºC before use. 

4. 5 ml HiTrap SP HP column (GE Healthcare) 
5. Äkta FPLC (GE Healthcare) or equivalent 

 
2.3 Crude ribosome and ribosome nascent chain isolation components 
 

1. LB and ampicillin: see section 2.1 
2. Buffer R: 50 mM Tris-HCl pH 7.5, 150 mM KCl and 10 mM MgCl2. 1.51 g Tris, 2.8 g 

KCl and 0.51 g MgCl2 are dissolved in 200 ml water. The pH is adjusted using 5 N HCl 
and water is added to obtain a final volume of 250 ml. Autoclave and cool to 4 ºC 
before use. 

3. Buffer Z: 50 mM Tris-HCl pH 7.5, 1 M sucrose, 150 mM KCl and 10 mM MgCl2.  
4. 85.6 g sucrose, 1.51 g Tris, 2.8 g KCl and 0.51 g MgCl2 are dissolved in 150 ml water. 

The pH is adjusted using 5 N HCl and water is added to a final volume of 250 ml. 
Autoclave for 15 min and cool to 4 ºC before use. 
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5. Buffer Y: 25 mM HEPES/NaOH pH 7.0, 100 mM CaCl2. 0.6 g HEPES. 1.47 g CaCl2 
are dissolved in 80 mL water. The pH is adjusted using 5 N NaOH and water is added 
to a final volume of 100 ml. Autoclave and cool to 4 ºC before use. 

6. RNase free-DNase (Fluka 25770 U/ml). 
7. Cell lysing solution: 1 g of lysozyme (Merck 50000 U/mg) is dissolved in 10 ml of 

water yielding a stock of 10 mg/ml.  
8. Streptactin beads (IBA) 
9. Beads Regeneration buffer: Dilute 5 ml of 10x regeneration buffer (IBA) into 45 ml 

water.  
10. Column washing buffer: Dilute 5 ml of 10x washing buffer (IBA) into 45 ml water. 
11. Elution buffer: 2.5 mM desthiobiotin in buffer R. Add 5 mg of desthiobiotin (IBA) in 

10 ml buffer R 
12. Poly-prep chromatography column (Biorad) 
13. Millipore Amicon Ultra 4 or Ultra-15 centrifugation units (Millipore) 
14. Streptactin-AP conjugate (IBA) 

 
2.3 SPR components  
 
All solutions are freshly prepared, filtered and degased (see note 2) before use and should not be 
reused (unless indicated otherwise). 
 

1. Buffer A: 50 mM Tris-HCl pH 8.0, 50 mM KCl, 5 mM MgCl2, and 1 mM DTT. 
Transfer 3.03 g Tris, 1.864 g KCl, 0.51 g MgCl2 and 0.077 g DTT to a volumetric 
cylinder and add water to a volume of 450 ml. Mix and adjust pH with 5 N HCl and add 
water to a final volume of 500 ml.  

 
2. Buffer B: 50 mM Tris-HCl pH 8.0, 150 mM KCl, 5 mM MgCl2, 1 mM DTT, and 0.5 

mg/ml BSA. 1.864 g KCl and 125 mg BSA are added to 250 ml buffer A. The BSA 
should only be added when the degasing is almost completed (see note 3).  

3. 100 mM sodium carbonate pH 10. 1.06 g of sodium carbonate is dissolved in 95 mL 
water. The pH is adjusted using 5 N HCl and water is added to 100 ml (see note 4).  

4. 0.5 % SDS solution: 0.5 g SDS is dissolved in 100 ml water (see note 5). 
5. 40 mM octyl glucoside: 0.117 g of octyl β-D-glucopyranoside is dissolved in 10 mL 

water (see note 4). 
6. L1 Chip (GE healthcare) 
7. Biacore 2000 or equivalent (GE healthcare) 
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3. Methods 
 
3.1 Inner membrane vesicle isolation 
 

1. Transform E. coli SF100 (4) with empty vector pET302 (5) or SecYEG overexpression 
plasmid pET610 (6). 

2. Plate on LB agar supplemented with 100 μg/ml ampicillin and grow overnight at 37 ºC. 
3. Inoculate 100 ml LB supplemented with 100 μg/ml ampicillin and 0.5 % (w/v) glucose 

with a single colony and grow overnight at 37 ºC with shaking.  
4. Dilute the overnight culture 50 times in 1 liter LB supplemented with 100 μg/ml 

ampicillin and grow at 37 ºC with shaking until OD660 of about 0.6.  
5. Induce the culture with 0.5 mM isopropyl-d-thiogalactopyranoside (IPTG) and continue 

growth for an additional 2 h.  
6. Harvest cells by centrifugation (6000 x g, 15 min, 4 ºC) and resuspended in 7 ml 50 mM 

TrisHCl (pH 8.0), 20 % (w/v) sucrose.  
7. Snap-freeze the cells in liquid nitrogen and store at -20 ºC or -80 ºC.  
8. To prevent proteolysis, all subsequent steps should be performed at 4 ºC. 
9. Slowly thaw the cells (see note 6) and add 0.5 mM phenylmethylsulfonyl fluoride 

(PMSF), 1 mM MgSO4 and 1 mg/ml DNAse (Sigma, St. Louis, MO). 
10. Lyse the cells by passing twice through an One Shot cell disrupter at 8000 lb/in2. 
11. After the first lysis step, increase the PMSF concentration to 1 mM. 
12. Remove unbroken cells by centrifugation (6000 g, 15 min) and collect the membranes 

by ultracentrifugation (125,000 g, 90 min).  
13. Resuspend the membrane pellet in 1 ml 50 mM TrisHCl pH 8.0. 
14. Separate outer and inner membranes on a sucrose step gradient: Divide the resuspended 

membranes over two Beckman TLA110 tubes (4 ml) containing layers of 55 % (0.55 
ml), 51 % (1 ml), 45 % (0.45 ml), and 36 % (0.45 ml) (w/v) sucrose in 50 mM TrisHCl 
pH 8.0, respectively and spin for 30 min at 4 at 90.000 rpm (440.000 x g) in a TLA110 
rotor.  

15. Collect the brownish inner membrane fraction from the 45 % sucrose layer, dilute at 
least 5-fold with 50 mM TrisHCl pH 8.0, and recollected by centrifugation (440000 x g, 
30 min).  

16. The pellet is resuspended in 50 mM TrisHCl pH 8.0, 20 % glycerol, frozen in liquid 
nitrogen, and stored in small aliquots at -80 ºC.  

17. Overexpression of SecYEG is verified by SDS-PAGE gel followed by Coomassie 
brilliant blue staining as shown in Fig. 1. 
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3.2 SecA isolation 
 
This procedure is adapted from the method described by Kusters et al (2011) (7).  
 

1. Transform E. coli DH5α (8) with plasmid pMKL18 [unpublished, gift of R. Freudl 
(Institut für Bio- und Geowissenschaften, IBG-1: Biotechnologie; Forschungszentrum 
Jülich GmbH, D-52425 Jülich, Germany); SecA gene cloned in pUC19 vector, 
expression of SecA, amp].  

2. Plate on LB agar supplemented with 100 μg/ml ampicillin and incubate overnight at 37 
ºC. 

3. Inoculate 1 liter LB supplemented with 100 μg/ml ampicillin with a single colony and 
grow overnight at 37 ºC with shaking (see note 7). 

4. Collect the cells by centrifugation for 15 min at 6000 x g, 4 ºC in a Beckman Avanti-J-
26XP centrifuge or equivalent.  

5. Wash the cells by resuspending the pellet in 200 ml buffer D and collect by 
centrifugation for 15 min at 6000 x g, 4 ºC.  

Fig. 1: Overexpression of Cys-less SecYEG: E. coli IMVs with and without overexpressed Cys-
less SecYEG were analyzed on SDS-PAGE followed by coomassie brilliant blue staining. 
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6. Resuspend the cell pellet in 2-3 pellet volumes of buffer D, transfer to a 15 ml Falcon 
tube, freeze in liquid nitrogen and store at -80ºC (see note 8). 

7. Defrost the cells by placing the Falcon tube in ice-water. 
8. Lyse the defrosted cells by sonication, using a tip sonicator for 15 cycles of 30 seconds 

on and 30 seconds off. Place the tube in an ice-water bath during sonication to prevent 
overheating of the sample.  

9. Remove membranes and unbroken cells by ultracentrifugation at 440000 x g for 30 min 
at 4 ºC in a Beckman Optima Max XP centrifuge or equivalent and collect the 
supernatant (called cell free extract, CFE) in fresh falcon tube. 

10. Adjust the NaCl concentration of the CFE to 100 mM by mixing with an appropriate 
volume of buffer D.  

11. The CFE is loaded on a 5 ml HiTrap SP HP column, equilibrated with Buffer D with 
100 mM NaCl (see note 9) at a flow rate of 0.5 ml/min.  

12. The column is washed with 5 column volumes buffer D with 100 mM NaCl (see note 9) 
at a flow rate of 1 ml/min. 

13. Bound SecA is eluted in 10 column volumes with a linear gradient of 0.1–0.5 M NaCl 
in buffer D (see note 9) at a flow rate of 1 ml/min and collected in 1 ml fractions. 

14. 5 μl of the fractions are analyzed by 10 % sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS–PAGE). 

15. For storage at -80ºC, dilute SecA containing fractions at least 2 fold (below 200 mM 
NaCl) using Buffer D (see note 10). 

 
3.3 Ribosome isolation 
 

1. Plate E. coli strain MRE600 (9) on LB-agar and grow overnight at 37 ºC (200 rpm, New 
Brunswick Scientific Excella E25). 

2. The next day inoculate 25 ml LB with a single colony and grow overnight at 37 ºC with 
shaking.  

3. Dilute the overnight culture 100 times into 1 liter LB prewarmed at 37 ºC and grow 
cells at 37 ºC until OD660 0.6 is reached. 

4. Cool the cells on ice and harvested them by centrifugation using a JLA 8.1000 rotor 
(9500 x g at 4 ºC, 10 min) in a Beckman Avanti-J-26XP centrifuge or equivalent.  

5. Resuspend the cell pellet in 10 ml ice-cold buffer R using a 20 ml glass syringe 
(Fortuna® Optima®, Germany) or a 10 ml pipet and transfer the cells into a 15 ml falcon 
tube. 

6. Add 1 ml cell lysing solution to the cells and put the falcon tube directly in the -80 C 
freezer (without liquid N2 snap freezing) for at least 30 minutes (see note 11). Slowly 
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thaw the cells by placing the tubes in ice-water. Add 20 μl RNase free-DNase to reduce 
the viscosity of the cell lysate and repeat the freeze-thawing procedure once more. 

7. Remove the cell debris by two low spin centrifugation steps (30000 X g, 4 ºC, 30 min) 
using a Beckman Optima MAX-XP Ultracentrifuge or equivalent.  

8. Lay the cleared cell lysate (about 7 mL) on 50 ml buffer Z (see note 12) in a Ti45 
centrifuge tube and centrifuge at 112000 x g for 17 h at 4 ºC in a Beckman Optima L-
90K ultracentrifuge or equivalent. 

9. Dissolve the translucent ribosome pellet in 500 μl ice-cold buffer R by gentle shaking 
(see note 13).  

10. The concentration can be determined spectrophotometrically at a wavelength 260 using 
extinction coefficient of 4.2 x 107 (10). The ribosome solution is diluted 100 times in 
order to get an accurate reading. 

11. Store the ribosomes in small aliquots at -80 oC for further use. 
 
3.4 Ribosome nascent chain isolation 
 
This procedure is adapted from the method described by Rutkowska et al (2009) and Evans et al 
(2005) (11,12). The method involves the in vivo expression of in this case a truncate of the 
membrane protein FtsQ followed by the stalling motif of the E. coli secretion monitor protein 
SecM (13) that halts translation without promoting release of the nascent chain. The construct is 
preceded by a triple STREP-tag to allow separation of RNCs from non-translating ribosomes 
(11,14). All procedures are performed at 4 C unless indicated otherwise. 
 

1. Transform E. coli BL21(DE3)∆tig (11) with pUK19strep3FtsQSecM (14) or an 
equivalent nascent chain construct. 

2. Plate on LB agar plate containing 100 μg/ml ampicillin and incubate overnight at 37 C. 
3. Inoculate 25 ml LB containing 100 μg/ml ampicillin with a single colony and incubate 

at 30 C for overnight with shaking.  
4. The next day, dilute the overnight culture 100 times into 1 liter LB prewarmed at 30 ºC 

and grow cells at 30 ºC until OD660 0.5 is reached. 
5. Induce the cells with 500 μM IPTG for 30 minutes.  
6. Rapidly cool the cells by transferring the culture to a one liter centrifugation bucket, 

adding five or six ice cubes made from buffer R and cooling the bucket in ice-water.  
7. Centrifuge using a JLA 8.1000 rotor (9500 x g at 4 ºC, 10 min) in a Beckman Avanti-J-

26XP centrifuge or equivalent. 
8. Resuspend the cell pellet in 10 ml ice-cold buffer R. 
9. Lyse the cells and isolate crude ribosomes by following step 6-9 from the ribosome 

isolation procedure in section 3.3. 
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10. While dissolving the RNC pellet, pack 2 ml 50 % StrepTactin beads (IBA) in a poly-
prep chromatography column. 

11. Equilibrate the column with three column volumes of cold buffer R. 
12. Load the dissolved pellet onto the column. 
13. Wash the column with one column volume of cold buffer R. 
14. Wash the column two column volumes of buffer R containing 0.5 M KCl. 
15. Wash the column five times column volumes of buffer R. (see note 14) 
16. Elute the RNCs with three times column volumes of elution buffer and collecting all in 

a same falcon tube. 
17. Concentrate the eluate using a Millipore Amicon Ultra 4 or Ultra-15 centrifugational 

units using Beckman allegraX-15R (2500 rpm, 4 oC) or equivalent to a final volume of 
approximately 300 μL (see note 15). 

18. The concentration can be determined spectrophotometrically at a wavelength 260 using 
extinction coefficient of 4.2 X107 (10). The ribosome solution should be diluted 100 
times for accurate reading. 

19. Store the ribosomes at -80 C for further use. 
20. The presence of ribosomes bearing the nascent chain can be verified using immunoblot 

using Streptactin-AP conjugate (IBA) as shown in Fig. 2. 
21. The packed column can be regenerated by adding two column volumes of regeneration 

buffer until the beads become completely orange, followed by thorough washing with 
was buffer until the color vanishes. 

 

 
 
 

Fig. 2: Detection of FtsQ108 nascent chain ribosome by Western Blot: Control non-
translating ribosome (lane 1) and FtsQ108 (lane 2). The antibody used detects the 
Streptag.  
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3.5 Immobilization of IMVs 
 
3.5.1. Homogenization of the IMVs before the immobilization 
 

1. Dilute the IMVs to a final concentration of 2 mg/ml in a final volume of 130 μl. 
2. Place the nitrocellulose membrane (Avestin, Ottawa, Ontario Canada diameter: 19 mm, 

pore size: 200 nm) in between the two sealed blocks of the extruder (Avestin, Germany) 
and tighten by screwing. 

3. Rinse the syringes with milliQ water and extrude the water back-and-forth to eliminate 
air bubbles (see note 16).  

4. Push out the water completely from one side and load the open syringe with degassed 
Buffer A. 

5. Extrude with Buffer A several times and avoid the generation of bubbles. 
6. Empty the syringe by disconnecting one end. Push all Buffer A out.  
7. Pipette 130 μl 2 mg/ml IMVs directly in the opening of the syringe (see note 17). 
8. From the starting side where the syringe connects, push 11 times before sample 

collection (see note 18). 
9. After extrusion, samples are placed on ice before loading. 
 

3.5.2 Immobilization of IMVs on L1 Chip 
 
All steps are performed at 25 °C and with degassed buffers. 
 

1. Dock the L1 chip into the Biacore 2000 or equivalent and prime the system with buffer 
A. 

2. Start a sensogram and inject 15-20 μl non-overexpression IMVs into the control 
channel (see note 19) at a flow speed 1 μl/min.  

3. Change the flow path to the second channel and inject 15-20 μl of SecYEG 
overexpression IMVs at a flow speed 1 μl/min.  

4. Repeat step 3 for every sample, if multiple types of IMVs are analyzed. 
5. Change the flow path to all channels and set the flow at 20 μl/min. 
6. Inject 15 μl 100 mM sodium carbonate to remove loosely bound IMVs and peripherally 

associated proteins. 
7. Determine the level of IMV loading in each channel from the binding response (RU) 

and, if necessary, adjust loading by injecting 5-15 μl IMVs into channels with lower 
response unit (see note 20). 

8. Inject 15 μl 100 mM sodium carbonate to remove loosely bound IMVs and peripherally 
associated proteins. 
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9. Stop the sensorgram and prime system with buffer B. 
 

3.6 Binding analysis 
 
All steps are performed at 25 °C and with degassed buffers. 
 

1. Start a new sensorgram and set the flow speed at 20 μl/min. 
2. Equilibrate the system with buffer B for 15 minutes (see note 21). 
3. Dilute the ligand to the desired concentration with buffer B (approximately 250 μl) (see 

note 22). 
4. Inject 15 μl 100 mM sodium carbonate to prepare the binding surface. 
5. Select K-inject option to inject 200 μl sample (see note 23 and 24).  
6. Regenerate binding surface by inject 15 μl 100 mM carbonate. The response should go 

back to the initial value observed in step (see note 25). 
7. Repeat step 3-6 if multiple sample concentrations are tested. 
8. Examples of binding curve (with or without subtracting the control channels) are shown 

in Fig. 3. 
 
3.7 Cleaning and storage of the chip  
 

1. Start a new sensorgram and prime with MilliQ water. 
2. Inject 20 μl 0.5 % SDS and 20 μl 40 mM octylglucoside sequentially (see note 26). 
3. Repeat step 2. 
4. Undock the chip and store under N2 gas in a 50 ml falcon tube at 4 °C (see note27). 
5. Switch the system to the standby mode if it will be used shortly or enter the shutdown 

mode if not needed for a longer period of time (see note 28). 
 
3.8 Data analysis 
 

1. The obtained binding curves from injections of multiple ligand concentrations can be 
used to fit using “Bia-evaluation” software to obtain the affinity of the interaction. 

2. An alternative way of determining the affinity is to use binding curves that have reached 
saturation plateau and plot the height of the curve. The Kd can be obtained using non-
linear regression fitting.  



Chapter 2 – SPR detection of SecA/ribosome binding with membrane proteins  
__________________________________________________________________________  

58 

 
 

Fig. 3:  Binding of SecA, ribosomes and RNCs to Cys-less SecYEG present in surface immobilized 
E. coli IMVs. A) Binding of SecA (24 nM) in control (solid line) and in overexpressed (dotted line) 
channel. B) Specific binding of SecA to Cys-less SecYEG after subtracting the control from the 
overexpressed channel. C) Binding of ribosomes (27 nM) in the control (solid line) and 
overexpressed (dotted line) channel. D) Specific binding of ribosomes to Cys-less SecYEG after 
subtracting the control from the overexpressed channel. E) Binding of FtsQ108 RNCs (27 nM) in the 
control (solid line) and overexpressed (dotted line) channel. F) Specific binding of FtsQ108 RNCs to 
Cys-less SecYEG after subtracting the control from the overexpressed channel.  
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4. Notes 
 

1. These solutions can be stored for several months at -20 ºC. 
2. The degasing procedure can be done using a Heto SUE30 water pump or a DIVAC 2.4L 

dry pump. The device must have connected to a filtration device that contains a 
nitrocellulose membrane (0.45 μM Millipore®) and a stirring bar is placed in the 
collection container. Proper degasing is crucial due to the fact that air bubbles could 
disturb the reading of the binding during the detection. The degasing is completed when 
no bubbles are formed on the magnetic stirring bar.  

3. To prevent foaming, the BSA is only added 10 minutes before the end of degasing 
procedure. The speed of stirring must be a minimum to avoid foaming. 

4. Buffer C requires degassing and should be stored at room temperature until its further 
use. However, this buffer should be freshly prepared daily. 

5. Degassing is not required but the solutions need to be filter though a Whatmann FP 
30/0.2 μm filter disc before use and can be reused if stored at -20 C. 

6. Thawing can be done in a water-filled beaker at room temperature. 
7. SecA is constitutively expressed from plasmid pMKL18 and high SecA overexpression 

inhibits growth. Therefore, cells are grown without induction. 
8. Cells can be stored frozen in buffer D for several months. 
9. The NaCl concentration of buffer D can be adjusted by mixing with the appropriate 

volume of buffer E. 
10. In the diluted elution buffer, SecA can be stored at -80 ºC for at least 2 years. 
11. At this point, it is possible to stop the experiment by storing the cells at - 80 oC for 

further use.  
12. The usage of Beckmann Ti45 tubes is advised and the volume of buffer Z must be 

above 80 % of tube maximum holding capacity.  
13. Avoid strong mechanical stress while dissolving the ribosomal pellet. Placing the tubes 

in an ice box on a shaking device is recommended. The tube containing the pellet 
should be in a tilted angle so that the pellet is submerged in buffer. Ribosomes can be 
pipetted up and down gently before storing at -80 oC in small aliquots. 

14. Before eluting the RNCs, make sure that the absorbance (at 260 nm) of the flow through 
is less than 0.01. If it is high, more washing is needed in order to remove the un-tagged 
ribosomes.  

15. Concentrate the RNCs to a final volume that does not get under 200 μl. Check the  
16. volume of the sample in every 15 minutes centrifugation time and empty the catch 

compartment once a while to speed up the process. Never concentrate the RNCs sample 
to a volume that protein can form aggregates. 
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17. Push the water-filled syringe (with no bubbles in the syringe) to the other open 
connector to drain bubble in the membrane compartment. Fill the other syringe with 
water and connect it to the open-connector. Try to push back-and-forth to see if any 
bubbles are generated during water extrusion. 

18. While pipetting IMVs into the syringe, just pull the plunger to transfer the liquid into 
the syringe. Before connecting the syringe to the extruder, push some liquid out in order 
to obtain an air-free seal. 

19. From the starting side, push the syringes 10 times up and forth and perform the eleventh 
time by disassembling the syringe from the opposite side. The content is directly 
extruded into an Eppendorf tube on the eleventh push. 

20. The loading of the control IMVs should always be in channel 1 or channel 3 (if more 
than 1 control is desired) so that direct subtraction of the overexpressed channel can be 
visualized during injection of the analytes. 

21. All channels have to be loaded with similar amount of RU. In general, a good loading 
should be in between 4000-5500 RU. If certain IMVs are hard to immobilize, all other 
IMVs from other channels should be adjusted to the lowest loading level. 

22. Since Buffer B has a higher salt concentration that buffer A and contains BSA, the SPR 
response curves may drift at the start of the sensogram. It is recommended to wait until 
no significant fluctuation occurs and the drift is limited to around 3 RU/min. The 
presence of BSA reduces unspecific binding. 

23. The volume necessary for injections is larger than indicated in particular when using k-
inject. Always check how much the system consumes to prevent the introduction of air.  

24. The volume of injection depends on the type of experiment. If complete saturation is 
required, a larger volume needs to be prepared for the injection.  

25. Normally, the flow cell is vigorously washed with running buffer after injection has 
been completed. This often causes instabilities in the response, obscuring the 
dissociation phase. In the k-inject mode, the washing step can delayed for a period of 
time that can specified manually (typically 5 minutes) allowing accurate analysis of the 
dissociation phase. 

26. The carbonate wash is needed to prepare the binding surface for a second analyte 
injection. If washing with carbonate does not remove all previously bound analyte, 
other regeneration conditions (for example: high salt, pH change, etc.) need to be 
explored.  

27. To prevent damage of the chip, the contact time with the detergents should not exceed 1 
minute. 

28. Use N2 gas to chase out the air present in the tube and quickly screw the cap on. 
29. The system can either switched into the standby mode for 4 days or proceed with the 

shutdown procedure. 
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Abstract 
 
During co-translational membrane insertion of membrane proteins with large periplasmic 
domains, the bacterial SecYEG complex needs to interact both with the ribosome and the 
SecA ATPase. Although the binding sites for SecA and the ribosome overlap, it has been 
suggested that these ligands can interact simultaneously with SecYEG. We used surface 
plasmon resonance and fluorescence correlation spectroscopy to examine the interaction of 
SecA and ribosomes with the SecYEG complex present in membrane vesicles, and the 
purified SecYEG complex present in a detergent-solubilized state or reconstituted into 
nanodiscs. Ribosome binding to the SecYEG complex is strongly stimulated when the 
ribosomes are charged with nascent chains of the monotopic membrane protein FtsQ. This 
binding is competed by an excess of SecA, indicating that binding of SecA and ribosomes to 
SecYEG is mutually exclusive. 
 
Introduction 
 
In Escherichia coli, the conserved heterotrimeric membrane protein complex SecYEG (also 
termed translocon) mediates the transport of secretory proteins across and the insertion of 
membrane proteins into the cytoplasmic membrane [reviewed in (1)]. Secretory proteins are 
mostly targeted post-translationally to the SecYEG complex, after which translocation is 
driven by the peripheral motor domain, the ATPase SecA. Membrane proteins mostly follow 
a co-translational targeting route in which ribosome-nascent chain complexes (RNCs) are 
directed to the SecYEG complex by signal recognition particle (SRP) and its membrane-
associated receptor FtsY [reviewed in (2)]. After docking of the ribosome on SecYEG, 
insertion occurs concomitantly with the elongation of the polypeptide chain on the ribosome 
while translocation of large periplasmic loops requires the assistance of SecA (3,4).  
The initiation of protein translocation or membrane protein insertion is dependent on the high 
affinity interactions between the SecYEG complex and SecA or the ribosome. In recent years, 
structural, biochemical and computational approaches have provided detailed insights in the 
interaction between SecYEG and its cytosolic binding partners. Both SecA and the ribosome 
interact primarily with the largest subunit of the SecYEG complex, i.e. SecY. This interaction 
involves multiple contact points, and the main connections are formed by the ribosomal 23S 
rRNA, the ribosomal protein L23 and the fourth and fifth cytoplasmic loops (C4 and C5) of 
SecY (5-9). Substitution of the conserved arginine residues in these SecY loops severely 
reduces the interaction with the ribosome (7). In addition, the C-terminus of SecY interacts 
with the ribosomal protein L24 and the N-terminus and amphipatic helix of SecE with 
proteins L23 and L29 (7-9). Intriguingly, SecA appears to bind to the same SecY loops that 
are important for ribosome interaction. Indeed, a recent crystal structure of SecYEG in 
complex with SecA (10) demonstrated contacts between the SecY C4 and C5 loops and SecA 
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(11,12). Mutational analysis identified the arginine at position 357 in the C5 loop as 
indispensable for SecA-mediated translocation (13). However, substitution of R357 does not 
interfere with SecA binding (11) but rather prevents the SecA-dependent initiation of protein 
translocation (14).  

 
Although many substrates of the translocon only require the action of either SecA or the 
ribosome for translocation or membrane insertion, the biogenesis of membrane proteins with 
large periplasmic loops or domains, such as FtsQ and CyoA requires both functions (15,16). 
Insight in the timing and coordination of these activities is essential for the understanding of 
the mechanism of membrane protein insertion. It has been suggested that non-translating 
ribosomes and SecA do not compete for SecYEG binding, and thus would be able to bind 
simultaneously (17). However, the overlapping binding sites (7,8,10) and the anticipated 
steric constraints upon association of these two large ligands make this difficult to envision. 
Here, we have monitored the binding of SecA, non-translating ribosomes and RNC 
complexes of the monotopic membrane protein FtsQ to the membrane-embedded and 
detergent-solubilized SecYEG complex using two different methods, i.e., surface plasmon 
resonance and fluorescence correlation spectroscopy. Our data demonstrate that SecA and the 
ribosome compete for binding to the SecYEG complex and that substrate loading is an 
important determining factor in this process. 
 
Experimental procedures 
 
Strains and plasmids - Inner membrane vesicles (IMVs) with endogenous or overexpression 
levels of SecYEG were isolated from E. coli SF100 transformed with the plasmids indicated 
in Table 1 as described previously (18). The R357E mutation and R255E,R256E double 
mutation were introduced into Cys-less SecY by site directed mutagenesis using pEK20 (19) 
as template, yielding pNN260 (11) and pZW1 respectively. A unique cysteine at position 148 
of SecY was introduced into pZW1 and pNN260 yielding pZW2 and pZW3 respectively  
Plasmid pUC19Strep3FtsQSecM (20) was used for the isolation of FtsQ108 RNCs. For 
plasmids encoding FtsQ RNCs of 77 or 87 residues and FtsQ with a deletion of the first 
transmembrane segment (TMS), the PstI-EcoRV fragment of pUC19Strep3FtsQSecM (20) 
was exchanged with fragments coding for FtsQ(3-41), FtsQ(3-51) and FtsQ(49-122) yielding 
pEK765, pEK764 (21) and pEK767, respectively. All plasmids were verified by sequence 
analysis. 
 
Ribosome and RNC-complex purification - Non-translating ribosomes were purified from E. 
coli MRE600 (22). Cells were cultured in LB medium at 37 C to an OD660 of 0.6 and 
harvested by centrifugation (9,500 g at 4 C, 20 min). The pellet was resuspended in buffer A 
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(20 mM Tris-HCl pH 7.5, 100 mM NH4Cl, 10.5 mM MgOAc, 0.5 mM EDTA, 1 mM TCEP) 
and French pressed twice at 700 psi. Cell debris was removed by centrifugation (36,000 g at 4 
C, 20 min) and the cleared lysate was laid on top of a 1.1 M sucrose cushion in buffer A 

with 0.5 M NH4Cl (buffer W) followed by centrifugation (72,000 g, 4 C, 19 hrs). The 
ribosomal pellet was washed with buffer W and the sucrose cushion step was repeated twice 
to yield higher purity. The ribosome concentration was determined spectrophotometrically at 
wave-length 260 nm using an extinction coefficient of 4.2 x 107 (23). 
 
Table 1: Strains and plasmids used in this study 

Strains/plasmids Characteristics Source 

E. coli SF100 F -, ΔlacX7, galE, galK, thi, rpsL, strA 4, 
ΔphoA(pvuII), ΔompT 

(54) 

E. coli BL21(DE3) tig F -, ompT, gal, dcm, lon, hsdSB(rB
- mB

-) (DE3) tig (24) 

pEK20 Cysteine-less SecYEG (19) 

pNN260  Cysteine-less SecY(R357E)EG  (11)  

pZW1 Cysteine-less SecY(R255E, R256E) This study  

pEK20-148  SecY(L148C)EG  (27) 

pZW2 SecY(L148C, R255E, R256E)EG This study 

pZW3 SecY(L148C, R3575E)EG This study 

pUC19Strep3FtsQSecM RNC-FtsQ108 (20) 

pEK764 RNC-FtsQ87 (21) 

pEK765 RNC-FtsQ77 This study 

pEK767 RNC-FtsQ108:ΔTMS This study 

 
For purification of RNCs, E. coli BL21(DE3) tig (24),  which lacks the trigger factor gene, 
was transformed with either pUC19Strep3FtsQSecM, pEK764, pEK765, or pEK767 and 
grown in LB supplemented with 100 μg/mL ampicillin at 30 C to OD600 of 0.5. After 
harvesting, cells were lysed according to Evans et al. (25). In short, cells were resuspended in 
buffer R (50 mM Tris-HCl pH 7.5, 150 mM KCl, 10 mM MgCl2) and lysed by two freeze-
thaw cycles in the presence of 400 μg/mL lysozyme. Cell debris was pelleted by 
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centrifugation (twice at 30,000 g, 4 C, 30 min) and the cleared lysate was laid on a 1 M 
sucrose cushion prepared in buffer R. After centrifugation (112,000 g, 4 C, 17 hrs), the 
ribosomal pellet was dissolved in buffer R and loaded on a StrepTactin column (IBA, 
Germany). The column was washed with two column volumes of buffer R containing 0.5 M 
KCl and 5 column volumes of buffer R. RNCs were eluted with 2 column volumes of buffer 
R containing 2.5 mM desthiobiotin. The eluate was concentrated using Millipore Amicon 
Ultra-4 or Ultra-15 centrifugal tubes (cut-off 50 kDa) and the ribosome concentration was 
determined. The presence of stalled nascent chains was confirmed by SDS-PAGE followed 
by Western blotting using an antibody against the STREP-tag (IBA, Germany). 

 
Surface plasmon resonance (SPR) - SPR measurements were performed on a Biacore 2000 
system (GE Healthcare, Sweden) as described (26). In short, IMVs containing endogenous or 
overexpressed levels of SecYEG (mutants) were immobilized in the separate channels of a L1 
sensor chip (GE Healthcare, Sweden). Buffer B (50 mM Tris-HCl pH 7.5, 150 mM KCl, 5 
mM MgCl2, 1 mM DTT, and 0.5 mg/mL BSA) containing SecA, ribosomes or RNCs was 
injected into the channels at a flow rate of 20 μL/min and SecYEG binding was probed at 25 
C. The binding surface of IMVs was regenerated by the injection of 100 mM Na2CO3, pH 10 

followed by system equilibration using buffer B. Data were corrected for background binding 
to the IMVs containing endogenous levels of SecYEG. For SecA–ribosome competition 
experiments, ribosome binding was measured in the presence or absence of a saturating 
concentration (96 nM or as indicated) of SecA in the running buffer B. Data were fitted by 
non-linear regression analysis of the response levels at equilibrium using SigmaPlot (Systat 
Software Inc.). For the single site (A+B↔AB) interaction model including a non-saturable 
linear component the following equation was used:  

   Eq. 1 

 
where Y is the SPR binding response at analyte (SecA or ribosome) concentration X, Bmax is 
the maximal binding response, KD is the dissociation constant, and Ns is the non-specific 
binding coefficient.  
For the two-site saturation model the following equation was used: 
 

  Eq. 2 

Fluorescence correlation spectroscopy (FCS) - For fluorescence microscopy, 
SecY(L148C)EG was overexpressed, purified and labeled with AlexaFluor 488-C5-
maleimide (Invitrogen, USA) as described (27). Reconstitution of the fluorescently-labeled 
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SecY(L148C)EG into MSP1D1 nanodiscs (28) was carried out as described (29,30) with the 
following modifications: A synthetic lipid composition consisting of 25 mol % 
dioleoylphosphatidylglycerol, 5 mol % cardio-lipin, 30 mol % dioleoylphosphatidylethanol-
amine and 40 mol % dioleoylphosphatidyl-choline was used for nanodiscs formation, and 
lipids were destabilized by 0.5% (v/v) Triton X-100 prior to SecYEG reconstitution. 
SecYEG-containing nanodiscs were isolated using a Tricorn Superdex 200 10/300 column 
(GE Healthcare, Sweden). The concentration of reconstituted SecYEG-AlexaFluor 488 in the 
collected fractions was determined based on the specific fluorophore absorbance.  

 
FCS experiments were performed using the inverted confocal microscope LSM 710 equipped 
with the Confocor 3 module (Carl Zeiss GmbH, Germany). A solution of 50 nM AlexaFluor 
488 dye with a known diffusion coefficient of 300*10-8 cm-2/s (31) was used to adjust the 
laser intensity at 488 nm and to calibrate the observation volume. Prior to the experiment 
SecYEG complexes were diluted to a concentration of ~100 nM in 50 mM Tris-HCl, 100 
mM NaCl, 10 mM MgCl2, and 5% (v/v) glycerol. For detergent-solubilized SecYEG the 
buffer was also supplied with 0.05% (w/v) n-dodecyl β-D-maltoside (DDM). Diffusion-
driven fluctuations in the fluorescence intensity of SecYEG-conjugated AlexaFluor 488 were 
recorded over 10 s, and the measurements were repeated 10 times for each selected area. 
Recorded traces were averaged. For each experimental condition at least 10 measurements 
were done at different positions within the sample volume.  
 
Auto-correlation curves were built and analyzed using ZEN 2010 software package (Carl 
Zeiss GmbH, Germany). Triplet state population of the fluorophore was below 20% and it 
was omitted in the following analysis as the auto-correlation traces were fitted within 10 μs to 
10 s time range. The data was analyzed assuming free three-dimensional diffusion of 
SecYEG, and the auto-correlation curves were fitted according to the equation: 

       Eq. 3 

where G(t) is the amplitude of the auto-correlation function,  – average number of 

fluorescent particles in the laser focus, and    diffusion time through the focus. To analyze 
SecYEG diffusion in presence of ribosomes and to estimate fractions of free and ribosome-
bound SecYEG a two-component fitting model was applied: 
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         Eq. 4 

where  and  are average number of fluorescent particles and diffusion time of ith 
species, respectively. The diffusion times of SecYEG and SecYEG:ribosome-complexes 
were preset for the fitting procedure. For the free SecYEG the value was directly measured, 
while the diffusion time of the SecYEG:ribosome complex was approximated with that of 
fluorescein-labeled FtsQ108-RNC, that was experimentally determined in our set-up (~900 
μs). 

 

SecA co-sedimentation assay – SecA (92nM) was incubated with non-translating ribosomes 
(60nM), FtsQ108 (50nM) and FtsQ108ΔTMS (50nM) in buffer B for 20 minutes at room 
temperature. Samples were loaded on a 35% (w/v) sucrose cushion and centrifuged for 2 hrs 
at 350 000 g, 4 C. Pellets were dissolved in SDS-PAGE sample buffer and analyzed by 
SDS-PAGE and silver staining. 
In vitro protein translocation assay - In vitro translocation of fluorescein-labeled proOmpA 
(C290S) was done as described (32). Translocated, protease-resistant proOmpA was 
separated by SDS-PAGE and visualized with a LAS-4000 imager (FujiFilm, Japan) using the 
SyBr Blue Y515 Di filter.  
 
Miscellaneous - SDS-PAGE, Western blotting and silver staining were performed according 
to standard protocols. IMVs concentrations were determined using the BioRad RC DC 
protein assay kit using BSA as standard. ProOmpA(C290S) and SecA were purified as 
described (33,34). Quantification of the SDS-PAGE bands was done using Aida/2D 
densitometry (Raytest, Germany).  
 
Results  
 
Detection of the SecYEG-ribosome interaction by surface plasmon resonance – We employed 
SPR to follow the binding of ribosomes to the membrane-embedded SecYEG complex in real 
time. This method was previously shown to accurately detect the high affinity interaction 
between SecA and SecYEG (11,26). IMVs containing overexpressed levels of SecYEG were 
immobilized on a Biacore L1 chip and the association and dissociation of SecA (Fig. 1A) and 
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ribosomes (Fig. 1B) was followed in time. To correct for “bulk” contributions to the SPR 
signal and non-specific binding to the membrane and chip surface, all measurements were 
corrected for binding to IMVs bearing endogenous SecYEG levels that were immobilized in 
a reference channel (26) (Fig. S1A). Both SecA and ribosome injection resulted in a 
SecYEG-dependent SPR response (Fig. 1B). 
 

 

To validate that the observed SPR response reflected the binding of ribosomes to the SecYEG 
complex, we analyzed the interaction between ribosomes and two SecY mutant complexes, 
i.e., SecY(R255E,R256E)EG and SecY(R357E)EG. These mutations are located in the SecY 
cytoplasmic loops C4 and C5, respectively, and have been shown to disturb the 
SecYEG:ribosome interaction in detergent solution (7). Both SecYEG mutants were 
overexpressed to similar levels as Cys-less SecYEG (Fig. S1A). The alteration in the charge 
distribution in these cytosolic loops, however, resulted in a reduced mobility of SecYEG in 
SDS-PAGE (Fig. S1A). The SecY(R357E) mutation, that has been reported to affect the 
initiation of SecA-dependent protein translocation (13,14), inhibited proOmpA translocation 
completely whereas the SecY(R255E,R256E)EG mutant was normally active (Fig. S1B). 
Importantly, both mutants allowed for significant SecA binding (Fig. 1A), indicating that the 
mutations did not result in a major disturbance of the loop conformation. However, the SPR 
responses upon injection of ribosomes over immobilized SecY(R255E, R256E)EG or 

Fig 1. Specific binding of SecA and ribosomes to the SecYEG complex monitored by SPR. SPR 
sensogram of the binding of SecA (A) or non-translating ribosomes (B) to IMVs containing 
overexpressed levels of Cys-less SecYEG (solid), SecY(R357E)EG (spaced dashed) or 
SecY(R255E,R256E)EG (dashed). Binding was measured at 25 C with a flow rate of 20 μL/min. Data 
were corrected for background binding to IMVs containing endogenous SecYEG levels. The ligand 
association and dissociation phases are represented above the sensograms by black and white bars, 
respectively. The concentration of SecA and ribosomes was 48 and 27 nM, respectively. 
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SecY(R357E)EG IMVs were dramatically reduced as compared to Cys-less SecYEG IMVs 
(Fig. 1B). These observations are consistent with the notion that the mutated loop residues are 
important for the SecYEG:ribosome interaction (7) and demonstrate that the SPR method 
genuinely monitors the interaction between ribosomes and the membrane-embedded SecYEG 
complex. 
 

 

Previously, we observed that the SecA association and dissociation phases do not fit to a 
simple bimolecular interaction model (26,35). Similarly, an accurate determination of the 
association and dissociation rates of ribosome binding could not be obtained by such simple 
data fitting models. Therefore, an apparent affinity of the interaction was determined by non-
linear regression analysis of the response levels at equilibrium (Fig. 2). For the 
SecYEG:SecA interaction, this resulted in an apparent dissociation constant (KD) of 4.5 nM 
when fitted according to a simple single site (A+B ↔ AB) interaction model including a non-
saturable linear component (Fig. 2A, Table 2). This value is similar to those obtained 
previously by SPR, fluorescence microscopy and biochemical methods (11,26,33,36). In 
contrast, the ribosome binding responses fitted best to a two-site saturation model yielding 
apparent KD values of 0.03 and 8.8 nM, respectively (Fig. 2B, Table 2). Although the fit does 
not explain the mechanism of the interaction, the lower affinity value is in the same order as 
reported previously by equilibrium binding experiments, i.e., 14-17 nM with IMVs (17) and 6 
nM with SecYEG proteoliposomes (37). These results demonstrate that both SecA and the 
ribosome interact with the SecYEG complex with nanomolar affinity.  
 

Fig 2. SecA, ribosomes and RNCs interact with the SecYEG complex with nanomolar affinity. 
SecYEG binding at increasing concentrations of SecA (A), non-translating ribosomes (B), and 
FtsQ108 RNCs (C) was determined by SPR as described in Fig. 1. The equilibrium SPR responses 
were fitted by non-linear regression analysis. The fitting for SecA was performed based on a model 
assuming single site with a nonspecific binding parameter. For fitting for non-translating ribosome 
and RNCs, a two sites saturation model was used. Binding data are summarized in Table 2 
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Table 2: Dissociation constants and apparent binding levels for the interaction of SecA, 
ribosomes or FtsQ108 RNCs with the SecYEG complex as determined by surface plasmon 
resonance. 
 

Analyte Bmax1 (RU) Bmax2 (RU) KD1 (nM) KD2 (nM) Ns R2 

SecA  85 - 4.5 - 0.15 0.9931 

ribosomes 27 70 0.03 8.8 - 0.9978 

FtsQ108RNCs 117 114 0.12 7.9 - 0.9973 

R2 = coefficient of determination; KD1 and KD2 are the dissociation constants 1 and 2, 
respectively; Bmax1 and Bmax2 are the maximum obtained binding values associated with 
the two dissociation constants; Ns= nonspecific binding 
 
 
Increased ribosome binding in the presence of a nascent chain - During membrane protein 
insertion, the SecYEG complex interacts with translating ribosomes. To determine whether 
the presence of a nascent chain influences the SecYEG:ribosome interaction, ribosomes 
carrying chimeric nascent chains of the E. coli inner membrane protein FtsQ were isolated. 
To halt translation, constructs were used in which the stalling motif of the E. coli secretion 
monitor protein SecM (38) was fused behind the first 41, 51 or 72 amino acids of FtsQ, 
resulting in nascent chains of 77, 87,or 108 amino acids long [FtsQ77, FtsQ87, FtsQ108 (20) 
respectively]. At these nascent chain lengths the FtsQ TMS is expected to be either half 
exposed (FtsQ77), nearly completely exposed (FtsQ87), and completely exposed (FtsQ108) 
from the ribosomal exit site (4) (Fig. 3A). Constructs were preceded by a triple STREP-tag to 
allow separation of RNCs from non-translating ribosomes (20). After isolation, the presence 
of the nascent chains was verified by immunoblotting against an STREP-tag antibody (Fig. 
3B). Surprisingly, injection of the FtsQ87 and FtsQ108 RNCs resulted in an SPR response 
that was 3-5 fold higher compared to non-translating ribosomes (Fig. 3C), indicating that the 
SecYEG:ribosome interaction is strongly stimulated by the presence of a nascent chain. The 
shorter FtsQ77 RNC increased binding to a lesser extent (Fig. 3C), suggesting that the 
enhanced interaction of translating ribosomes with the SecYEG complex is dependent on the 
length of the nascent chain with an optimal interaction when the TMS of FtsQ is exposed 
from the ribosome tunnel. Indeed, injection of a FtsQ nascent chain of 108 residues without 
TMS (FtsQ108:ΔTMS) yielded a significantly reduced  binding response compared to 
FtsQ108 exposing the TMS (Fig. 3D), suggesting that TMS contributes to the enhanced 
binding of RNCs to the translocon. 
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The interaction between RNCs and SecYEG was further studied using the FtsQ108 construct 
that has previously also been used for cross-linking and structural studies (4,6). As observed 
for non-translating ribosomes, the R255E,R256E mutations in the C4 loop of SecY abrogated 
the interaction with FtsQ108 RNCs (Fig 3E, dashed line). However, these RNCs showed 
substantial interaction with SecY(R357E)EG (Fig. 3E, spaced dashed line), which is 
consistent with our previous data that indicated that the R357E mutation still supports 
membrane protein insertion (14). These data demonstrate that translating and non-translating 
ribosomes interact differently with the SecYEG complex.  
 
Interaction of the purified SecYEG complex with SecA and ribosomes - To verify the effect of 
a nascent chain on the SecYEG:ribosome interactions, we monitored the binding reaction 
between the purified components. Binding was probed using FCS, a sensitive confocal 

Fig 3. The presence of a nascent chain enhances the ribosome:SecYEG interaction. (A) Schematic 
illustration of the FtsQ RNCs with various chain lengths. (B) Western blotting of RNCs of increasing 
chain length pretreated with 100 mM NaOH. To overcome poor transfer efficiency a double amount 
was of the FtsQ77 RNC loaded. (C) Binding of ribosomes (dashed black) or RNCs with a FtsQ nascent 
chain length of 77 (solid grey), 87 (solid black), 108 (dash grey) residues to immobilized IMVs 
containing overexpressed Cys-less SecYEG. (D) Binding of 13.5 nM non-translating ribosomes (black 
dashed), FtsQ108 RNCs (solid line), and FtsQ108:ΔTMS RNCs (grey dashed). (E) Binding of FtsQ108 
RNCs to immobilized IMVs containing overexpressed Cys-less SecYEG (solid line), SecY(R357E)EG 
(spaced dashed) and SecY(R255E,R256E)EG (dashed). 
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microscopy technique that allows for the analysis of molecular interactions in equilibrium at 
nanomolar substrate concentrations (39). In FCS, fluctuations of fluorescence resulting from 
fluorescently labeled proteins diffusing through the femtoliter-sized confocal excitation 
volume are monitored and auto-correlated over the measurement time. Temporal decay in the 
correlation function provides a precise estimate of the diffusional mobility of the 
fluorescently labeled biomolecule. Binding of the fluorescent protein to large non-labeled 
components can be detected as alterations of its mobility (Fig. 4A). First, the interaction 
between the solubilized SecYEG complex and ribosomes was determined in a solution 
containing 0.05% of the detergent DDM. Purified and fluorescently labeled SecY(C148)EG-
AlexaFluor 488 (~100 nM) was illuminated when diffusing through the laser focal volume 
and temporary fluctuations in the fluorescence intensity were recorded and used to build an 
auto-correlation curve (Fig. 4A). The FCS data were analyzed assuming unrestricted three-
dimensional diffusion of the labeled SecYEG in solution, and diffusion coefficient (D) of 26 
± 3*10-8 cm-2/s was obtained. Addition of an excess SecA (1.8 μM) decreased the diffusion 
coefficient of solubilized SecYEG only slightly by ~10% to 23.9 ± 1.5*10-8 cm-2/s (data not 
shown). However, upon the addition of an excess FtsQ108 RNCs (250 nM), the mobility of 
SecY(L148C)EG-AlexaFluor 488 reduced substantially, resulting in a pronounced shift of the 
auto-correlation trace (Fig. 4A). The average diffusion time decreased ~3-fold and the D 
reduced to 10.0 ± 0.9 cm-2/s, suggesting that SecYEG was bound to RNC and diffused slowly 
as a part of the large complex. In agreement with the Einstein-Stokes equation, the observed 
reduction in the diffusion coefficient correlated with the three-fold difference in dimensions 
of SecYEG protein enlarged by a belt of detergent molecules [radius R~3 nm, (40) (41)] and 
the ribosome [R~10 nm, (42)]. Addition of an excess (250 nM) of non-translating ribosomes 
to SecYEG reduced the translocon mobility to a lesser extent (Fig. 4A), suggesting that a 
large fraction of the SecYEG was not bound to these ribosomes and retained their high 
diffusional mobility. To quantify the binding efficiency the auto-correlation traces of 
SecYEG were fitted assuming two SecYEG fractions in the ensemble: uncomplexed and 
ribosome/RNC-bound. The data suggested that more than 98% of SecYEG was bound with 
FtsQ108 RNCs, while only 67% was bound to non-translating ribosomes (Fig. 4B). As was 
reported previously (7), the R255E,R256E and R357E mutations in SecYEG reduced binding 
of non-translating ribosomes in the detergent environment (Fig. S2). However, in agreement 
with the SPR data presented above, the binding defect of the R357E mutant could be partially 
restored by the presence of a nascent chain (Fig. S2).  

 
Since the above studies were performed in detergent solution, we also investigated the role of 
the lipids in SecA- and RNC-binding to SecYEG. Herein, fluorescently-labeled 
SecY(C148)EG-AlexaFluor 488 was reconstituted into small lipid patches, known as 
nanodiscs (28). These provide a physiologically relevant lipid environment for the embedded 
membrane proteins (Fig. S3). Since nanodiscs are monodisperse in aqueous solution they are 
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well suited for fluorescence microscopy applications, including FCS. The diffusion 
coefficient of SecYEG reconstituted into nanodiscs (SecYEG-Nd) was similar to that of 
detergent-solubilized SecYEG (D = 27 ± 3*10-8 cm-2/s). In agreement with previous reports 
(8), no binding was observed for non-translating ribosomes. In contrast, the mobility of 
SecYEG-Nd decreased substantially in the presence of FtsQ108 RNCs, indicating that the 
presence of a nascent chain triggered ribosome binding to the membrane-embedded 
translocon. Fitting the auto-correlation curves with the two-component model suggested that 
82% of the SecYEG formed complexes with RNCs (Fig. 4B). As observed with the native 
membrane-embedded and solubilized SecYEG complexes, the interaction of FtsQ108 with 
SecYEG-Nd was partially inhibited by the R357E mutation, and more strongly blocked by 
the R255E,R256E mutation of SecYEG (Fig. S2). Together, these FCS results corroborate the 
observation made by SPR that the presence of the nascent chain strongly promotes the 
SecYEG:ribosome interaction the SPR data, but also indicate that the interaction between 
SecYEG and the ribosome is influenced by the environment of the SecYEG complex 
(solubilized vs. membrane-embedded) showing a greater interaction between empty 
ribosomes and SecYEG when present in detergent. 
 

 

Competitive binding of SecA and ribosomes – It has been proposed that SecA and ribosomes 
interact with the translocon non-competitively (17). This would imply that ribosomes and 
SecA bind to different and independent sites on SecYEG. To investigate this phenomenon, 
we designed an SPR competition experiment to determine whether the SecYEG complex can 

Fig 4. The SecYEG:ribosome interaction is stimulated by the presence of a nascent chain and the 
lipid environment. (A) Fluorescence auto-correlation traces describe diffusion properties of DDM-
solubilized SecYEG-AlexaFluor 488. Binding of ribosomes/RNCs reduces SecYEG mobility and 
causes the traces to shift toward longer diffusion times. (B) When assayed in the presence of the 
detergent 0.05 % (w/v) DDM, non-translating ribosomes bind SecYEG less efficiently than RNCs. 
This effect is further enhanced for SecYEG reconstituted into the lipid environment of nanodiscs. 



Chapter 3 – Competitive binding of SecA and ribosomes with SecYEG 
__________________________________________________________________________ 

77 

accommodate both SecA and the ribosome simultaneously. First, the SecYEG complexes in 
the immobilized IMVs were saturated with SecA using a running buffer containing excess 
SecA (96 nM). Subsequent injection of ribosomes in the SecA-containing running buffer 
resulted in a binding response that was 2-3 fold lower than in the absence of SecA (Fig. 5A 
and B). Stabilizing the SecYEG:SecA interaction by the addition of AMP-PNP, which 
prevents the dissociation of SecA from the SecYEG complex (26,43) or a combination of 
ATP and azide, that prevents the release of SecA from SecYEG (44), further decreased the 
ribosome binding up to 8-fold (Fig. 5C). As a control, AMP-PNP or ATP-azide alone only 
slightly affected the SecYEG:ribosome interaction (Fig. 5C). When the ribosomes were 
loaded with the FtsQ108 nascent chain, the SecYEG interaction was affected even more 
severely by the presence of SecA (Fig. 5D). SecA has been reported to interact with 
ribosomes and RNCs (45,46). However, the reduced interaction was not caused by 
sequestration of ribosomes or RNCs by the SecA present in the running buffer, since co-
sedimentation assays showed that, under the conditions used for SPR, less than 3% of the 
RNCs were SecA-bound (Fig. 5E). This is consistent with the observation that the 
SecA:ribosome interaction is of low affinity (0.9 μM) (45). The results therefore indicate that 
SecA competes with both translating and non-translating ribosomes for SecYEG binding. 
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Detergents affect the interaction between SecYEG and the ligands SecA and ribosomes - 
Since the diffusion coefficient of SecYEG was strongly affected by binding of a ribosome, 
but not by SecA (see above), the RNC- and SecA-bound SecYEG populations can be 
discriminated based on their diffusional mobility. SecA and FtsQ108 RNC were added to 
DDM-solubilized SecY(L148C)EG-AlexaFluor 488 together, and the translocon diffusion 
was monitored by FCS. AMP-PNP was added to stabilize the SecYEG:SecA complex. 
Assuming that both SecYEG:SecA and SecYEG:RNC complexes are formed within the 
ensemble, a two-component model can be used for analysis. Surprisingly, even in the 

Fig 5. SecA competes with the ribosome for SecYEG binding. (A) Equilibrium SPR responses at 
increasing concentration of non-translating ribosomes measured in the presence (white) or absence 
(black) of SecA (96 nM) in the SPR running buffer. (B) Binding of non-translating ribosomes (6.75 nM) 
in the presence or absence of SecA (96 nM). (C) Normalized ribosome binding in the presence (white) or 
absence (black) of 96 nM SecA with or without AMP-PNP (1 mM) or ATP (1 mM) and azide (5 mM). 
Binding responses were normalized to the equilibrium response in the absence of SecA. (D) Binding of 
FtsQ108 RNCs (3.38 nM) in the presence or absence of a SecA (96 nM). (E) Co-sedimentation of SecA 
(92 nM) with ribosomes (60 nM), FtsQ108 (50 nM), and FtsQ108; ΔTMS (50 nM). The SecA input 
represents amount of SecA added to the reaction mixture. 
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presence of a large excess of SecA (1.8 μM vs. 250 nM RNCs), 87 % of the translocons were 
complexed with the RNCs in detergent solution (Fig. 6). To determine whether the detergent 
environment of the SecYEG complex caused this apparent discrepancy with the SPR results, 
the same experiment was performed using the nanodisc-reconstituted SecYEG complex. The 
SecYEG-Nd:SecA complex stabilized by AMP-PNP manifested a D of 23 ± 3*10-8 cm-2/s, 
which is similar to SecYEG-Nd alone. This allows for a discrimination between SecA and 
RNC FtsQ108 binding to SecYEG-Nd based on the translocon mobility only. When both 
SecA and FtsQ108 RNCs were added to SecY(L148C)EG-Nd in presence of 1 mM AMP-
PNP, a clear competition for SecYEG binding was observed and the propensity to form a 
complex with the RNCs decreased with the SecA:RNC ratio (Fig. 6). In the presence of an 
elevated AMP-PNP concentration (5 mM), RNC binding was further reduced, up to 3-fold 
(Fig. S4). These results indicate that the interaction between SecYEG, translating ribosomes 
and SecA is strongly dependent on the molecular environment: While detergents promote 
ribosome binding and weaken the competitive interaction with SecA, SecA and translating 
ribosomes bind competitively to the membrane-embedded SecYEG. Importantly, the FCS 
data corroborate with the SPR data and demonstrate that SecA and (non-)translating 
ribosomes compete for binding to the membrane-embedded SecYEG complex.  
 

 

 

 

Fig 6. SecA competes with ribosomes for binding to SecYEG reconstituted into nanodiscs. Binding 
of RNCs to purified SecYEG in nanodiscs in the presence of increasing concentrations of SecA with 
AMP-PNP. The fraction RNC-bound SecYEG complex was determined by FCS as described in the 
main text. Detergent-solubilized SecYEG primarily interacted with RNC even in a large excess of 
SecA (white bar). 
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Discussion 
 
During the biogenesis of membrane proteins with large periplasmic domains, both the 
ribosome and SecA need to associate with the SecYEG complex to drive the membrane 
partitioning of hydrophobic segments and the translocation of hydrophilic domains, 
respectively. How the translocon is able to coordinate the binding of these two ligands is not 
well understood. Here we have used two distinct spectroscopic techniques to follow the 
binding of FSecA, and of translating and non-translating ribosomes to the SecYEG complex.  
 
SPR and FCS readily detected the association of ribosomes with the SecYEG complex 
present in membrane vesicles, and the purified SecYEG present in detergent solution, or 
reconstituted into nanodiscs. Although the molecular environment influences the observed 
interactions, the interactions are specific and inhibited by mutations in SecY that were 
previously reported to result in ribosome binding defects. Interestingly, ribosome binding to 
the SecYEG complex was highly stimulated by the presence of a nascent chain, in particular 
when this nascent chain exposed a hydrophobic polypeptide sequence. The presence of a 
nascent chain also partially relieved the ribosome-binding defect of the SecY(R357E) mutant. 
Taken together this suggests that translating and non-translating ribosomes interact 
differently with the SecYEG complex and indicates an interplay, possibly a cooperative effect, 
of the nascent chain in the SecYEG:ribosome interaction. A recent cryo-EM structure of an 
FtsQ RNC complex with the translocon indicated that the nascent chain engages in 
interactions between the ribosomal proteins L23 and L24 and the loops of SecY, resulting in 
conformational changes in the participating loops (8). These interactions and conformational 
changes might tighten the interaction between the RNC-complex and the translocon and this 
may be promoted by hydrophobic stretches in the nascent polypeptide chain.  
 
The interaction between translating or non-translating ribosomes and the membrane-
embedded SecYEG complex was competed by SecA, demonstrating that the two ligands 
cannot bind the translocon simultaneously. Surprisingly, even though the presence of a 
nascent chain enhances the ribosome:translocon interaction, SecA competed stronger with 
translating than with non-translating ribosomes. Since our current understanding of the exact 
mechanism of the translocon:RNC interaction is still limited, this observation is not readily 
explained. However, it is clear from the SPR data that the interaction is not a simple one-to-
one binding event. Using non-linear regression analysis of the response levels at equilibrium, 
ribosome binding data could only be fitted to a “two-sites saturation” model, according to 
which SecYEG partly interacted with the ribosomes with an apparent affinity in the low 
nano-molar scale consistent with previously reported values (17,37), and partly with a very 
high affinity that was particularly prominent upon binding of RNCs. This “two-sites 
saturation” model suggests that the dramatically increased binding response in the presence 
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of a nascent chain is caused by an increase in the number of binding sites, rather than an 
improved affinity. Possibly, RNCs recruit binding sites that were previously masked. 
Alternatively, binding of a RNC to a SecYEG complex causes an intrinsically higher SPR 
signal than binding of a non-translating ribosome, while the number of binding sites remains 
constant. This could for instance occur when the nascent chain by interacting with SecYEG 
pulls the ribosome closer to the membrane surface, which in turn would result in an increased 
SPR signal. In this scenario, the interaction with RNCs would direct the SecYEG complex 
towards the high affinity state (see Table 2: 50% high affinity sites for RNCs vs 25% for non-
translating ribosomes). This very tight binding of translating ribosomes to the translocon 
could be the result of multiple steps, so that inhibition of RNC binding by SecA could occur 
if the initial association is of relatively low affinity. Further studies will be required to 
elucidate the molecular basis of the ribosome translocon interaction. 
 
SecA-ribosome competition only occurred when SecYEG was in its native, membrane-
embedded, state as the presence of SecA did not affect the SecYEG:ribosome interaction in 
detergent solution. Since FCS indicated that solubilized SecYEG has a higher propensity to 
bind non-translating ribosomes compared to the membrane-embedded SecYEG (this study) 
and detergents have been shown to affect the activity and oligomeric state of SecA (47-49), it 
is likely that the interaction between SecA, the ribosome and the solubilized SecYEG 
complex is affected by the presence of the detergent. The observation that the molecular 
environment is a critical factor in the interaction between the translocon and its soluble 
interactions partners should be considered in future studies.  

 
The observation that SecA and the ribosome compete for binding to the SecYEG complex, 
even when the ribosome is charged with a nascent chain of a SecA-dependent membrane 
protein, implies that during membrane protein insertion, SecA and the ribosome do not 
interact with the translocon simultaneously. Since many membrane proteins contain large 
periplasmic domains, the competitive interaction of SecA and the ribosome has implications 
for the membrane insertion mechanism. While for single-spanning membrane proteins like 
FtsQ it is possible to envision a scenario where the ribosome dissociates from the SecYEG 
complex after membrane partitioning of the TMS to allow SecA binding, the sequence of 
events will be more complicated when a large periplasmic domain is followed by another 
TMS. For these proteins, SecA and the ribosomes might need to cycle on and off from the 
translocon in a sequential manner, a process for which the timing needs to be carefully 
orchestrated. It is plausible that the SecYEG affinity to SecA and translating ribosomes 
depends on the hydrophobicity of the emerging polypeptide chain. The ribosome might be 
released from the SecYEG complex once it encounters a large enough polar periplasmic 
polypeptide domain that would allow SecA to bind to this domain followed or concomitantly 
with SecYEG binding (Fig. 7). The micromolar SecA concentrations in the cytoplasm would 
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ensure efficient cycling of SecA on SecYEG to translocate these polar domains (33). 
Likewise, SecA may dissociate from the SecYEG complex once it encounters a newly 
emerging TMS. In this respect, SecA has been reported to dissociate from the SecYEG 
complex when it encounters a potential TMS during the translocation of a secretory protein 
(50,51). Early recognition of a TMS by the translating ribosome (52) may restore the high 
affinity interaction between SecYEG and the ribosome for the insertion of the next TMS. 
Future studies should be directed to unravel the interplay between SecA, RNCs and the 
SecYEG complex including targeting factors such as SRP and FtsY (53).  
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Fig 7. Scheme for the sequential binding of SecA and the translating ribosome to the SecYEG complex. 
A, The presence of an emerging transmembrane segment in the nascent chain stimulates binding of the 
ribosome to SecYEG. B, Elongation of the polypeptide allows insertion of the first TMS into the 
membrane via the SecYEG complex. C. The ribosome dissociates from the SecYEG complex once a 
polar polypeptide domain emerges which allows SecA to bind. D, ATP binding and hydrolysis at SecA 
results in the translocation of the periplasmic polypeptide domain across the membrane. E, Emerge of 
the next TMS from the ribosome causes the dissociation of SecA from SecYEG allowing the ribosome 
to rebind to SecYEG and to insert the TMS. 
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Fig S1. Overexpression of SecYEG mutants. (A) IMVs containing endogenous SecYEG levels or 
overexpressed Cys-less SecYEG, SecY (R255E,R256E)EG or SecY(R357E)EG was analyzed by SDS-
PAGE and Coomassie brilliant blue staining. (B) Translocation of fluorescein labeled proOmpA (C290S) 
into IMVs containing the indicated overexpressed SecYEG mutants. 
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Fig. S2. Interaction between ribosomes and RNCs and purified SecYEG mutants. Fluorescence 
correlation spectroscopy (FCS) was used to quantify binding of ribosomes and RNCs to 
SecY(L148C)EG-AlexaFluor 488 (black bars), and its derivatives bearing the SecY mutations 
R357E (grey bars) or R255E,R256E (white bars). Binding was analyzed both for detergent-
solubilized and nanodisc-reconstituted SecYEG. SecYEG was reconstituted into nanodiscs in 
parallel preparations using SecYEG:MSP:lipid ratio of 1:8:200, and fraction 15 of size-exclusion 
chromatography was used for the binding assay. Analysis of FCS data is described in the main text. 
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Fig. S3. Reconstitution of SecYEG in nanodiscs. SecY(L148C)EG conjugated with AlexaFluor 488 
fluorophore (AF488) was reconstituted with phospholipids in presence of MSP1D1 scaffold protein 
(MSP). MSP-encapsulated nanodiscs were isolated using size-exclusion chromatography, and 
collected in 1 mL fractions. SDS-PAGE confirmed that SecYEG and MSP co-eluted in fractions 12 
to 16, as visualized by (A) fluorescence and (B) Coomassie staining. (C) Individual nanodiscs 
(Fraction 15) were imaged using cryo-electron microscopy, and showed as circular entities of ~10 
nm diameter (encircled in white). 
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Fig. S4. AMP-PNP-stimulated SecA binding abolishes SecYEG:RNC interactions. FCS was used 
to quantify RNC binding to nanodisc-reconstituted SecY(L148C)EG-AlexaFluor 488 in the 
absence and presence of increasing amounts of SecA. AMP-PNP at 5 mM was used to promote 
SecA binding to the translocon. In presence of SecA an up to 3-fold reduction in SecYEG:RNC 
binding was observed. 
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Abstract  

Membrane proteins biogenesis in bacteria occurs via dedicated molecular systems, SecYEG 
and YidC that function independently and in cooperation. YidC belongs to the universally 
conserved Oxa1/Alb3/YidC family of membrane insertases and is believed to associate with 
translating ribosomes at the membrane surface. Here we have examined the architecture of 
the YidC:ribosome complex formed upon YidC-mediated membrane protein insertion. 
Fluorescence correlation spectroscopy was employed to investigate the complex assembly 
under physiological conditions. A slightly acidic environment stimulates binding of 
detergent-solubilized YidC to ribosomes due to electrostatic interactions, while YidC 
acquires specificity for translating ribosomes at pH-neutral conditions. The nanodisc-
reconstitution the YidC to embed it into a native phospholipid membrane environment 
strongly enhances the YidC:ribosome complex formation. A single copy of YidC suffices for 
the binding of translating ribosome both in detergent and at the lipid membrane interface, 
thus being the minimal functional unit. The data reveals molecular details on the insertase 
functioning and interactions and suggests a new structural model for the YidC:ribosome 
complex. 
 
Introduction 

Understanding membrane protein folding, a key molecular process, remains one of the 
outstanding challenges in structural biology1. Membrane protein biogenesis occurs via 
evolutionarily conserved cellular systems, so called insertases. These enzymes ensure the 
transfer of the newly synthesized polypeptide chain from the ribosome to the lipid bilayer, the 
correct integration of transmembrane domains and their spatial packing to yield a functional 
membrane protein2; 3. The model prokaryote Escherichia coli possess two membrane protein 
insertases, SecYEG and YidC. While the molecular mechanisms of SecYEG and its 
homologues have been explored to a large extent, there is only limited understanding on how 
YidC integrates proteins into the membrane4. YidC belongs to a universally conserved family 
of membrane protein insertases and is homologous to the Oxa1 protein of the mitochondrial 
inner membrane of eukaryotes and Alb3 of the thylakoid membrane in plant chloroplasts. It is 
generally anticipated that YidC and its counterparts in higher organisms are involved in the 
insertion and assembly of small membrane proteins. For instance, YidC facilitates the 
membrane insertion of the F0c subunit of F1F0 ATP synthase5 and the coat proteins of phages 
such as M13 and pf36-8, but also a broader specificity to multi-spanning membrane proteins 
has been suggested 9. Apart from serving as an independent insertase, YidC facilitates 
membrane protein integration via a functional cooperation with the SecYEG complex10; 11. 
YidC has also been implicated in membrane protein folding and assembly into multisubunit 
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membrane protein complexes 12; 13. A detailed mechanism of the YidC activity at the 
membrane interface remains unknown, in spite of extensive efforts in molecular analysis3.  

Due to the low structural conservation among the members of the YidC/Oxa1/Alb3 family 
and its high tolerance to mutations, YidC may serve as a platform for membrane protein 
integration, possibly in complex with the ribosomes14. A cross-linking study on YidC within 
native membranes suggested that YidC interacts both with empty and translating ribosomes, 
while the interaction sites appear not to be limited to the ribosomal tunnel region, but 
distributed over the large and small ribosomal subunits15. The exact functional implications of 
this large contact area are unclear. Recently, binding of detergent-solubilized YidC to 
translating ribosomes was visualized by single-particle electron microscopy, and a dominant 
role in the complex formation was assigned to a short C-terminal region of YidC16. Based on 
low-resolution data, two copies of YidC were implied to bind the ribosome at the ribosomal 
tunnel exit (L23 and L28 proteins) possibly forming a consolidated pore for the emerging 
substrate. While the model matched previous two-dimensional crystallographic data on the 
YidC apo-form in a membrane environment17 and biochemical analysis18, its physiological 
relevance is unknown.  

Available information on YidC structure remains limited and only describes selected states of 
the protein upon its functional cycle. Although even low-resolution snap-shots of membrane 
proteins often give new insights into their spatial organization and key interaction forces, the 
physiological interactions may be disrupted due to introduced factors, such as detergent, 
unnatural buffer conditions, and the use of recombinant proteins equipped with tags, and 
these may mislead the structure interpretation19. This poses the need for complementary 
studies in native membrane conditions. Here, we investigated the molecular forces that drive 
the YidC:ribosome interaction both in detergent-solubilized and membrane-embedded states. 
We implemented fluorescence (cross) correlation spectroscopy (FCS and FCCS) to analyze 
isolated YidC molecules present in detergent micelles and lipid membranes within nanodiscs, 
and quantify their ability to bind ribosomes. Our data demonstrate that the molecular 
environment determines to a large extent the properties of YidC to interact with ribosomes in 
their different translation states, while the lipid bilayer determines the specificity of YidC to 
translating ribosomes. We confirm on the molecular level that the C-terminal domain of YidC 
is involved, but that it is not essential for ribosome recruitment. Most importantly, we show 
that a single membrane-embedded YidC copy is sufficient to bind a substrate-translating 
ribosome, thus being a minimal functional unit. 
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Experimental procedures 

YidC cloning 

A C-terminal hexa-histidine tag and a double factor Xa protease cleavage site (IEGR) were 
introduced into the wild-type YidC by overlap PCR. The resulting gene encoding for YidCFX 
protein was ligated into pTrc99a vector44 using XbaI and HindIII restriction sites and 
transformed into DH5α cells45. An endogenous cysteine residue at position 423 within YidC 
was exchanged for a serine by Quick Change mutagenesis and a unique cysteine was 
introduced at position 269 replacing an aspartate within a solvent-exposed region of the large 
periplasmic domain P1 based on its crystal structure20 resulting in a plasmid pKA107. The 
sequence encoding the factor Xa site was further removed by PCR and a following blunt-end 
ligation (plasmid pKA109), and a YidC variant lacking 13 amino acids at its C-terminal end 
(YidCΔC) and the histidine tag (YidCΔCΔHis) was prepared in an analogous way (plasmids 
pKA131 and pKA132, respectively). All cloning steps were verified by sequence analysis 
(Macrogen Europe).  

In vivo complementation assay 

To study functional properties of YidCΔC in vivo, E. coli FTL10 strain cells35 were 
transformed either with the plasmid pKA107, pKA131, pKA132 or empty pTrc99a vector. 
After initial growth in presence of arabinose, the cells were grown out on LB-agar plates 
containing either 0.2% arabinose or 0.2% glucose. Growing FTL10 strain in absence of 
arabinose does not allow for endogenous YidC expression, so the effect of YidC depletion 
can be inferred from the colony phenotype. 

YidC purification 

Histidine-tagged YidC variants were overexpressed in E. coli SF100 strain46 as described 
before22 and YidC was purified from total membrane vesicles by Ni+-NTA chromatography. 
Hereto, membrane vesicles were solubilized by 2% DDM in presence of 100 mM potassium 
phosphate pH 7.5, 100 mM KCl, 10% glycerol and 200 μM tris (2-carboxyethyl)phosphine to 
prevent disulphide bond formation. The protein was bound to Ni+-NTA agarose (Qiagen) and 
washed with a buffer containing 50 mM imidazole (Roth). Ni+-NTA-bound YidC was 
incubated with maleimide-derivatives of AlexaFluor 488 or Atto 647N at pH 7.0-7.3 to 
maximize specific labeling of cysteine residues. YidC was eluted with a buffer containing 
400 mM imidazole and the protein yield and the labeling efficiency were determined 
spectrophotometrically. The extinction coefficients used were: ε280 = 96,000 cm-1 M-1 for 
YidC, ε500 = 72,000 cm-1 M-1 for AlexaFluor 488, and ε640 = 150,000 cm-1 M-1 for Atto 647N. 
The labeling efficiency typically ranged between 90 and 110% for each fluorophore, and 
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unspecific labeling did not exceed 10% as assayed on cysteine-less YidC. To validate the 
activity of YidC, the protein was reconstituted either in E. coli polar lipid extract, or synthetic 
liposomes composed of 30% DOPG, 30% DOPE, and 40% DOPC (Avanti Polar Lipids), 
without diacylglycerol supplements. Synthetic liposomes were prepared as previously 
described21. Activity was tested by measuring the YidC-dependent insertion of F0c subunit of 
F1F0 ATP synthase as described previously22. 

Cleavable hexa-histidine tag was removed from YidCFX by incubating the protein in the 
detergent solution with 100-fold diluted factor Xa protease (Sigma-Aldrich) at 25 C for 3 
hours. A control YidCFX sample was incubated in absence of the protease. In the protease-
treated sample, the minor levels of non-processed YidC were removed using Ni+-NTA-
conjugated agarose (Qiagen). Tag removal was confirmed by SDS-PAGE and following 
Western blotting against the histidine-tag. Unspecific degradation upon the treatment was 
within 15% of the total YidC amount as judged from SDS-PAGE.  

Nanodisc reconstitution of YidC 

To analyze the YidC:RNC interaction in a lipid environment histidine-tagged YidC was 
reconstituted into small lipid patches known as nanodiscs33 according to the method used for 
the SecYEG complex24 with minor modifications. MSP1D1 scaffold protein (MSP) was used 
to form nanodiscs of  10 nm diameter, and the reconstitution reaction was carried out in 
presence of the synthetic lipid mixture described above. YidC:MSP:lipid ratios were 1:10:250 
and 10:10:250 to obtain YidCmono-Nd and YidColigo-Nd samples, respectively. Detergents 
were removed by Bio-Beads SM2 sorbent (Bio-Rad) and the reconstituted samples were 
centrifuged at 250,000 g for 30 min to remove minute amounts of formed proteoliposomes. 
Size-exclusion chromatography was performed by FPLC using a Superdex 10/300 Tricorn 
column (GE Healthcare) and 1 mL elution fractions were collected in 50 mM Tris-HCl pH 
7.5, 100 mM KCl, 5% glycerol (buffer N). To ensure the equality of nanodiscs for YidCmono-
Nd and YidColigo-Nd, samples were prepared in parallel and corresponding fractions #14 of 
the size-exclusion chromatography were used in the experiments. 

Ribosome isolation 

Non-programmed ribosomes were prepared as previously described (Wu et al., 2012). To 
derive stable ribosomes charged with F0c nascent chains (RNC-F0c), the PstI-EcoRV 
fragment of the plasmid pUC19Strep3FtsQSecM47 was exchanged with a fragment coding for 
the first 44 residues of E. coli F0c that include the first transmembrane domain and a fragment 
of the cytoplasmic loop. The resulting translation product contained an N-terminal triple 
Strept-tag and was followed by a SecM stalling sequence with a total length of 123 amino 
acids. While the SecM polypeptide occupies the ribosomal tunnel, the first transmembrane 



Chapter 4 – Native architecture of the YidC:Ribosome complex 
__________________________________________________________________________ 

97 

domain of F0c becomes exposed at the tunnel exit at the stalled ribosomes, thus mimicking a 
translation intermediate. The designed plasmid (pJK763) was verified by sequence analysis 
(Macrogen Europe). RNC-F0c were expressed and purified by sedimentation followed by a 
StrepTactin column (IBA) chromatography as previously described24.  

Fluorescence correlation spectroscopy 

Detergent-solubilized YidC labeled with AlexaFluor 488 and Atto 647N was diluted 50-fold 
into 100 mM KCl, 10 mM MgCl2, 5% glycerol, 0.1% DDM, and 25 mM ADA buffer pH 6.2 
or pH 7.4 (buffers A and P, respectively) prior to fluorescence measurements. To remove 
aggregates the samples were centrifuged at 350 000 g for 30 min. If necessary, samples were 
further diluted to achieve YidC concentration of 50-100 nM as required for the FCS 
analysis23. Nanodisc-reconstituted YidC was analyzed in buffer N supplemented with 10 mM 
MgCl2 and the YidC-Nd concentration was adjusted for needs of FCS.  

FCS/FCCS experiments were performed on an LSM 710 inverted confocal microscope (Zeiss 
GmbH) equipped with a ConfoCor 3 unit. YidC-conjugated fluorophores were excited by a 
He-Ne laser at 488 nm and an argon laser at 633 nm. Emitted light was split on a dichroic 
mirror and collected in two channels of 505-610 (AlexaFluor 488 emission) and 655-710 nm 
(Atto 647N emission). Diffusion of free AlexaFluor 488 and AlexaFluor 633 in water was 
monitored to determine the waist radii (ω0) for the laser excitation volumes (180 nm and 240 
nm, respectively) and to control the cross-talk level in FCCS48. The structure parameter 
defined as the ratio between the axial and waist radii of the excitation volume (z0/ω0) was 5. 
Diffusion analysis on YidC and YidC:ribosome complexes was performed as described 
previously24. 

As a reference for FCCS recordings the fluorophores were conjugated to a double-stranded 
DNA and the cross-correlation signal was measured on the DNA diffusion in water. The 
experimental cross-correlation signal ranged between 80 and 90% of theoretically calculated 
maximum level. FCCS signal measured for diffusion of YidC-AlexaFluor 488 and YidC-Atto 
647N was used to detect YidC oligomers within the studied samples, and only YidC dimers 
described in previous studies were considered. The ratio between auto-correlation and cross-
correlation signal amplitudes was used to quantify the concentration of dual-labeled YidC 
dimers as described48. FCCS does not detect YidC oligomers bearing fluorophores of the 
same type, so this fraction of dimers was calculated based on FCS-derived YidC 
concentrations and assuming that YidC oligomerization was stochastic and did not depend on 
the fluorophore type. 
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FRET measurements 

Histidine-tagged YidC proteins labeled with AlexaFluor 488 and Cy3 dyes were mixed at 1:1 
molar ratio and diluted to final concentration of 100 nM in buffer A. Indicated amounts of 
RNC-F0c were added and incubated 10 min at room temperature. FRET experiments were 
performed on SLM2 Aminco Baumann spectrophotometer. Donor fluorophore AlexaFluor 
488 was excited at 480 nm and emission spectra of donor and acceptor dyes were recorded 
between 500 and 650 nm. The fluorescence was normalized for the signal intensity of free 
YidC at 520 nm. 

Results 

YidC:ribosome interaction in detergent solution 

To monitor the interaction of YidC with ribosomes, we aimed to employ high-sensitivity 
fluorescence detection methods. A hexa-histidine tag was conjugated to the YidC C-terminal 
end for purification needs. A single cysteine was introduced at the non-conserved position 
269 within the P1 domain20 of cysteine-less YidC allowing conjugation of a fluorescent 
marker followed by YidC purification (Fig. 1 A-C). Fluorescently labeled YidC was 
reconstituted into proteoliposomes formed of a synthetic lipid mixture (DOPG:DOPE:DOPC, 
3:3:4 molar ratio) that was previously shown to form stable proteoliposomes and that fully 
supports protein translocation activity by SecYEG21. To probe for the YidC activity, we 
analyzed the membrane integration of a natural substrate, the F0c subunit of the F1F0 ATP 
synthase, into proteoliposomes using a protease protection assay22. In the presence of YidC, 
the synthetic liposomes supported high levels of membrane-inserted F0c (Fig. 1D), showing 
that YidC retained its activity upon the introduced mutations and fluorescent labeling (Fig. 
1E).  
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Figure 1. Reconstitution of the YidC insertase activity in vitro. (A) Structural model of YidC. 
Recombinant YidC contained a C-terminal hexa-histidine tag and a unique cystein at position 269 
(marked red) within the periplasmic domain P1. Maleimide-derivatives of fluorophores AlexaFluor 488 
and Atto 647N were conjugated to YidC at this defined position and the protein was purified for further 
analysis. (B) Coomassie-stained SDS-PAGE of labeled and purified YidC, molecular weight 62 kDa. 
Molecular weights of protein markers are indicated on the left. (C) YidC-conjugated fluorophores were 
visualized within the SDS-PAGE prior Coomassie staining. (D) Synthetic lipids support YidC activity. 
35S-Labeled F0c subunit of ATP synthase was incorporated into YidC-containing proteoliposomes 
composed of either E.coli polar lipid extract (“E.coli”) or synthetic lipid composition (“synth”). 
Liposomes without YidC (“liposomes”) were used to probe for spontaneous insertion of F0c. (E) 
Mutations and fluorophore conjugation does not affect the YidC activity. Proteoliposomes were 
composed of synthetic lipids and contained identical levels of wild-type YidC (“YidCWT”) and single-
cysteine mutant of YidC conjugated to AlexaFluor 488 dye (“YidCC269AF488”). 
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To monitor the YidC:ribosome complex assembly, we used fluorescence correlation 
spectroscopy (FCS). FCS allows the characterization of the diffusion of fluorescently labeled 
molecules present at nano-molar concentrations, wherein the measured diffusion coefficient 
is inversely proportional to the hydrodynamic radius of the molecule (Fig. 2A) 23. The YidC-
AlexaFluor 488 diffusion was analyzed in a slightly acidic environment (pH 6.2) to match 
closely the conditions reported by Kohler and co-workers in the cryo-electron microscopy 
study (pH 5.8) 16. FCS recordings resulted in a typical sigmoidal auto-correlation trace (Fig. 
2B) and the rapid decay in the correlation signal could be attributed to YidC diffusion 
through the confocal volume. For YidC in its DDM solubilized state the average focal 
residence time of approx. 200 μs corresponded to a diffusion coefficient D of 42±1 cm2/s. 
Previously, we observed that DDM-solubilized SecYEG has a 1.5-fold lower mobility24 even 
though its molecular weight is similar to YidC, 70 and 67 kDa, respectively. The difference 
in the diffusion likely emerges from differences in shapes, number of transmembrane 
domains, and size of detergent micelles surrounding the proteins that determine their 
hydrodynamic radii25.  

Binding of YidC-AlexaFluor 488 to ribosomes should decrease its diffusion rate due to the 
much larger molecular radius of the formed complex (Fig. 2A)24. Indeed, when purified 
ribosome-nascent chain complexes that expose the N-terminal transmembrane segment of F0c 
(RNC-F0c; Fig. S1) were added in 5-10 fold excess (400-500 nM), a substantial shift in the 
YidC auto-correlation traces towards longer residence times (700-800 μs) was observed (Fig. 
2B). To quantify the binding efficiency of YidC to the RNC the auto-correlation traces were 
fitted with a two-component model as described previously24 and assuming the presence of 
both free and RNC-bound YidC in solution. The population of each component was 
determined from the fit. About 80% of the YidC molecules were bound to RNC at the 
assayed acidic conditions (Fig. 2C). We also analyzed the interaction of YidC with non-
programmed ribosomes (Fig. S1). Again, we observed a decrease in the YidC mobility, 
though the binding efficiency was reduced to 60% (Fig. 2C). 

Several independent studies suggest a role of the C-terminal end of YidC homologues in the 
interaction with ribosomes26-28. This cytoplasmic domain typically contains long stretches of 
positively charged amino acids, which are likely to assist in ribosome docking via 
electrostatic interactions. The C-terminal domain of E. coli YidC contains only 13 amino 
acids including 7 arginines and lysines29, and thus is relatively short compared to the C-
termini of YidC proteins for which ribosome binding has firmly been established. The 
recombinant YidC protein used for the cryo-EM studies16; 17 and replicated here is extended 
by a hexa-histidine tag that will be protonated at pH 6 and below. This increased positively 
charged character may facilitate ribosome binding in a non-physiologically manner.  
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To assess the specificity of the YidC:ribosome interaction, we investigated the binding 
reaction at an elevated pH 7.4 that corresponds to the physiological environment of the 
bacterial cytoplasm. Other components of the solution were not altered, including ADA as 
the buffering agent. Diffusion of YidC-AlexaFluor 488 alone occurred at similar rates as at 
pH 6.2 described above, D = 43±3 cm-2/s. However, in contrast to the acidic conditions, the 

Figure 2. YidC:ribosome interactions in the detergent environment. (A) YidC diffusion analysis by 
fluorescence correlation spectroscopy (FCS). Fluorophore-conjugated YidC molecules diffused through 
the illuminated confocal volume with the lateral size ω0 and the vertical size z0. Average residence time 
within the focal volume determined from the auto-correlation curve is in inverse proportion to the 
diffusion coefficient D of YidC that is determined by the hydrodynamic radius of the molecule. Size 
estimates for free and ribosome-bound YidC are shown. (B) FCS analysis on YidC:ribosome 
interactions. Normalized auto-correlation traces recorded on 50 nM YidC in its free state and in 
presence of 300 nM ribosome:nascent chain complexes (RNC-F0c) at different pH are shown. The shift 
in the auto-correlation traces indicated changes in the diffusion coefficient of YidC upon the ribosome 
binding. (C) YidC:ribosome binding efficiency at different pH. FCS data revealed that ribosome 
binding was strongly enhanced under acidic conditions. Non-translating ribosomes (“ribosomes”) 
showed lower YidC binding compared to RNC-F0c. (D) Designing tag-less YidC variant. Hexa-
histidine tag was removed from the YidCFX construct by specific proteolysis. Removal of the tag caused 
shift of both CBB-stained and fluorescent YidC band on SDS-PAGE and was confirmed by Western-
blotting against the histidine tag. (E) Protonation of the histidine tag dictates YidC:ribosome 
interactions. Protease-processed YidCFX* lacking the tag showed minor 22% RNC binding at the acidic 
conditions. Control tagged YidCFX showed slow diffusion in the presence of RNC-F0c and was 
competent for the ribosome binding. 
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addition of RNC-F0c at pH 7.4 only slightly affected the auto-correlation curve of YidC (Fig. 
2B) suggesting that a large fraction of YidC remained in its free state. Indeed, two-
component analysis of the FCS data revealed RNC binding of only 23% of YidC (Fig. 2C). 
Furthermore, the interaction was completely abolished if non-programmed ribosomes were 
used.  

To validate a contribution of the histidine tag of the recombinant YidC in the interaction, a 
variant of YidC with a cleavable histidine tag (YidCFX) was designed that allowed removing 
the tag with factor Xa protease (Fig. 2D). When using the tag-less YidCFX* in the FCS 
experiments, binding of RNC-F0c at acidic conditions was reduced to only 22% (Fig. 2E). 
This binding was barely altered by an increase of the pH to the physiological value of pH 7.4, 
again showing complex formation with RNCs by 19% of the YidC. From these experiments 
we conclude that the histidine tag strongly promotes the association of the recombinant and 
detergent-solubilized YidC with RNCs and empty ribosomes at acidic conditions that may 
not reflect naturally occurring interactions. Moreover, under physiological buffer conditions, 
YidC interacts only with translating ribosomes. 

Oligomeric state of YidC in detergent solution 

Early studies on YidC extracted from bacterial membranes suggested that the protein is 
present both in a monomeric and dimeric form22; 30. Crystallographic analysis suggested that 
YidC forms symmetric dimers in the membrane17, while the cryo-EM study on the 
YidC:RNC-F0c complex suggested that two copies of YidC bind to the ribosomal tunnel 
exit16. Also weak cross-linking between detergent-solubilized YidC protomers was observed 
in the presence of RNCs. To probe the oligomeric state of YidC in its free form and bound at 
the ribosome we implemented fluorescence cross-correlation spectroscopy (FCCS) 31. This 
technique measures the fluorescence intensities of spectrally separated fluorophores and 
correlates those over time, thus reporting on their co-migration or independent diffusion. For 
the FCCS experiment YidC-containing membranes were solubilized and two spectrally 
different fluorophores, AlexaFluor 488 and Atto 647N, were added simultaneously, so 
labeling of individual YidC protomers with either of the dyes could occur stochastically. 
Total YidC labeling of about 110% was achieved that consisted of 60% AlexaFluor 488 and 
50% Atto 647N, and a small contribution of unspecific labeling of about 5-10% for each 
fluorophore (Fig. S2). The FCCS analysis performed in 0.1% DDM at pH 6.2 confirmed that 
less than 10% of the YidC species contained both fluorophores matching the unspecific 
labeling level (Fig. 3A). Alternatively, AlexaFluor 488 and Atto 647N fluorophores were 
conjugated to YidC in individual reactions and the differently labeled YidC molecules were 
mixed together to probe the association of hetero-oligomers. Only weak cross-correlation 
signal was measured (below 5%), showing that YidC was present exclusively as monomers in 
detergent solution. 
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To assay YidC:RNC complex formation the dual-labeled YidC in DDM was diluted to a 
concentration of 50 nM and mixed with 300 nM RNC-F0c at pH 6.2. A large shift in auto-
correlation curves recorded for both AlexaFluor 488 and Atto 647N-labeled YidC occurred 
consistent with the YidC being bound to the RNCs. However, the cross-correlation signal 
was barely affected (Fig. 3B), suggesting that YidC largely remained in its monomeric state 
when bound to the ribosomes. The observation that a single YidC copy is sufficient for 
binding ribosomes opposes earlier results from the cryo-EM study16. However, we observed a 
substantial increase of the FCCS signal, and so YidC oligomerization when the RNC-F0c 
concentration was reduced to 60 nM (Fig. 3B). The apparent diffusion time measured for 
YidC oligomers from the FCCS trace (~950 μs) matched well with the value recorded on the 
ribosomes alone24, indicating that the YidC oligomerization indeed occurred on the ribosome. 
In a complementary experiment YidC proteins were labeled with AlexaFluor 488 and Cy3 
fluorophores, which form a pair for Förster resonance energy transfer (FRET). Differently 
labeled YidC proteins were mixed at equimolar ratio at final concentration of 100 nM and the 
oligomeric state of YidC was probed via conventional FRET measurements. For freely 

Figure 3. Oligomeric state of detergent-solubilized YidC. (A) Purified YidC exists in monomeric form. 
YidC was incubated in presence of spectrally separated fluorophores and was subject to FCCS analysis 
at pH 6.2. The amplitude of the cross-correlation signal did not exceed 10% and reflected limited 
unspecific labeling of YidC, i.e. those molecules which bear both fluorophores, while no YidC 
oligomers could be detected. (B) YidC monomers are competent to bind ribosomes. Differentially 
labeled histidine-tagged YidC (50 nM) was incubated with varying concentrations of programmed 
RNCs at pH 6.2. In presence of an excess RNCs (300 nM) no substantial YidC oligomerization was 
detected, as cross-correlation signal was nearly at background levels. At the YidC:RNC ratio 
approaching 1:1 strong cross-correlation was observed, suggesting several copies of YidC binding to a 
single ribosome. (C) Oligomerization of YidC is concentration-dependent. YidC molecules labeled with 
AlexaFluor 488 and Cy3 fluorophores were analyzed for FRET in their free and RNC-bound states. No 
FRET signal was measured for freely diffusing YidC (100 nM) or bound to the excessive amounts of 
RNC (500 nM), while acceptor fluorescence, and so YidC oligomerization, was detected upon adding 
low amounts of RNC (50 nM). 



Chapter 4 – Native architecture of the YidC:Ribosome complex 
__________________________________________________________________________ 

104 

diffusing YidC the emission spectrum was dominated by AlexaFluor 488 (donor) 
fluorescence with a characteristic peak at 520 nm, and it was barely affected in presence of 5-
fold excessive amounts of RNC (Fig. 3C). However, when YidC and ribosomes were present 
at 2:1 molar ratio, a pronounced signal from the Cy3 fluorophore (acceptor) was detected at 
570 nm, while the donor fluorescence was decreased, suggesting efficient FRET between two 
ribosome-bound YidC copies. Since a 10-fold excess of YidC was used previously to form 
YidC:RNC complexes16, the corresponding cryo-EM structure likely resolved a 
concentration-dependent oligomer of YidC. 

YidC:ribosome interaction in lipid membranes 

Detergents often do not fulfill all requirements for membrane protein functioning due to a 
lack of specific polar/apolar interactions and/or altered lateral pressure profiles19; 32. For 
instance, we have previously demonstrated a strong effect of the molecular environment on 
the binding properties of SecYEG to its ligands, i.e. ribosomes and the SecA motor protein24. 
An alternative to the detergent-solubilized state is the reconstitution of membrane proteins 
into small lipid patches known as nanodiscs33. Nanodiscs of a pre-defined size are formed by 
two copies of a major scaffold protein (MSP) that build a boundary for 100-200 lipid 
molecules forming a bilayer. Depending on the length of the MSP construct the enclosed 
bilayer area ranges between 40 and 90 nm2. The bilayer area is typically sufficient to 
accommodate single or multiple integral membrane proteins, thus providing a physiologically 
relevant environment that supports protein activity34.  

YidC-AlexaFluor 488 was reconstituted into nanodiscs in 10-fold excess of the MSP to 
achieve a monomeric state of YidC in the nanodiscs (Fig. 4A). According to the Poisson 
distribution, 16% of formed nanodiscs were predicted to contain YidC monomers and the 
fraction of nanodiscs that contained multiple copies of YidC was predicted below 3%, 
leaving the remaining 80% nanodisc empty. These monomeric YidCmono-Nd samples were 
subjected to size-exclusion chromatography to remove occasional aggregates or liposomes. 
YidCmono-Nd repeatedly eluted at fractions 14-15, while nanodiscs containing pure lipids 
eluted at fraction 16 and later (Fig. 4B). The shift in the elution profile is likely to occur 
because of the large (30 kDa) periplasmic domain of YidC that is exposed above the 
membrane surface, thus contributing to the hydrodynamic radius of the YidCmono-Nd 
assembly. Resulting discs were about 10 nm diameter as verified by the negative stain EM, 
and the monomeric state of YidC was confirmed by FCCS using the YidC labeled with 
AlexaFluor 488 and Atto 647N as described in the previous section (Fig. S3). Diffusion of 
YidCmono-Nd was characterized by FCS at pH 7.5 to avoid protonation of the histidine-tag 
(Fig. 4C) and the diffusion coefficient of 31±2 cm2/s matched closely the value previously 
recorded for SecYEG nanodiscs24.  
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In the following step, RNC-F0c were added in 5-fold excess to YidCmono-Nd and the binding 
efficiency was analyzed based on the shift in YidCmono-Nd auto-correlation traces. About 

Figure 4. Lipid-reconstituted YidC specifically interacts with RNCs. (A) Structural organization of a 
YidC-containing nanodisc (YidC-Nd). A single YidC copy occupies below 20% of the nanodisc inner 
surface area. (B) Isolation of YidC-Nd. YidC-Nd were fractionated and separated from empty nanodiscs 
upon size-exclusion chromatography as shown on SDS-PAGE (top: AlexaFluor 488 fluorescence, 
bottom: Coomassie staining). Fraction #14 was used for further analysis. (C) FCS analysis on YidC-
Nd:ribosome interactions. Normalized auto-correlation curves recorded on YidC-Nd in the absence and 
presence of ribosomes and RNCs at pH 7.5 showing a shift upon RNC binding to YidC. (D) The 
oligomeric state of YidC does not affect the ribosome binding. FCS experiments on ribosome binding 
to nanodiscs containing single (YidCmono-Nd) and multiple (YidColigo-Nd) copies of YidC did not reveal 
differences in the binding efficiency. 
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80% of YidCmono-Nd formed complexes with the RNCs at pH 7.5, and RNC binding was 
concentration-dependent (Fig. 4D), contrasting the detergent-solubilized YidC that binds 
RNCs with low affinity (Fig. 2C). However, when non-programmed ribosomes were added, 
no change in YidCmono-Nd mobility was observed, demonstrating that YidC only interacts 
with RNCs that contain an emerging nascent chain. These result support previous observation 
on YidC:ribosome interactions within biological membranes and show for the first time that 
single YidC protomer is competent for interactions with ribosomes containing a nascent 
chain.  

To study the properties of YidC oligomers, the insertase was reconstituted into nanodiscs at 
high YidC:MSP ratio that ensured multiple copies of YidC embedded within single nanodiscs 
(YidColigo-Nd). According to the Poisson distribution, reconstitution of YidC into nanodiscs at 
a molar ratio 2:1 would result in 27% nanodiscs containing YidC one copy of YidC and about 
60% nanodiscs containing multiple YidC molecules, with “dimers” as the most abundant 
species. Assuming that the orientation of YidC within a nanodisc is stochastically-driven, 
physiologically-oriented dimers will be present in about 35% of the formed nanodiscs, while 
this value will decay rapidly for higher oligomers approaching 1% for YidC tetramers. The 
presence of multiple copies of YidC per nanodisc within the YidColigo-Nd sample was 
monitored by FCCS using YidC labeled with AlexaFluor 488 and Atto 647N (Fig. S3). Based 
on the cross-correlation analysis, we concluded that above 60% of the YidColigo-Nd contained 
multiple YidC molecules in the selected fraction. Auto-correlation traces showed similar, 
within 10% difference, diffusion times for YidCmono-Nd and YidColigo-Nd samples that 
reflected similar dimensions of formed nanodiscs (Fig. S3). When adding empty or 
translating ribosomes to YidColigo-Nd, we found that YidColigo-Nd were able to bind RNC-F0c, 
but not empty ribosomes. Importantly, binding occurred at similar level as for YidCmono-Nd 
(Fig. 4D) suggesting that monomeric YidC is fully compatible for building a functional 
complex with ribosomes. 

In vivo complementation studies showed that the deletion of the C-terminal domain 
(YidCΔC) has no effect on bacterial growth, showing that the domain is not essential for the 
activity14. In contrast, a co-sedimentation assay performed by Kohler and co-workers on the 
detergent-solubilized YidC showed that no interactions occurred between YidCΔC and 70S 
ribosomes16. However, no analysis on translating ribosomes was performed, and the 
experiments were conducted under acidic conditions that promote binding of the histidine-
tagged YidC to ribosomes, as described above. Therefore, we further investigated functional 
properties of the C-terminal truncated YidC. The YidCΔC construct was analyzed for its 
ability to complement the YidC depletion strain FTL10 35. Both histidine-tagged and non-
tagged YidCΔC fully rescued the growth defect of the deletion strain (Fig. 5A), in agreement 
with previous results14. Remarkably, liposome-reconstituted YidCΔC mutant also supported 
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insertion of the model substrate F0c at the same level, as wild-type YidC (Fig. 5B). As 
YidCmono-Nd is competent for RNC binding, we purified and reconstituted monomers of 
YidCΔC into nanodiscs to assess the role of the C-terminal domain of YidC in the 
interaction. The YidCmonoΔC-Nd was competent for RNC binding, though the efficiency 
substantially reduced from 80% to 21±3% (Fig. 5C). These data show that the short C-
terminal end of YidC is not essential for the interaction between YidC and translating 
ribosomes, but enhances the affinity for complex formation.  

 

 

Discussion 

Here, we present a detailed analysis of the interaction between the conserved YidC insertase 
and ribosomes and demonstrate that the assembly of the YidC:ribosome complex depends 
both on properties of the interacting molecules and their environment. Employing lipid-
containing nanodiscs rather than conventional proteoliposomes allowed us to design a system 
suitable for quantitative fluorescence spectroscopy and to analyze the assembly of the 
YidC:ribosome complex to define the quaternary structure of the insertase.  

Extensive research performed on the eukaryotic YidC homolog Oxa1 validated its 
interactions with ribosomes upon substrate insertion26; 27. Also, evidence for ribosome binding 
to purified detergent-solubilized YidC and YidC present in native membranes has been 

Figure 5. The C-terminal domain of YidC is not essential for YidC activity. (A) YidC C-terminal deletion 
does not affect bacterial growth. Truncated forms of YidC that lack the C-terminal domain (“YidCΔC”) 
and the hexa-histidine tag (“YidCΔCΔHis”) supported the bacterial viability at the endogenous YidC-
depleting conditions in absence of arabinose. Cells transformed with either an empty pTrc99a vector 
(“empty”) or a plasmid encoding for wild-type YidC (“YidC”) were used as a negative and positive 
controls, respectively. (B YidC C-terminus is not essential for activity in vitro. Both wild-type YidC and 
YidCΔC supported insertion of F0c substrate protein into proteoliposomes. (C The YidC:RNC interaction 
is stimulated by the C-terminal domain of YidC. Normalized auto-correlation curves recorded on 
histidine-tagged YidCΔC-Nd in absence and presence of 300 nM RNCs at pH 7.5 are shown. The shift in 
the FCS curves describes ribosome binding to 21±3% YidC. 
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presented previously15; 16. However, these studies yielded contradictory results, and thus the 
specificity for YidC:ribosome complex formation, its molecular architecture and the 
recognition mechanism have remained elusive. Recently, Kohler and co-workers described 
the low resolution cryo-EM structures of both the Oxa1 and YidC proteins, and it was 
suggested that they form symmetric dimers at the substrate exit of a translating ribosome. 
Remarkably, the YidC:ribosome complex was formed and visualized at non-native acidic 
conditions, below pH 6. These non-native conditions likely were necessary to efficiently 
produce stable YidC:ribosome complexes for cryo-EM investigation. Based on a robust 
fluorescence-based approach, we now show that the pH-dependent electrostatic interactions 
strongly stimulate YidC:ribosome complex formation in the detergent environment, caused 
by the use of a recombinant form of YidC with a hexa-histidine tag at its carboxyl-terminus. 
At slightly acidic environment the histidine-tagged YidC protein efficiently formed a 
complex with ribosome, irrespective on the translation state, while the interaction was 
strongly inhibited at physiological pH or upon removal of the tag. In contrast, membrane-
reconstituted YidC was competent for binding translating ribosomes at the physiological pH, 
thus highlighting the importance of a relevant molecular environment. The lack of an 
interaction between YidC and non-programmed ribosomes points at a critical role of the 
emerging nascent chain in targeting of the RNCs to the membrane insertase. In agreement 
with our findings, Welte and co-workers have recently reported weak and surface-scattered 
interactions between non-translating ribosomes and YidC incorporated in native membranes, 
which could only be detected by mass spectroscopy analysis upon chemical cross-linking15. 
Future studies should address the specificity of YidC to nascent chains of different lengths 
and hydrophobicity, in order to reveal the determinants of the insertion pathway24; 36. 

Interestingly, a recent effort on studying interaction partners for YidC incorporated into 
nanodiscs did not reveal interactions with ribosomes or any other cytoplasmic 
macromolecule37. In this study, a specific reconstitution procedure was employed in which no 
additional lipids were supplied that resulted in tight packing of YidC within the nanodisc. 
Because of spatial considerations, this may have caused interference with the ability of YidC 
to bind ribosomes. Also, as our data indicates that the lipid environment is an essential 
component for the YidC:ribosome complex assembly, suggesting that the native interactions 
were abolished in the lipid-free reconstituted system. 

The Oxa1 insertase contains a long (> 150 amino acids) and positively charged C-terminal 
domain that was demonstrated to bind ribosomes. Driven by strong electrostatic interactions, 
the Oxa1:ribosome binding also occurs in absence of the emerging nascent chain27, and the 
isolated C-terminal domain was shown to interact strongly with ribosomes26; 38. Though being 
a likely evolutionary ancestor for eukaryotic insertases 39, YidC proteins of Gram-negative 
bacteria differ from Oxa1 in their C-termini. This region of the E. coli YidC contains only 13 
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amino acids, with a net charge of +7 29, and is not essential for activity as the truncated 
variant YidCΔC fully complements the insertase functioning in vivo, in agreement with 
previous studies14. We now show that the YidC:RNC binding and the insertase activity of 
reconstituted YidC are not completely abolished upon removal of the YidC C-terminal 
domain, explaining its functional properties. Being present in abundance within the bacterial 
membrane40, YidC may support protein insertion even if the affinity to the ribosome is 
reduced by the C-terminal domain deletion. This suggests that other docking sites on YidC 
contribute to ribosome binding. A possible candidate is the cytoplasmic loop L2 that contains 
approximately 50 amino acid residues with a net charge +11  29.  

With limited insight in the structure of YidC, its functional oligomeric state is not well 
established, though it might be a crucial factor for the insertase functioning. Initially, dimers 
of over-expressed YidC were observed by blue-native PAGE22 and also membrane-
reconstituted YidC was shown to form dimers upon tight packing within two-dimensional 
crystals, though no contact points between the protomers were observed in the density 
maps17. The latest cryo-EM efforts visualized a feature-less density at the ribosomal tunnel 
exit that was assigned to a YidC dimer based on its spatial dimensions16. Furthermore, the 
YidC homologues Alb3 and Oxa1 were suggested to form dimers or tetramers41; 42, which 
may be arranged to form a consolidated pore of 1-2 nm diameter within the membrane43. 
Here, we employed a quantitative FCCS approach to characterize the quaternary state of 
YidC while bound to the ribosome. Our experiments did not reveal YidC oligomers upon 
purification, suggesting that either YidC is present as monomers or that the interactions 
between the protomers are weak or transient in agreement with the loose packing of YidC 
protomers within two-dimensional crystals17. In contrast to the previous structural model for 
the YidC:ribosome complex, we demonstrated here for the first time that monomeric YidC is 
sufficient to bind a translating ribosome, both in the detergent-solubilized state and at the 
lipid membrane interface, although oligomers of YidC bound to RNCs at specific conditions 
(low pH, excess of YidC). Importantly, multiple copies of YidC reconstituted within a 
nanodisc did not stimulate the interaction with ribosomes, so the YidC:ribosome complex 
involves binding sites within a single YidC molecule. However, as YidC;ribosome binding at 
the membrane interface represents an initial step during YidC-driven substrate insertion, 
further YidC oligomerization via intramembrane protein:protein interactions along the 
functional cycle cannot be excluded and will be examined in future studies. 
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Figure S1. Purification of programmed and non-programmed ribosomes. (A) Organization of 
the programmed ribosome:nascent chain complex (RNC). Emerging polypeptide chain of the 
F0c protein is fused to a regulatory SecM sequence at the C-terminal end, so the ribosome 
translation can be stalled in a defined state, with the first F0c transmembrane segment (TMS) 
being fully exposed from the ribosome tunnel. The N-terminal end of the F0c is conjugated to 
the triple Strep tag. (B) Isolated ribosomes and RNCs are visualized on SDS-PAGE stained 
with Coomassie. Multiple bands for non-translating ribosomes and RNC samples correspond 
to ribosomal proteins. Molecular masses (kDa) of protein markers are indicated on the left. (C) 
The presence of the stalled F0c nascent chain in translating RNCs at 13 kDa is confirmed by 
Western blot using antibodies against the Strep-tag. The band at 35 kDa corresponds to the F0c 
polypeptide complexed with tRNA. Molecular masses of biotinylated protein markers are 
indicated on the left. 
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Figure S2. Stochastic labeling of YidC with spectrally different fluorophores. Detergent-solubilized 
YidC bearing a single cysteine was incubated in presence of 200 μM AlexaFluor 488-C5-maleimide 
and Atto 647N-maleimide to achieve equal labeling of YidC protomers. Labeled YidC was purified 
as described and manifested overall labeling of 110-115 %, including limited unspecific labeling. 

Figure S3. FCCS analysis of the number of YidC molecule incorporated into nanodiscs. Differently 
labeled YidC molecules were mixed at AlexaFluor 488 to Atto 647N ratio of 1:1 and reconstituted 
into nanodiscs at low (A) and high (B) densities to achieve single and multiple copies of YidC within 
a single disc, respectively. The fraction of nanodiscs containing multiple YidC molecules was 
determined from the ratio of the cross-correlation signal to the amplitude of the auto-correlation 
curves. 
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Abstract 
 
The YidC/Oxa1/Alb3 family of membrane proteins is involved in the biogenesis of integral 
membrane proteins in bacteria, mitochondria and chloroplast. Gram-positive bacteria often 
contain multiple YidC paralogs. Based on phylogenetic analysis, these bacterial YidC 
proteins can be subdivided in two major classes, namely YidC1 and YidC2. The 
Streptococcus mutans YidC1 and YidC2 proteins possess C-terminal tails that differ in 
charge (+9 and +14) and length (33 and 61 amino acids), respectively. The longer YidC2 C-
terminus bears resemblance to the C-terminal ribosome-binding domain of the mitochondrial 
Oxa1 protein. In contrast to YidC1, YidC2 can functionally replace Oxa1 in mitochondria, 
which has led to the suggestion these proteins functional differ in their ability to interact with 
ribosomes. Here we show that both YidC1 and YidC2 interact with bacterial ribosomes, and 
that this interaction is stimulated by the presence of a nascent membrane protein. The 
interaction is abolished upon deletion of the C-terminal tail, which also abrogates the YidC-
dependent insertion of subunit c of the F1F0-ATPase into the membrane. It is concluded that 
both YidC1 and YidC2 interact with ribosomes implying that the mode of membrane 
insertion by these membrane insertases is similar.  
 
Introduction 
 
The bacterial membrane protein YidC is a member of YidC/Oxa1/Alb3 protein family that is 
universally conserved in all three domain of life (1). YidC/Oxa1/Alb3 proteins are known to 
contribute to the insertion, folding and multisubunit complex assembly of membrane proteins 
(2,3). Several studies have shown that the function of YidC family members is conserved and 
that these membrane protein insertases are interchangeable. For instance, the Escherichia coli 
YidC and its mitochondrial inner membrane homologue Oxa1 can be functionally replaced 
(4,5). The number of YidC/Oxa1/Alb3-like proteins differs between species and ranges from 
a single YidC in Gram-negative bacteria up to six copies in the plant Arabidopsis thaliana 
(2,6,7). Gram-positive bacteria such as Bacilli, Lactobacilli, Streptococci, and Actinobacteria 
often harbor two YidC homologs (1). For instance, the B. subtilis YqjG and SpoIIIJ are 
homologous to the E. coli YidC, and either protein suffices to support vegetative growth (8,9). 
On the other hand, YqjG and SpoIIIJ fulfill specific functions in natural competence 
development and sporulation, respectively (10,11). Likewise, Streptococcus mutans contains 
two YidC homologs, termed YidC1 and YidC2 (Fig. 1A). Either of these is sufficient for 
viability, but the proteins also perform specific roles as single gene deletions affect the cell 
function differently (12). Deletion of the yidC1 gene results in an impaired biofilm formation 
(13), while deletion of the yidC2 gene causes a stress-sensitive phenotype comparable to 
mutants lacking the SRP pathway (12). The latter concerns impaired biofilm formation, 
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decreased ATPase activity and growth defects under acid, osmotic and oxidative stress 
conditions (12). Interestingly, the stress tolerance and ATPase activity defects of the ΔyidC2 
mutant are complemented by a chimeric YidC1 protein that bears the C-terminus of YidC2 
(14). Therefore, the C-terminus appears to play a key role in the specific YidC function. 
 

 
 
FIG. 1. Overexpression of S. mutans YidC1 and YidC2 in E. coli. A) Schematic representation of 
the predicted topology of S. mutans YidC1 and YidC2. The position where the C-termini of YidC1 
and YidC2 were deleted is indicated by an arrow. The first transmembrane segment of S. mutans is 
predicted to be a lipoprotein signal sequence that might be processed with lipid modification at the 
new amino-terminus. B) E. coli BL21(DE3) wild type IMVs or IMVs harboring overexpressed 
YidC1, YidC2 or YidC1(1-240) were analyzed by SDS-PAGE and Coomassie brilliant blue 
staining. C) E. coli LEMO21(DE3) wild type IMVs or IMVs harboring overexpressed YidC2 or 
YidC2(1-274) were analyzed by SDS-PAGE and Coomassie brilliant blue staining. 
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The C-termini of YidC1 and YidC2 are both positively charged, but the C-terminus of YidC2 
is much longer (61 residues) and carries a higher net charge (+14) than the C-terminus of 
YidC1 (33 residues, +9) (Fig. 1A). In this respect, the YidC2 C-terminus more closely 
matches the C-terminus of Oxa1 (86 residues, +14) with respect to length and charge. The 
Oxa1 C-terminus acts as a binding site for mitochondrial ribosomes (15). In the yeast 
Saccharomyces cerevisiae, YidC2 or E. coli YidC chimers carrying the longer C-terminus of 
YidC2 are able to complement the Oxa1 deletion phenotype for growth on non-fermentable 
carbon sources (16). Since neither YidC1 nor the native E. coli YidC are able to complement 
the Oxa1 function, complementation by YidC2 was attributed to its elongated C-terminal tail 
(16). Furthermore, YidC2 and the E. coli YidC chimer carrying the C-terminus of YidC2 
were shown to bind mitochondrial ribosomes (16). These observa-tions point at an important 
structural and functional role of the C-terminal tail in ribosome binding suggesting that 
YidC1 and YidC2 may differ in their mode of action, with only the latter able to support co-
translational membrane insertion through a direct interaction with ribosomes (16). 
 
Importantly, mitochondrial and bacterial ribosomes are structurally very different, and it is 
unknown which specific characteristics of the C-terminus of YidC determine the ribosome 
binding and/or specificity. Here, we have investigated the interaction of the S. mutans YidC1 
and YidC2 proteins with bacterial ribosomes. Our data indicate that both membrane 
insertases are capable of ribosome binding involving their positively charged C-termini. This 
interaction is essential for membrane insertion of subunit c of the F1F0-ATPase.  Therefore, it 
is concluded that the functional distinction between YidC1 and YidC2 relates to aspects of 
substrate specificity rather than the mode of insertion. 

 
 

Experimental procedures 
 
Strains and plasmids - YidC1 (SMU.337) and yidC2 (SMU.1727) were PCR amplified using 
Phusion® polymerase (Finnzymes) with genomic DNA of S. mutans UA159 (17) as template 
and the forward and reverse primers listed in Table 1. PCR products were cleaved with NcoI 
and BamHI and ligated into the corresponding sites of pTRC99a (18) yielding pZW337 and 
pZW1727, respectively. The same YidC2 (SMU.1727) PCR product was also ligated between 
the NcoI and BamHI sites of pET15b, yielding pJK821. To delete the C-terminus of YidC, 
yidC1 was amplified using SMU.337fw and SMU.337(1-240)rev (Table1) and ligated into 
pTRC99a yielding pZW337(1-240). To delete the C-terminal 36 residues of YidC2, yidC2(1-
274) was amplified using SMU.1727(1-274)rev, cleaved with NcoI and BamHI and cloned 
into pET15b, yielding pJK823. To obtain stable ribosomes charged with F0c nascent chains, 
the PstI-EcoRV fragment of the plasmid pUC19Strep3FtsQSecM (19) was exchanged with a 
fragment coding for the first 44 residues of E. coli F0c that includes first transmembrane 
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domain and part of the cytoplasmic loop. The resulting plasmid (pJK763) encodes the F0c 
fragment preceded by an N-terminal triple Strep-tag and a C-terminal SecM stalling sequence 
yielding a nascent chain length of 123 amino acids. All plasmids were verified by sequence 
analysis. The E. coli strain Lemo21(DE3) was from New England Biolabs. 
 
 
Table 1. PCR primers used 
 
Primers Sequences 

SMU.337 fw CGAGATCGCCATGGTGAAAAAGAAATATAGAATTATTG 

SMU.1727 fw CGGTCTCGCCATGGTGAAAAAAATTTACAAGCGTCTTTTATTT
TCG 

SMU.337 rv CGCCCGCGGATCCTTATTTTCTCTTTTTATGTGCTTTCTTTTTAG 

SMU.1727 rv CGGCCCGGATCCTTATTGCTTATGGTGACGCTGTTTAC 

SMU.337(1-240) rv CGCACGCGGATCCTTAAAAGGGATTATTTAACAACAGAATCTG 

SMU.1727(1-274) rv CCCCCCCGGATCCTTATGATTTGAAAGGTTTTGGAGGG 

 
 
Overexpression of YidC1 and YidC2 in E. coli - E. coli BL21 (λDE3) (Table 2) was 
transformed with pZW337, pZW1727 or pZW337(1-240). Cells were cultured in LB 
supplemented with 0.5% glucose and 100 μg/mL ampicillin at 30 °C to an OD600 nm of 0.7. 
Overexpression was induced with 1 mM IPTG and cells were grown for an additional 30 
minutes. Cells were harvested using the Beckmann JLA8.1000 rotor  (6900 rpm, 15 min, 4 
C) and inner membrane vesicles (IMVs) were isolated as described (20). For the 

overexpression of YidC2 and YidC2(1-274) in E. coli Lemo21(DE3), cells were transformed 
with pJK821 or pJK823, and cultured in LB supplemented with 0.25 mM rhamnose at 30 ºC 
to an OD600 nm of 0.5. Overexpression was induced with 0.4 mM IPTG and cells were grown 
for an additional 3 hours before harvesting. 

 
Ribosome and RNCs complex purification - Ribosomes and F0c-ribosome nascent chain 
complexes (RNCs) were isolated from E. coli BL21(DE3)Δtig (Table 2) or BL21(DE3)Δtig 
transformed with pJK763 as described previously (21). The ribosome concentration was 
determined spectrophotometrically at a wavelength of 260 nm using an extinction coefficient 
of 4.2 × 107 L mol-1cm-1. Stalled nascent chains were detected by SDS-PAGE followed by 
Western blotting using an antibody against the STREP-tag (IBA). 
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Table 2. Strains and Plasmids used 
 
 
Plasmids/Strains Characteristics Reference 

E. coli BL21(λDE3) F- dcm ompT hsdSB (rB
- mB

-) gal λ(DE3) (32) 

E. coli BL21(DE3) tig F- dcm ompT hsdSB (rB
- mB

-) gal (DE3) tig (33) 

E. coli Lemo21(DE3) fhuA2 [lon] ompT gal (λ DE3) dcm ∆hsdS/   
pLemo(Camr)    

New England 

Biolabs 

pTRC99A Expression vector for E. coli based on pKK233-2, 
carries a hybrid trp/lac promoter and multiple 
cloning site of pUC18; Ampr 

(18) 

pET15b Expression vector with T7 promoter Novagen 

pZW337 S. mutans yidC1 in pTRC99A This study 

pZW1727 S. mutans yidC2 in pTRC99A This study 

pZW337(1-240) S. mutans YidC1(1-240) in pTRC99A This study 

pJK821 S. mutans yidC2 in pET15 This study 

pJK823 S. mutans YidC2(1-274) in pET15b This study 

pJK763 

 

pUC19-based plasmid for expression of the first 
44 residues of E. coli F0c, preceded by a triple 
STREP-tag followed by the SecM stalling 
sequence 

This study 

 
Surface Plasmon Resonance (SPR) - SPR analysis of the binding of ribosomes or RNCs to 
YidC1 or YidC2 containing membranes was performed on Biacore 2000 and 3000 systems 
(GE Healthcare) as described (21,22). IMVs isolated from BL21(DE3) or LEMO(DE3) cells 
or IMVs containing overexpressed levels of YidC1 or YidC2 were immobilized on a L1 
sensor chip (GE Healthcare) in separated channels. Ribosomes or RNCs in buffer B (50 mM 
Tris-HCl, pH 7.5, 150 mM KCl, 5 mM MgCl2, 1 mM DTT, and 0.5 mg/ml BSA) were 
injected into the channel at a flow rate of 20 μl/min. The binding surface was regenerated by 
a short injection of 100 mM Na2CO3 pH10. Specific binding signals were corrected for 
background binding to wild-type IMVs. 
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Miscellaneous methods - The in vitro insertion of F0c into IMVs was performed as described 
(23). SDS-PAGE was performed according to standard protocols. IMVs concentrations were 
determined using the Bio-Rad RC DC protein assay kit using BSA as standard. 
 
Results 
 
Functional overexpression of S. mutans YidC1 and YidC2 in E. coli – The S. mutants yidC1 
and yidC2 genes were cloned into pTRC99A and overexpressed in E. coli BL21(DE3) or 
Lemo21(DE3) cells. SDS-PAGE analysis of isolated inner membrane vesicles (IMVs) 
showed additional bands of 23 and 27 kDa corresponding to full length YidC1 and YidC2, 
respectively (24) (Fig. 1B). To confirm that the proteins were active, their ability to mediate 
the membrane insertion of the c-subunit of the F1F0 ATPase (F0c) was examined. F0c is a 
small, double spanning membrane protein that inserts into the membrane in a YidC 
dependent manner (25). A previous study had shown that YidC1 or YidC2 can rescue the F0c 
insertion defect in YidC depleted E. coli cells (24). Wild-type E. coli F0c was synthesized in 
vitro in the presence of IMVs containing overexpressed YidC1 or YidC2 or wild-type IMVs 
and membrane integration was assayed using proteinase K (25). Overexpression of YidC1 or 
YidC2 stimulated the insertion of F0c into the membrane (Fig. 2A) above the levels observed 
with only the endogenous YidC. These data show that YidC1 and YidC2 of S. mutans can be 
functionally overexpressed in E. coli and that both proteins support the membrane insertion 
of F0c. 
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YidC1 and YidC2 interact with translating and non-translating bacterial ribosomes – Surface 
Plasmon Resonance (SPR) was used to analyze the binding of bacterial ribosomes to the 
membrane embedded S. mutans YidC1 or YidC2 proteins. SPR was previously shown to 
accurately detect the high affinity interaction between ribosomes and the SecYEG complex 
(21). IMVs containing overexpressed YidC1 or YidC2 were immobilized on a L1 chip 
(21,22) and E. coli ribosomes were injected in the flow. To compensate for “bulk” 
contributions to the SPR signal and background binding to the membranes, all measurements 
were corrected for binding to wild-type IMVs present in a reference channel that only contain 
the native levels of YidC (22). Ribosome binding to YidC2 resulted in a specific binding 
response of 88 RU (Fig. 3C). Surprisingly, the E. coli ribosomes also interacted with YidC1 
resulting in an even higher binding response of 132 RU (Fig. 3C). Although the difference in 
binding response may be due to a difference in overexpression levels (Fig. 1B), these data 
clearly demonstrate that both YidC1 and YidC2 are able to interact with bacterial ribosomes. 

FIG. 2. F0c insertion activity of S. mutans YidC1 and YidC2 and the C-terminal deletion mutants. A) 
F0c was synthesized in vitro in the presence of [35S]methionine and wild-type E. coli BL21(DE3) wild 
type IMVs or IMVs containing overexpressed YidC1, YidC2 or YidC1(1-240). Lanes 1-5 show 10% 
of the synthesis reactions. Lane 6-10 show the protease protected, membrane inserted 35S-labeled F0c. 
B) F0c was synthesized in vitro in the presence of [35S] methionine and wild-type E. coli 
Lemo21(DE3) IMVs or IMVs containing overexpressed YidC2 or YidC2(1-274). Lanes 1-4 show 
10% of the synthesis reactions. Lane 5-8 show the protease protected, membrane inserted, 35S-labeled 
F0c. All samples were analyzed with Tricine-SDS-PAGE followed by radioactive imaging. 
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FIG. 3. Specific binding of ribosomes and F0c-RNCs to YidC1 and YidC2. A) Schematic illustration 
of the SecM-stalled F0c-RNCs. B) Coomassie brilliant blue (CBB) staining (left panel) and Western 
blot (right panel) using a Strep-tag antibody of the purified F0c-RNCs. The lower band is tRNA 
dissociated form of the Foc fragment whereas the upper band is tRNA associated form that could be 
completely dissociated using 100 mM NAOH (not shown). C) SPR sensorgram of the binding of non-
translating ribosomes to YidC1 (dotted line) or YidC2 (solid line) IMVs. D) Binding of F0c-RNCs to 
YidC1 (dotted line) or YidC2 (solid line) IMVs. All the binding measurements were done at 25 °C 
with a flow rate of 20 μl/min and a ribosome/RNC concentration of 27 nM. Each binding experiment 
was performed at least 3 times using independently isolated IMVs. 
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We have recently shown that the presence of a nascent chain at the ribosome highly 
stimulates the interaction between ribosomes and the SecYEG complex (21,22). To 
determine whether this is also the case with YidC, ribosomes carrying a chimeric nascent 
chain of E. coli F0c were isolated. To halt translation, a constructs was made in which the 
stalling motif of the E. coli secretion monitor protein SecM (26) was fused behind the first 44 
amino acids of F0c, resulting in nascent chains of 83 amino acids long (19). At this nascent 
chain length, the first transmembrane segment (TMS) of F0c will be exposed from the 
ribosomal exit tunnel (Fig 3A). Nascent F0c was preceded by a triple STREP-tag to allow for 
the specific isolation of the RNCs (27) (Fig 3B) extending the nascent chain by 40 amino 
acids. The presence of the F0c nascent chain resulted in a dramatic increase in ribosome 
binding to YidC1 and YidC2 yielding responses of 380 and 220 RU, respectively (Fig. 3D). 
Taken together, these data show that both S. mutans YidC proteins bind ribosomes and this 
interaction is enhanced by the presence of nascent F0c. 

 
Deletion of the C-terminal tail of YidC1 and YidC2 abrogates binding of ribosomes and 
RNCs - Previous studies indicate that the long (61 residues) positively charged C-terminal tail 
of YidC2 mediates the interaction with mitochondrial ribosomes (16). To determine whether 
this region is also involved in bacterial ribosome binding, a C-terminal deletion mutant was 
created. Complete deletion of the C-terminal tail of YidC2, i.e., YidC2(1-254) did not result 
in significant overexpression in E. coli (data not shown). However, shortening the C-terminus 
only by 36 residues, yielding YidC2(1-274), and thereby reducing the net charge from +14 to 
+5, allowed overexpression in E. coli Lemo21(DE3) to a similar level as full length YidC2 
(Fig. 1C). This partial deletion of the C-terminus completely abolished the ability of YidC2 to 
interact with ribosomes (Fig. 4C) and F0c-RNCs (Fig 4D). To test whether the 
YidC1:ribosome interaction also involves the C-terminal tail, a YidC1 mutant was 
constructed in which the C-terminal 31 residues were deleted. YidC1(1-240) was 
overexpressed in E. coli BL21 (Fig. 1B). Also, the YidC1(1-240) mutant was unable to 
interact with ribosomes (Fig. 4A) or F0c-RNCs (Fig 4B). This implies that with both YidC1 
and YidC2, an intact C-terminal tail is essential for ribosome binding. 

 
YidC1 and YidC2 proteins with a deleted C-terminal tail are defective in membrane protein 
insertion – To determine whether the ribosome binding defect also results in a functional 
defect in membrane protein insertion, YidC1(1-240) and YidC2(1-274) were tested for their 
ability to mediate the in vitro membrane insertion of F0c. Overexpression of either YidC1(1-
240) or YidC2(1-274) failed to stimulate membrane insertion of F0c (Fig. 2A lane 8 vs 10 and 
Fig. 2B lane 7 vs lane 8). Therefore, it is concluded that the binding of ribosomes to the C-
terminal tail of YidC1 and YidC2 is crucial for membrane insertion of F0c. 
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FIG. 4. Specific binding of ribosomes and F0c-RNCs to C-terminal deletion mutants of YidC1 
and YidC2. A) Binding of ribosomes to YidC1 (solid line) or YidC1(1-240) (dotted line) IMVs. 
B) Binding of F0c-RNCs  to YidC1 (solid line) or YidC1(1-240) (dotted line) IMVs. C) Binding 
of ribosomes to YidC2 (solid line) or YidC2(1-274) (dotted line). D) Binding of F0c-RNCs to 
YidC2 (solid line) or YidC2(1-274) (dotted line) IMVs. All the binding measurements were done 
at 25 °C with a flow rate of 20 μl/min and a ribosome/RNC concentration of 27 nM. Each 
binding experiment was performed at least 3 times using independently isolated IMVs. 



Chapter 5 – Binding of bacterial ribosomes to S. mutans ’ YidCs  
_______________________________________________________________________ 

129 

Discussion 
 
We have investigated the ability of S. mutants YidC1 and YidC2 to interact with ribosomes in 
order to examine the hypothesis that these paralogous YidC proteins differ in their mode of 
interaction with ribosomes. Our data demonstrate that both YidC1 and YidC2 can interact 
with translating and non-translating ribosomes isolated from E. coli, and that the highly 
positively charged C-terminal tail of these YidC proteins is essential for this interaction. 
Moreover, deletion of the C-terminal tail blocked the YidC-dependent membrane insertion of 
subunit c of the F1F0-ATPase suggesting that ribosome binding is essential for the insertase 
activity of YidC1 and YidC2. It is concluded that YidC1 and YidC2 function by a similar 
mechanism and that both support the co-translational mode of membrane insertion. 

 
The observation that both YidC1 and YidC2 can actively insert the small membrane protein 
F0c and bind ribosomes is in agreement with their (partial) overlapping function in the native 
host (14,16,24). Such overlapping function has also been observed in YidC homologs of B. 
subtilis (8,10). In S. mutans, it has been proposed that the overlapping function of YidC1 
serves as a “backup mechanism” for YidC2 because only a double deletion is lethal for S. 
mutans (24). Nevertheless, YidC1 cannot fully replace YidC2 unless its C-terminus is 
replaced for the one of YidC2 (14). It is still unclear why the C-terminus has such a major 
impact on specificity and which substrates this concerns. Since both YidC1 and YidC2 
interact with bacterial ribosomes, the YidC2 C-terminus must have an additional role in 
conferring substrate specificity. To elucidate this question further insight is required on the 
exact substrate specificity of these YidC proteins. 

 
The finding that YidC2 binds bacterial ribosomes confirms earlier observations with 
mitochondrial ribosomes (16). The interaction of YidC1 with mitochondrial ribosomes was 
not investigated, but unlike E. coli YidC chimers bearing the C-terminal tail of YidC2 or 
Oxa1 an E. coli YidC chimer bearing the C-terminal tail of YidC1 could not bind 
mitochondrial ribosomes (16). The inability of the YidC1 C-terminus to recruit mitochondrial 
ribosomes may result from its lower net positive charge and/or its reduced length. 
Importantly, structural constraints may play a critical role in this process as the C-terminus of 
YidC1 is significantly shorter than the C-terminus of YidC2 or Oxa1, and more resembles 
that of the E. coli YidC in terms of size and charge. Possibly, the C-tail of YidC1 
insufficiently extends from the surface to support a functional interaction with mitochondrial 
ribosomes. The observation that YidC1 can interact with bacterial ribosomes, but probably 
not with mitochondrial ribosomes (14), indicates that bacterial and mitochondrial ribosomes 
have different requirements for YidC binding. This interaction likely involves the ribosomal 
RNA and protein interface near or at the exit tunnel where YidC binds. Structural information 
on fungal mitochondrial ribosomes is limited, but cryo-EM analysis of mitochondrial 
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ribosomes of animals and protistis indicate major structural differences with bacterial 
ribosomes (28,29). For example, the regions around the polypeptide exit tunnel show 
significant structural variation (28). Possibly, bacterial ribosomes are less critical toward the 
net charge of the YidC C-terminus as they also interact with E. coli YidC, whose short C-
terminus has an even lower net charge than that of YidC1 (+5 vs +9). Unlike YidC1 and 
YidC2, however, the E. coli YidC is unable to interact with ribosomes but it strongly interacts 
with F0c-RNCs involving the C-terminal tail of YidC (Wu and Kedrov, unpublished data). 
Thus this region seems to fulfill an important but more subtle role in ribosome binding than 
previously anticipated. 
 
In summary, our results demonstrate that both S. mutants YidC1 and YidC2 functionally 
interact with ribosomes and that this interaction depends on the C-terminal tail of both 
proteins. Future studies should be directed to determine the molecular basis of the specificity 
of the YidC1 and YidC2 proteins. 
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Supplementary information 
 

 
 

Supplemental FIG. 1. Specific binding of ribosomes (panels A and B) and F0c-RNCs (panels C and 
D) to YidC1 and YidC2 showing the sensograms of the channels loaded with the IMVs bearing 
overexpressed YidC1/2 (dashed lines) and the control channels loaded with IMVs bearing only the 
endogenous levels of the E. coli YidC (dotted lines). Also shown is the specific binding after 
subtraction of the control channel (solid lines). Further details are as in the legend of Figure 3 and 
the Experimental Procedures section. 
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Summary 

In all living organisms, biological membranes are of vital importance as they maintain the 
homeostasis of cellular compartments. The lipid membrane prevents the free diffusion of 
cellular components such as ions, peptides, DNA and proteins. In E. coli, where all protein 
synthesis takes place in the cytoplasm, about 25-30% of the proteins either need to pass or 
integrate into the cytoplasmic membrane in order to reach their final destination. These 
translocation and membrane integration events are catalyzed by membrane embedded 
channel complexes called translocases. The majority of the secretory proteins are translocated 
by the Sec system (for review (1-3)), that also catalyzes the insertion of membrane proteins 
into the lipid bilayer. Membrane insertion can be assisted by the YidC insertase that also 
inserts small membrane proteins on its own.  

Proteins are the building blocks of life. They are synthesized on ribonucleoprotein complexes, 
called ribosomes that decode the genetic information and translate this into the corresponding 
amino acid polypeptide chain. The ribosome is composed of a large and a small subunit that 
assemble into a one-entity complex. The small subunit (30S in E.coli) has the function of 
decoding the mRNA information whereas the large subunit (50S in E.coli) is essential for the 
formation of the peptide bonds in the growing polypeptide chain (5). After initiation of 
translation, the polypeptide chain grows and eventually exits the ribosome via the exit tunnel 
on the large subunit. Depending on the properties of the nascent protein, it either folds in the 
cytosol to its native state or it is targeted via a post or co-translational pathway to the 
translocases (YidC/SecYEG) at the cytoplasmic membrane (Figure). The post-translational 
targeting is mainly followed by secretory proteins. After they are synthesized to their full 
length as preproteins with an N-terminal signal sequence, they are bound by the molecular 
chaperone SecB that prevents folding of the polypeptide into the native state. The unfolded 
preprotein is subsequently transferred to a motor protein termed SecA. SecA is an ATPase 
that binds with high affinity to the protein-conducting channel SecYEG that is embedded in 
the cytoplasmic membrane. SecA utilizes the energy of ATP binding and hydrolysis to drive 
the stepwise translocation of unfolded preproteins through the narrow SecYEG channel. 
During this process, the signal sequence of the preprotein is removed and the mature protein 
is released in the periplasm where it folds into the native state or continues its traffic to the 
outer membrane. 
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The co-translational protein targeting pathway is mostly meant for hydrophobic integral 
membrane proteins and it involves a direct interaction of the ribosome with Sec translocase (6, 
7) or YidC insertase (8-10). In this process, the nascent membrane protein interacts at an 
early stage with signal recognition particle (SRP) that is a key component in transferring the 
translating ribosome complex to the membrane embedded translocases/insertases. SRP binds 
the ribosome at the protein exit site, and this interaction is enhanced when a hydrophobic 
transmembrane segment or signal sequence is exposed at the exit site (11). Once the 
SRP:ribosome complex is formed, it is targeted to the SRP receptor FtsY at the membrane 
surface. FtsY interacts both with the membrane surface as well as SecYEG. The 
ribosome:nascent chain complex is released from SRP whereupon the ribosome docks on the 
SecYEG complex. Subsequent chain elongation at the ribosome is then coupled to the 
insertion of the newly synthetized membrane protein into the cytoplasmic membrane. 

Figure. Schematic illustration of protein targeting to the bacterial translocon. (A) Post-
translational protein translocation pathway assisted by the molecular chaperon SecB (dark purple) 
and motor protein SecA (green). (B) Co-translational integral membrane protein insertion assisted 
by SRP (light purple) and FtsY (pink). (C) Co-translational protein insertion involving YidC 
insertase with and without the assistance of SRP. This figure is taken from (1) with permission.  
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The availability of X-ray crystal structures and high resolution cryo-EM maps of most of the 
components involved in the co-translational membrane protein insertion pathway now 
provides a detailed insight in the possible mechanism of targeting and membrane insertion. 
Chapter 1 summarizes our current understanding of the functional and structural aspects of 
the interaction between ribosomes and their ligands specifically those involved in co-
translational membrane protein insertion. However, still many questions remain on the 
sequence of events during co-translational targeting and the interplay between the ribosomes 
and its ligands. For instance, SRP, chaperones and the translocases associate with the 
ribosome at the exit tunnel, and many of these binding events are mutually exclusive. The 
interaction between the ribosome and its ligands is often analyzed in solution, and when it 
concerns membrane protein ligands, detergents are used. However, such perturbants may 
impact the specificity of the interaction. Therefore, in Chapter 2, we have established a 
method to monitor the binding of ribosomes to membrane protein ligands using immobilized 
inner membrane vesicles derived from E. coli cells. In contrast to more conventional methods 
such as co-sedimentation or pull-down assays, we employed Surface Plasmon Resonance 
which is a label-free method that can monitor the binding events in real-time. The use of 
immobilized membrane vesicles allows analysis of the interaction with membrane proteins in 
their native state without the use of detergents. In this chapter, we also included the protocols 
to purify ribosomes and ribosome stalled with a nascent chain, as well as detailed step-by-
step guidelines how to perform SPR experiments.   

During co-translational membrane protein insertion, the translocation motor SecA is only 
needed for the translocation of large periplasmic loops. For instance, with the cell division 
protein FtsQ, the initially insertion of the transmembrane domain can occur without SecA but 
in the subsequent steps, SecA is needed to translocate the large periplasmic loop across the 
cytoplasmic membrane (12, 13). SecA appears to be required when periplasmic loops are in 
between 50- 60 amino acids for efficient translocation (14, 15). Structural studies supported 
by biochemical approaches have provide a detailed insight in the identity and nature of the 
contact sites on SecYEG that are needed to interact with ribosomes and with SecA. This 
revealed that the binding sites are overlapping at the C4 and C5 loops of SecY (16, 17). 
Previously, it was proposed that SecA and ribosomes can bind simultaneously to SecYEG 
and that SecA acts as a non-competitive inhibitor of ribosome binding to SecYEG (18). 
However, because of the overlapping binding site, such scenario is very difficult to envision. 
In Chapter 3, we have investigated the competitive relationship between the binding of SecA 
and ribosome to SecYEG embedded in native membranes. The SPR method described in 
Chapter 2 was used as one of the main methodologies. Inner membrane vesicles with 
overexpressed levels of SecYEG were immobilized on a sensor chip that contains 
hydrophobic anchors that capture the membrane vesicles. Soluble binding partners such as 
SecA, ribosome and ribosome nascent chain complexes (RNCs) were injected and passed 
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along the binding surface to examine their interaction with SecYEG. All three ligands were 
found to bind SecYEG in a specific manner with an affinity in the low nanomolar range. In 
particular, the presence of a nascent membrane protein, i.e., an FtsQ truncate, resulted in 
increased binding signals and a slow release, likely because an increased binding affinity. The 
binding was reduced by either decreasing the length of the nascent chain exposed at the 
ribosome exit tunnel, or by removing the exposed hydrophobic transmembrane segment.  
This indicates that the transmembrane segment contributes to the SecYEG binding reaction. 
Controls with ribosome binding mutants of SecYEG (6) confirmed that the SPR signals 
represent authentic ribosome binding to SecYEG. To examine the competition between SecA 
and ribosome for SecYEG binding, an excess of SecA was included in the microfluidity 
channel of the SPR system. Now, the injection of ribosomes or RNCs no longer resulted in a 
binding curve indicating that SecA occupied the binding sites at SecYEG thereby preventing 
ribosomes to bind. These data demonstrate that binding of RNCs and of SecA to SecYEG is 
mutually exclusive. Similar observations were made when ribosome binding was assessed by 
a single molecule technique, fluorescence correlation spectroscopy (FCS). In these 
experiments the SecYEG complex was either in detergent solution or reconstituted into small 
lipid patches called nanodiscs, which provide a native like lipid environment to membrane 
proteins. Like in the SPR experiments, the SecYEG nanodiscs showed poor binding of empty 
ribosomes and a high specificity for RNCs. In contrast, the detergent solubilized SecYEG 
bound empty ribosomes quite effectively indicating that the lipid environment impacts the 
specificity of the interaction.  

Members of the Oxa1/YidC/Alb3 family present another class of membrane insertases that 
are known to be involved in the biogenesis of integral membrane proteins. Experimental 
evidence has shown that these universally conserved proteins are also functionally preserved 
and can be readily interchanged between different species while maintaining functionality (19, 
20). An interesting structural feature of all these membrane protein insertase is the presence 
of a C-terminal tail that varies in size and net positive charge. For instance, the C-terminal tail 
of the mitochondrial Oxa1, which acts as a binding site for ribosomes (8, 21), is 86 amino 
acids long and carries a net positive charges of +14), while in E. coli YidC this region is 
much shorter and bears less positive charges. It has been suggested that YidC binds 
ribosomes directly. This idea mostly emerges from a cryo-EM study wherein ribosome-YidC 
complexes were isolated and used for structural investigations (9). Remarkably, in that study, 
YidC could be co-purified with empty ribosomes and therefore the interaction appeared 
independent of the presence of a nascent chain. As would be expected, YidC was bound to 
the ribosomes close to the exit tunnel. Chapter 4 presents a study on the interaction between 
ribosomes and YidC using FCS, a method that was also used in Chapter 3. To function as a 
convenient ligand for ribosome binding, YidC was reconstituted into nanodiscs. Similar to 
the cryoEM study, an interaction between ribosomes and YidC was observed (9). However, 
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this interaction was strictly dependent on the presence of a hexa-histidine tag at the C-
terminus of YidC and also required acidic buffer conditions, as used in the structural studies. 
Removal of the histidine-tag or the use of neutral/slightly alkaline conditions reflecting the 
intracellular pH of E. coli cells, completely abrogated binding. Therefore, it was concluded 
that the interaction between YidC and empty ribosomes must be an artifact of the tag used in 
the study. In contrast, when ribosomes are loaded with a nascent membrane protein, a strong 
interaction with YidC was observed that was no longer dependent on the presence of a 
histidine-tag and likely presents a more native type of interaction. By varying the number of 
YidC proteins present in the nanodiscs, it could be established that a single YidC protein 
suffices for RNC binding. 

The interaction between YidC and ribosomes was further examined in Chapter 5. Although 
only one copy of YidC is present in the Gram negative E. coli, multiple copies of YidC 
paralogs are found in Gram positive bacteria as well as in organelles of eukaryotes such as 
mitochondria and chloroplasts (22, 23). The Gram-positive bacterium Streptococcus mutans 
possess two YidC paralogs termed YidC1 and YidC2, respectively. In microorganisms 
bearing two or more YidC proteins, usually only one is required for viability. These YidC 
proteins appear to differ in substrates specificity and in addition to general house-keeping 
functions, more specific functions. For instance, in Bacillus subtilis, SpoIIIJ is required for 
sporulation and YqjG stimulates competence development. It has been suggested that the 
paralogous YidC proteins are functionally distinct, and differ in their ability to bind 
ribosomes and thus differ in the way they accept protein substrates, i.e., either co- and 
posttranslationally. For instance, the S. mutans YidC2 (with a C-tail of 61 amino acids long 
and +14 net charge) has been suggested to bind ribosomes and was found to functionally 
complement Oxa1 in mitochondria (24). YidC1 on the other hand, could not complement the 
Oxa1 function, nor could a chimer of E. coli YidC with the C-terminal tail of YidC1 or a 
chimer of YidC2 with C-terminal tail of YidC1(24). The C-terminus of YidC1 is shorter (33 
amino acids) and less charged (+9) than the C-tail of YidC2. Since the interaction between 
YidC1/C2 and ribosomes has only been tested with mitochondrial ribosomes, that are 
structurally distinct from bacterial ribosomes, we also investigated the interaction of YidC1 
and YidC2 from S. mutans with bacterial ribosomes (Chapter 5). Using the same SPR 
approach, we tested the binding of S. mutans YidC1 and YidC2 that lacked the C-terminal 
tail. In line with what was observed previously, full length YidC2 was found to interact with 
ribosomes (24) and this interaction was strongly stimulated by the presence of a ribosome 
stalled nascent chain of subunit c of the F1F0-ATPase. On the other hand, also YidC1 was 
found to bind ribosomes and RNCs. In both cases, truncation of the C-terminal tail resulted in 
a loss of the ribosome binding ability concomitantly with a loss of the activity of YidC to 
insert subunit c of the F1F0-ATPase into reconstituted proteoliposomes. These data 
demonstrate that YidC1 and YidC2 both bind RNCs, and suggest that the functional 
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distinction must lie in substrate specificity rather than in the mechanism of protein targeting 
and insertion. Moreover, the study also points at a major functional difference between 
mitochondrial and bacterial ribosomes. Apparently, there are structural constraints that 
prevent the mitochondrial ribosomes to interact with the shorter C-tail of YidC1. 

 

Perspective 

In the past few decades, intensive research has been conducted on the Sec system to elucidate 
the mechanism of protein translocation and membrane protein insertion. Although detailed 
structural and functional insights have been obtained on individual components,  there are 
still gaps in our understanding how the components of this system cooperate. For instance, 
during the co-translational insertion of membrane proteins, the exact dynamics of the 
ribosome-SecYEG interaction and how SecA intercalates in this process are unknown. 
Possibly, the affinity of ribosome for SecYEG is reduced when longer stretches of polar 
polypeptide segments emerge from the exit tunnel and eventually this causes a release of the 
ribosome from SecYEG whereupon SecA may bind to these regions for translocation. This 
putative mechanism will require careful coordination and orchestration and may involve other 
components that have not been characterized before.  

Unlike the SecYEG translocon, the mechanism of action of the YidC insertase is far from 
understood, mostly because of the lack of an atomic structure. Also its functional oligomeric 
state is unknown. Although SecYEG functions as a monomer, for YidC it is sofar only 
evident that it can bind ribosomes as a monomer. It could well be that during membrane 
insertion, an oligomeric state is needed as YidC. In this respect, YidC has a high propensity 
to form oligomers in the membrane. Also it is unknown how YidC actually inserts membrane 
proteins into the membrane and whether it merely functions as a simple platform for 
membrane insertion or also acts as a catalyst that upon ribosome binding opens a pathway for 
hydrophobic transmembrane segments to enter the interior of the lipid bilayer. Finally, 
reconstitution technique using the nanodiscs and related technologies now more readily allow 
investigation of functional aspects of membrane proteins using advanced single molecule 
technologies. Because of the development and exploitation of such evolving technologies, 
and the advent of higher resolution structural investigations of membrane protein complexes, 
the next years will yield further progress in our understanding on how these insertases or 
translocases operate at a molecular level. 
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Samenvatting 

Biologische membranen zijn van levensbelang voor de homeostase van cellulaire 
compartimenten in levende organismen. Het lipide membraan vervult een essentiële functie 
in het voorkomen van de vrije diffusie van cellulaire componenten, zoals ionen, peptiden en 
DNA. Tegelijkertijd vormt het een barrière voor eiwitten die in het cytoplasma 
gesynthetiseerd worden, maar in, of aan de andere kant van, het cytoplasmatisch membraan 
functioneren.  In de bacterie Escherichia coli bestaat ongeveer 25% van de eiwitten uit deze 
membraaneiwitten of secretie-eiwitten. Ze worden door integrale kanaaleiwitcomplexen, ook 
wel translocases genoemd, in het membraan geïntegreerd (insertie) of er over getransporteerd 
(translocatie). In E. coli worden deze processen grotendeels gekatalyseerd door de Sec-
translocase (review 1-3). Tijdens het insertie proces kan de  Sec-translocase geholpen worden 
door de YidC insertase, die ook zelfstandig kleine membraaneiwitten kan integreren.  

Eiwitsynthese wordt in alle levende cellen uitgevoerd door ribosomen. Ribosomen zijn 
complexen van eiwit en RNA (ribozymen) die de genetische informatie in het mRNA 
vertalen naar de corresponderende aminozuursequentie. Het ribosoom bestaat uit een 
complex van twee subeenheden, die de grote en de kleine subeenheid genoemd worden. De 
kleine subeenheid heeft als functie het decoderen van het mRNA terwijl de grote subeenheid 
essentieel is voor de vorming van peptidebindingen in de groeiende polypeptide keten (5). 
Nadat de translatie is gestart verlaat het nieuw gesynthetiseerde polypeptide het ribosoom via 
de zogenaamde exit tunnel van de grote subeenheid. Afhankelijk van de eigenschappen van 
het eiwit in wording zal het polypeptide zich of in het cytoplasma tot zijn uiteindelijke 
toestand vouwen, of naar de translocases in het cytoplasmatische membraan gebracht worden 
(Figuur). Dit laatste, zogenaamde targeting proces, kan op twee verschillende manieren 
gebeuren. Tijdens post-translationele “targeting” wordt het eiwit gesynthetiseerd met een 
signaalsequentie. Zodra het eiwit loskomt van het ribosoom wordt het gebonden door de 
moleculaire chaperonne SecB dat het eiwit in een ontvouwen toestand houdt. Het ontvouwen 
eiwit wordt vervolgens aan het motoreiwit SecA overgedragen. SecA is een ATPase dat 
gebonden zit aan het eiwitdoorlatend kanaal SecYEG in het cytoplasmatische membraan. 
Door gebruik te maken van de energie van ATP binding en hydrolyse stuurt SecA het 
stapsgewijze transport van het ontvouwen eiwit door het nauwe SecYEG kanaal aan. Tijdens 
dit proces wordt de signaalsequentie verwijderd, waarna het eiwit aan de andere kant van het 
membraan (het periplasma) vrijkomt. Hier kan het zich in zijn uiteindelijke vorm vouwen of 
verder gaan naar het buitenmembraan. Een andere manier van targeting is de co-translationele 
route. Deze route is voornamelijk bedoeld voor hydrofobe, integrale membraaneiwitten (6-
10). Tijdens dit proces gaat het membraaneiwit in een vroeg stadium van de synthese een 
interactie aan met het “signaal herkenningspartikel” (SRP). SRP bindt het ribosoom bij de 
uitgang van de tunnel en deze interactie wordt versterkt wanneer er een hydrofoob 
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transmembraan segment verschijnt (11). Zodra er een stabiel SRP:ribosoom complex 
gevormd is wordt het naar de SecYEG gebonden SRP receptor (FtsY) gestuurd. Door de 
interactie tussen SRP en FtsY raakt het ribosoom los van SRP. Het ribosoom bindt 
vervolgens aan het SecYEG complex, waardoor de verdere groei van het nieuwe 
membraaneiwit kan worden gekoppeld aan membraaninsertie. 

 

 

De afgelopen jaren hebben we, door de beschikbaarheid van kristalstructuren en hoge 
resolutie cryo-EM beelden, een gedetailleerd inzicht gekregen in de mogelijke mechanismen 
van  co-translationele targeting en membraaneiwitinsertie. Hoofdstuk 1 geeft een 
samenvatting van onze huidige kennis van de functionele en structurele aspecten van de 
interactie tussen ribosomen en de membraaneiwitten die betrokken zijn bij de co-
translationele membraaneiwitinsertie. Niettemin zijn er nog steeds veel vragen over de 

Figure. Schematische weergave van de targeting van eiwitten naar het bacteriële translocon. (A) 
Post-translationele translocatie geassisteerd door het moleculaire chaperonne eiwit SecB (donker 
paars) en het motoreiwit SecA (groen). (B) Co-translationele membraaneiwitinsertie geassisteerd 
door SRP (licht paars) en FtsY (roze). (C) Co-translationele membraaneiwitinsertie via YidC, met 
of zonder assistentie van SRP. Deze afbeelding is met toestemming overgenomen uit (1). 
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volgorde van de gebeurtenissen tijdens de co-translationele targeting en de wisselwerking 
tussen de ribosomen en hun liganden. Veel van de componenten die betrokken zijn in dit 
proces associëren met overlappende delen van het uiteinde van de ribosoom tunnel. Hierdoor 
sluiten veel stappen tijdens het targeting proces elkaar uit. De interacties tussen de ribosomen 
en hun liganden worden vaak in oplossing gemeten. In het geval van membraaneiwitten 
betekent dit dat ze uit het membraan worden gehaald en in detergensoplossing worden 
bestudeerd. Echter, het membraan kan invloed hebben op de structuur van membraaneiwitten 
en daarmee ook op de specificiteit van de interacties. Daarom wordt in Hoofdstuk 2 een 
methode beschreven voor het bestuderen van de binding van ribosomen aan 
geïmmobiliseerde E. coli membraanblaasjes met behulp van “surface plasmon resonance” 
(SPR). Deze methode is niet afhankelijk van labeling van de verschillende componenten en 
kan in tegenstelling tot de meer conventionele methodes zoals co-sedimentatie en precipitatie, 
gebruikt worden voor accurate bepaling van de kinetiek van de interacties. Omdat we gebruik 
maken van geïmmobiliseerde membraanblaasjes kan de binding aan membraaneiwitten in 
hun oorspronkelijke toestand worden bestudeerd zonder gebruik te maken van detergentia. 
Bovendien hebben we in dit hoofdstuk een protocol beschreven voor de zuivering van 
ribosomen en ribosomen die bezig zijn met de synthese van een (membraan)eiwit, 
zogenaamde  ribosoom:nascent chain complexen (RNCs). 

Tijdens co-translationele membraaneiwitinsertie is het motoreiwit SecA alleen nodig voor de 
translocatie van grote periplasmatische lussen. Bijvoorbeeld, het transmembraandomein van 
het celdelingseiwit FtsQ wordt eerst zonder hulp van SecA in het membraan geïnserteerd, 
maar in de daarop volgende stappen is SecA nodig voor translocatie van de grote 
periplasmatische lus over het cytoplasmatische membraan (12,13). SecA lijkt nodig te zijn 
wanneer periplasmatische lussen langer zijn dan 50-60 aminozuren (14,15). Structuurstudies 
en biochemische experimenten hebben gedetailleerd inzicht gegeven in de contactplaatsen op 
SecYEG die betrokken zijn bij de interactie met ribosomen en met SecA. Deze studies laten 
zien dat SecA en het ribosoom overlappende bindingplaatsen hebben op  de C4 en C5 lussen 
van SecY (16,17). Eerder was voorgesteld dat SecA en ribosomen tegelijkertijd aan SecYEG 
kunnen binden en dat SecA als niet-competitieve remmer van de binding van het ribosoom 
aan SecYEG fungeert (18). Echter, omdat de bindingplaatsen overlappen is dat scenario 
moeilijk voor te stellen. In hoofdstuk 3 hebben we de competitieve bindingsrelatie tussen 
SecA en het ribosoom aan SecYEG onderzocht. Hierbij hebben we voornamelijk gebruik 
gemaakt van de SPR methode, beschreven in hoofdstuk 2. Cytoplasmatisch 
membraanblaasjes met een verhoogd SecYEG niveau werden op een L1 sensor chip 
geïmmobiliseerd waarna er oplossingen met SecA, ribosomen of RNCs overheen werden 
geleid om de binding aan SecYEG te onderzoeken. Alle drie  componenten bleken SecYEG 
specifiek te binden met een bindingsaffiniteit in de laag nanomolaire concentraties. Vooral de 
binding van RNCs  leidde tot een sterke verhoging van de bindingssignalen. Bovendien 
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kwamen de RNCs slechts traag los van SecYEG. Deze waarnemingen zouden verklaard 
kunnen worden door een versterkte bindingsaffiniteit. Het verkorten van de lengte van de 
nascent chain of het verwijderen van het blootgestelde hydrofobe transmembraansegment 
resulteerde in een verminderde binding, wat aantoont dat het transmembraansegment 
bijdraagt aan de SecYEG bindingsreactie. Controle experimenten met SecYEG mutanten die 
gestoord zijn in de ribosoominteractie (6) bevestigen dat de SPR signalen een authentieke 
ribosoom binding aan SecYEG representeren. Voor het bestuderen van de competitie tussen 
SecA en het ribosoom voor binding aan SecYEG was een overmaat aan SecA opgenomen in 
het microfluidity kanaal van het SPR systeem. In de aanwezigheid van deze SecA overmaat 
resulteerde de injectie van ribosomen of RNCs niet langer in ribosoombinding, wat aangeeft 
dat SecA de bindingsplaatsen op SecYEG ingenomen heeft en daardoor de binding van 
ribosomen blokkeert. Met behulp van een single molecule techniek, fluorescentie correlatie 
spectroscopie (FCS), werden vergelijkbare waarnemingen gemaakt. Bij deze techniek is het 
SecYEG complex in detergensoplossing of gereconstitueerd in zogenaamde nanodiscs 
aanwezig. Deze laatste zorgen voor een natuurlijk lipide milieu. Net als in de SPR 
experimenten zagen we in de nanodisc experimenten een verminderde binding van “lege” 
ribosomen aan SecYEG en dus een hogere specificiteit voor de RNC binding. In tegenstelling 
tot de voorgaande techniek met de nanodiscs bindt in detergens opgelost SecYEG “lege” 
ribosomen wel effectief. Dit geeft aan dat het lipide milieu een grote invloed heeft op de 
specificiteit van de interacties. Samengevat, deze data tonen aan dat SecYEG-binding van 
RNCs en SecA processen zijn die elkaar uitsluiten. 

Membraaneiwitten die behoren tot de Oxa1/YidC/Alb3 staan bekend om de rol die ze spelen 
in de biogenese van integrale membraaneiwitten.  Oxa1/YidC/Alb3 eiwitten zijn universeel 
geconserveerd en hebben ook functioneel gezien eenzelfde rol. Ze kunnen gemakkelijk 
uitgewisseld worden tussen verschillende bacteriesoorten en zelfs tussen bacteriën en 
eukaryoten (19,20). Een essentieel kenmerk van al deze membraaneiwit insertases is een C-
terminale staart die varieert in lengte en netto positieve lading. Bijvoorbeeld de C-terminus 
van de mitochondriële Oxa1 (86 aminozuren, +14) fungeert als een bindingsplaats voor 
ribosomen (8,21) terwijl de C-terminale staart van E. coli YidC veel korter en minder positief 
geladen is. Op basis van, onder andere, een cryo-EM studie waarin geïsoleerde ribosoom-
YidC complexen zijn gebruikt voor structureel onderzoek (9) is er gesuggereerd dat YidC 
direct aan ribosomen zou kunnen binden. In deze studie bindt het ribosoom YidC dichtbij de 
exit tunnel, waar ook de interactie wordt verwacht. Het is opmerkelijk dat YidC kon worden 
meegezuiverd met “lege” ribosomen en dat de aanwezigheid van een nascent chain dus niet 
nodig lijkt te zijn voor de ribosoom binding. In hoofdstuk 4  is de interactie tussen 
ribosomen en YidC geanalyseerd door middel van fluorescentie correlatie spectroscopie een 
methode die ook in hoofdstuk 3 is gebruikt. Om te fungeren als een geschikt ligand voor 
ribosoom binding was YidC gereconstitueerd in nanodiscs. Een interactie tussen YidC en 



Chapter 7- Nederland samenvatting en toekomst 
_____________________________________________________________________ 

151 

“lege” ribosomen kon worden geverifieerd, net als in de studie door Kohler et al. (9). Echter, 
deze interactie was strikt afhankelijk van de aanwezigheid van een hexahistidine tag aan de 
C-terminus van YidC en afhankelijk van een lage pH, de condities gebruikt in de structurele 
studies.  Na het verwijderen van de histidine tag en het gebruik van neutrale/licht alkalische 
condities, overeenkomstig de intracellulaire pH van E. coli, was de eerder getoonde binding 
compleet opgeheven. Daarom is geconcludeerd dat de interactie tussen “lege” ribosomen en 
YidC een onnatuurlijk is en wordt veroorzaakt door het gebruik van de histidine tag. In 
tegenstelling treedt er bij een fysiologische pH wel een sterke interactie op tussen ribosomen 
en YidC wanneer de ribosomen zijn geladen met een nascent membraaneiwit. Deze komt 
waarschijnlijk meer overeen met de natuurlijk interactie. Door het aantal YidC eiwitten in de 
nanodiscs te variëren kon worden vastgesteld dat een enkel YidC molecuul genoeg is voor 
RNC binding. 

De interactie tussen YidC en ribosomen is verder bestudeerd in hoofdstuk 5. In het genoom 
van E. coli is er maar een enkele kopie van het YidC gen aanwezig, maar in Gram positieve 
bacteriën zijn meerdere paraloge genen van YidC geconstateerd net als in organellen van 
eukaryoten, zoals in de mitochondriën en chloroplasten (22,23). Een voorbeeld hiervan is de 
Gram positieve bacterie Streptococcus mutans, dat twee paraloge YidC genen bevat, 
respectievelijk YidC1 en YidC2. Micro-organismen die twee of meer paraloge YidC genen 
bevatten hebben vaak maar een enkele YidC nodig om levensvatbaar te zijn. De YidC 
eiwitten lijken een verschillende substraatspecificiteit te hebben. Bijvoorbeeld in Bacillus 
subtilis, die twee paraloge YidC genen tot zijn beschikking heeft, namelijk SpoIIIJ en YqjG. 
In dit geval is SpoIIIJ nodig voor sporulatie en YqjG stimuleert de ontwikkeling van 
competentie, het natuurlijk vermogen om DNA uit de omgeving op te nemen. Beide eiwitten 
kunnen de vegetatieve groei ondersteunen. Er is gesuggereerd dat er een functioneel 
onderscheid is tussen de paraloge YidC eiwitten, en dat ze een verschillend vermogen hebben 
om ribosomen te binden met daaruit volgende een verschillende werking in de co- en post-
translationele membraaninsertie processen. Bijvoorbeeld, over S. mutans YidC2 (met een C-
terminale staart van 61 aminozuren en een +14 netto lading) is voorgesteld dat deze 
ribosomen kan binden en het is aangetoond dat YidC2 de functie van Oxa1 in mitochondriën 
kan overnemen (24). Daarentegen kan YidC1 of een chimeer van E. coli YidC met de C-
terminale staart van YidC1 de functie van Oxa1 niet overnemen. De C-terminale staart van 
YidC1 is korter (33 aminozuren) en heeft minder positieve ladingen (+9) dan de C-terminale 
staart van YidC2. Aangezien de interactie tussen YidC1/C2 en ribosomen alleen getest is met 
mitochondriale ribosomen, die structureel verschillen van bacteriële ribosomen, hebben wij 
de binding van YidC1 en YidC2 van S. mutans aan bacteriële ribosomen onderzocht; zoals 
beschreven in hoofdstuk 5. Voor dit doeleinde hebben we de SPR methode gebruikt, zoals 
beschreven in hoofdstuk 2, ondermeer samen met mutanten van YidC1 en YidC2 die geen 
C-terminale staart hebben. Conform eerdere waarnemingen konden we een interactie van 
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YidC2 met ribosomen aantonen (24) en deze interactie werd sterk gestimuleerd door de 
aanwezigheid van een ribosoom gebonden nascent chain van de c subeenheid van het F1F0-
ATPase. YidC1 bleek echter ook ribosomen en RNCs te binden. In beide gevallen resulteerde 
een verkorting van de C-terminale staart in een verlies van het vermogen om ribosomen te 
binden. Dit ging gepaard met een verlies van de activiteit van YidC in de insertie van de F1F0-
ATPase subeenheid c in gereconstitueerde proteoliposomen. Deze data tonen aan dat YidC1 
en YidC2 beide RNCs kunnen binden en suggereren dat het functionele onderscheid moeten 
liggen in substraatspecificiteit in plaats van het eiwit targeting en insertie mechanisme. 
Bovendien wijst de studie ook op een belangrijk functioneel verschil tussen mitochondriële 
en bacteriële ribosomen. Schijnbaar zijn er structurele beperkingen die de interactie tussen 
mitochondriële ribosomen en de kortere C-terminale staart van YidC1 tegenhouden.  

 

Perspectief 

In de laatste decennia heeft er intensief onderzoek plaats gevonden aan het Sec-systeem om 
het mechanisme van eiwittranslocatie en membraaneiwitinsertie te ontrafelen. Hoewel 
gedetailleerde structurele en functionele inzichten zijn verkregen zijn er nog steeds hiaten in 
onze kennis van de samenwerking tussen de structurele componenten van dit systeem. 
Bijvoorbeeld tijdens co-translationele insertie van membraaneiwitten, is de exacte dynamiek 
van de ribosoom-SecYEG interactie en hoe SecA intercaleert in dit proces nog steeds 
onbekend. Mogelijk krijgt het ribosoom minder affiniteit voor SecYEG wanneer het langere 
stukken polaire polypeptiden synthetiseert, die tenslotte het loslaten van het ribosoom van 
SecYEG veroorzaken. Hierna kan SecA binden voor de translocatie van deze segmenten. Dit 
beschrijft een mogelijk werkingsmechanisme dat coördinatie en orkestratie nodig heeft en 
hierbij zou andere componenten nog een rol kunnen spelen die nog niet eerder zijn 
gekarakteriseerd.  

In tegenstelling tot SecYEG is het werkingsmechanisme van het YidC insertase nog niet 
begrepen. Dit komt voornamelijk doordat er van YidC nog geen atomaire structuur bekend is. 
Ook is van YidC de functionele oligomere staat nog onbekend. Hoewel SecYEG als 
monomeer functioneert is voor YidC tot op heden alleen bekend dat het als monomeer 
ribosomen kan binden. Het zou zeer zeker mogelijk kunnen zijn dat voor membraaninsertie 
een oligomeer van YidC nodig is, mede omdat YidC de neiging heeft oligomeren in het 
membraan te vormen. Ook is nog onbekend hoe YidC membraaneiwitten inserteert, en of het 
alleen fungeert als een simpel platform voor membraaninsertie of dat het ook als katalysator 
optreedt dat na ribosoom binding een opening maakt voor hydrofobe 
transmembraansegmenten om de lipide dubellaag in te gaan. Tenslotte, 
reconstitutietechnieken die gebruik maken van nanodiscs of gerelateerde methodes maken het 
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nu mogelijk om de functionele aspecten van membraaneiwitten op een meer vereenvoudigde 
wijzen te onderzoeken door middel van geavanceerde “single molecule” technologieën. Door 
de vooruitgang en het gebruik van zulke ontwikkelende technologieën, en de verdere 
ontwikkeling in het hoge resolutie structureel onderzoek naar membraaneiwitcomplexen zal 
in de komende jaren meer inzicht verkregen worden over hoe deze insertases en translocases 
op moleculair niveau functioneren. 

  



Chapter 7- Nederland samenvatting en toekomst 
_____________________________________________________________________ 

154 

Referentie  

 
1. Driessen AJ, Nouwen N. 2008. Protein translocation across the bacterial cytoplasmic 

membrane. Annu. Rev. Biochem. 77:643-667. 
2. du Plessis DJ, Nouwen N, Driessen AJ. 2011. The Sec translocase. Biochim. Biophys. 

Acta. 1808:851-865. 
3. Saller MJ, Wu ZC, de Keyzer J, Driessen AJ. 2012. The YidC/Oxa1/Alb3 protein 

family: common principles and distinct features. Biol. Chem. 393:1279-1290. 
4. Palmer T, Berks BC. 2012. The twin-arginine translocation (Tat) protein export 

pathway. Nat. Rev. Microbiol. 10:483-496. 
5. Noller HF. 1993. Peptidyl transferase: protein, ribonucleoprotein, or RNA? J. 

Bacteriol. 175:5297-5300. 
6. Menetret JF, Schaletzky J, Clemons WM, Jr., Osborne AR, Skanland SS, Denison C, 

Gygi SP, Kirkpatrick DS, Park E, Ludtke SJ, Rapoport TA, Akey CW. 2007. 
Ribosome binding of a single copy of the SecY complex: implications for protein 
translocation. Mol. Cell. 28:1083-1092. 

7. Wu ZC, de Keyzer J, Kedrov A, Driessen AJ. 2012. Competitive binding of the SecA 
ATPase and ribosomes to the SecYEG translocon. J. Biol. Chem. 287:7885-7895. 

8. Jia L, Dienhart M, Schramp M, McCauley M, Hell K, Stuart RA. 2003. Yeast Oxa1 
interacts with mitochondrial ribosomes: the importance of the C-terminal region of 
Oxa1. EMBO J. 22:6438-6447. 

9. Kohler R, Boehringer D, Greber B, Bingel-Erlenmeyer R, Collinson I, Schaffitzel C, 
Ban N. 2009. YidC and Oxa1 form dimeric insertion pores on the translating 
ribosome. Mol. Cell. 34:344-353. 

10. Szyrach G, Ott M, Bonnefoy N, Neupert W, Herrmann JM. 2003. Ribosome binding 
to the Oxa1 complex facilitates co-translational protein insertion in mitochondria. 
EMBO J. 22:6448-6457. 

11. Schaffitzel C, Oswald M, Berger I, Ishikawa T, Abrahams JP, Koerten HK, Koning 
RI, Ban N. 2006. Structure of the E. coli signal recognition particle bound to a 
translating ribosome. Nature. 444:503-506. 

12. du Plessis DJ, Nouwen N, Driessen AJ. 2006. Subunit a of cytochrome o oxidase 
requires both YidC and SecYEG for membrane insertion. J. Biol. Chem. 281:12248-
12252. 

13. van der Laan M, Bechtluft P, Kol S, Nouwen N, Driessen AJ. 2004. F1F0 ATP 
synthase subunit c is a substrate of the novel YidC pathway for membrane protein 
biogenesis. J. Cell Biol. 165:213-222. 



Chapter 7- Nederland samenvatting en toekomst 
_____________________________________________________________________ 

155 

14. Andersson H, von Heijne G. 1993. Sec dependent and sec independent assembly of E. 
coli inner membrane proteins: the topological rules depend on chain length. EMBO J. 
12:683-691. 

15. Urbanus ML, Scotti PA, Froderberg L, Saaf A, de Gier JW, Brunner J, Samuelson JC, 
Dalbey RE, Oudega B, Luirink J. 2001. Sec-dependent membrane protein insertion: 
sequential interaction of nascent FtsQ with SecY and YidC. EMBO Rep. 2:524-529. 

16. Robson A, Booth AE, Gold VA, Clarke AR, Collinson I. 2007. A large 
conformational change couples the ATP binding site of SecA to the SecY protein 
channel. J. Mol. Biol. 374:965-976. 

17. van der Sluis EO, Nouwen N, Koch J, de Keyzer J, van der Does C, Tampe R, 
Driessen AJ. 2006. Identification of two interaction sites in SecY that are important 
for the functional interaction with SecA. J. Mol. Biol. 361:839-849. 

18. Zito CR, Oliver D. 2003. Two-stage binding of SecA to the bacterial translocon 
regulates ribosome-translocon interaction. J. Biol. Chem. 278:40640-40646. 

19. Preuss M, Ott M, Funes S, Luirink J, Herrmann JM. 2005. Evolution of 
mitochondrial oxa proteins from bacterial YidC. Inherited and acquired functions of a 
conserved protein insertion machinery. J. Biol. Chem. 280:13004-13011. 

20. van Bloois E, Nagamori S, Koningstein G, Ullers RS, Preuss M, Oudega B, Harms N, 
Kaback HR, Herrmann JM, Luirink J. 2005. The Sec-independent function of 
Escherichia coli YidC is evolutionary-conserved and essential. J. Biol. Chem. 
280:12996-13003. 

21. Keil M, Bareth B, Woellhaf MW, Peleh V, Prestele M, Rehling P, Herrmann JM. 
2012. Oxa1-ribosome complexes coordinate the assembly of cytochrome C oxidase 
in mitochondria. J. Biol. Chem. 287:34484-34493. 

22. Funes S, Gerdes L, Inaba M, Soll J, Herrmann JM. 2004. The Arabidopsis thaliana 
chloroplast inner envelope protein ARTEMIS is a functional member of the 
Alb3/Oxa1/YidC family of proteins. FEBS Lett. 569:89-93. 

23. Yen MR, Harley KT, Tseng YH, Saier MH, Jr. 2001. Phylogenetic and structural 
analyses of the oxa1 family of protein translocases. FEMS Microbiol. Lett. 204:223-
231. 

24. Funes S, Hasona A, Bauerschmitt H, Grubbauer C, Kauff F, Collins R, Crowley PJ, 
Palmer SR, Brady LJ, Herrmann JM. 2009. Independent gene duplications of the 
YidC/Oxa/Alb3 family enabled a specialized cotranslational function. Proc Natl 
Acad Sci U S A. 106:6656-6661. 

 
 
 



 

 



 

157 

 
 
 
 
 

                                                                                        Chapter 8 
 
 
 

                                            
 



 

 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

159 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

160 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

161 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

162 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

163 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

164 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

165 

1. Driessen AJ, Nouwen N. 2008. Protein translocation across the bacterial cytoplasmic 
membrane. Annu. Rev. Biochem. 77:643-667. 

2. du Plessis DJ, Nouwen N, Driessen AJ. 2011. The Sec translocase. Biochim. Biophys. 
Acta. 1808:851-865. 

3. Saller MJ, Wu ZC, de Keyzer J, Driessen AJ. 2012. The YidC/Oxa1/Alb3 protein 
family: common principles and distinct features. Biol. Chem. 393:1279-1290. 

4. Palmer T, Berks BC. 2012. The twin-arginine translocation (Tat) protein export 
pathway. Nat. Rev. Microbiol. 10:483-496. 

5. Noller HF. 1993. Peptidyl transferase: protein, ribonucleoprotein, or RNA? J. 
Bacteriol. 175:5297-5300. 

6. Menetret JF, Schaletzky J, Clemons WM, Jr., Osborne AR, Skanland SS, Denison C, 
Gygi SP, Kirkpatrick DS, Park E, Ludtke SJ, Rapoport TA, Akey CW. 2007. 
Ribosome binding of a single copy of the SecY complex: implications for protein 
translocation. Mol. Cell. 28:1083-1092. 

7. Wu ZC, de Keyzer J, Kedrov A, Driessen AJ. 2012. Competitive binding of the SecA 
ATPase and ribosomes to the SecYEG translocon. J. Biol. Chem. 287:7885-7895. 

8. Jia L, Dienhart M, Schramp M, McCauley M, Hell K, Stuart RA. 2003. Yeast Oxa1 
interacts with mitochondrial ribosomes: the importance of the C-terminal region of 
Oxa1. EMBO J. 22:6438-6447. 

9. Kohler R, Boehringer D, Greber B, Bingel-Erlenmeyer R, Collinson I, Schaffitzel C, 
Ban N. 2009. YidC and Oxa1 form dimeric insertion pores on the translating 
ribosome. Mol. Cell. 34:344-353. 

10. Szyrach G, Ott M, Bonnefoy N, Neupert W, Herrmann JM. 2003. Ribosome binding 
to the Oxa1 complex facilitates co-translational protein insertion in mitochondria. 
EMBO J. 22:6448-6457. 

11. Schaffitzel C, Oswald M, Berger I, Ishikawa T, Abrahams JP, Koerten HK, Koning 
RI, Ban N. 2006. Structure of the E. coli signal recognition particle bound to a 
translating ribosome. Nature. 444:503-506. 

12. du Plessis DJ, Nouwen N, Driessen AJ. 2006. Subunit a of cytochrome o oxidase 
requires both YidC and SecYEG for membrane insertion. J. Biol. Chem. 281:12248-
12252. 

13. van der Laan M, Bechtluft P, Kol S, Nouwen N, Driessen AJ. 2004. F1F0 ATP 
synthase subunit c is a substrate of the novel YidC pathway for membrane protein 
biogenesis. J. Cell Biol. 165:213-222. 



Chapter 8 – Chinese summary and perspectives 
_____________________________________________________________________ 

166 

14. Andersson H, von Heijne G. 1993. Sec dependent and sec independent assembly of E. 
coli inner membrane proteins: the topological rules depend on chain length. EMBO J. 
12:683-691. 

15. Urbanus ML, Scotti PA, Froderberg L, Saaf A, de Gier JW, Brunner J, Samuelson JC, 
Dalbey RE, Oudega B, Luirink J. 2001. Sec-dependent membrane protein insertion: 
sequential interaction of nascent FtsQ with SecY and YidC. EMBO Rep. 2:524-529. 

16. Robson A, Booth AE, Gold VA, Clarke AR, Collinson I. 2007. A large 
conformational change couples the ATP binding site of SecA to the SecY protein 
channel. J. Mol. Biol. 374:965-976. 

17. van der Sluis EO, Nouwen N, Koch J, de Keyzer J, van der Does C, Tampe R, 
Driessen AJ. 2006. Identification of two interaction sites in SecY that are important 
for the functional interaction with SecA. J. Mol. Biol. 361:839-849. 

18. Zito CR, Oliver D. 2003. Two-stage binding of SecA to the bacterial translocon 
regulates ribosome-translocon interaction. J. Biol. Chem. 278:40640-40646. 

19. Preuss M, Ott M, Funes S, Luirink J, Herrmann JM. 2005. Evolution of 
mitochondrial oxa proteins from bacterial YidC. Inherited and acquired functions of a 
conserved protein insertion machinery. J. Biol. Chem. 280:13004-13011. 

20. van Bloois E, Nagamori S, Koningstein G, Ullers RS, Preuss M, Oudega B, Harms N, 
Kaback HR, Herrmann JM, Luirink J. 2005. The Sec-independent function of 
Escherichia coli YidC is evolutionary-conserved and essential. J. Biol. Chem. 
280:12996-13003. 

21. Keil M, Bareth B, Woellhaf MW, Peleh V, Prestele M, Rehling P, Herrmann JM. 
2012. Oxa1-ribosome complexes coordinate the assembly of cytochrome C oxidase 
in mitochondria. J. Biol. Chem. 287:34484-34493. 

22. Funes S, Gerdes L, Inaba M, Soll J, Herrmann JM. 2004. The Arabidopsis thaliana 
chloroplast inner envelope protein ARTEMIS is a functional member of the 
Alb3/Oxa1/YidC family of proteins. FEBS Lett. 569:89-93. 

23. Yen MR, Harley KT, Tseng YH, Saier MH, Jr. 2001. Phylogenetic and structural 
analyses of the oxa1 family of protein translocases. FEMS Microbiol. Lett. 204:223-
231. 

24. Funes S, Hasona A, Bauerschmitt H, Grubbauer C, Kauff F, Collins R, Crowley PJ, 
Palmer SR, Brady LJ, Herrmann JM. 2009. Independent gene duplications of the 
YidC/Oxa/Alb3 family enabled a specialized cotranslational function. Proc Natl 
Acad Sci U S A. 106:6656-6661. 

 
 



 

167 

 
 
 
 
 
 
 

Acknowledgements 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 



Acknowledgements 
_____________________________________________________________________ 

169 

Finally, here it is!!! After so so long time, I am sitting behind my desk thinking how many 
people contributed to the completion of my PhD thesis. It has been a long journey since I first 
started in the group of Arnold in 2007. When I think back about the whole process, all the 
sweats, tears and blood spilled in the lab and countless days and nights writing my booklet 
finally pay off now. Getting my PhD was probably the hardest challenge that I have ever 
experienced in my life. Surely, it was an exciting, challenging and unforgetablel experience. 
The completion of my thesis and research projects required tremendous amount of work, 
dedications and commitments. Not only from my side but also from fellow scientists. It is a 
combination and synergy of intense collaboration amongst us. I cannot thank them enough 
and how to express my gratitude toward them. Without them, I am sure that the completion of 
this thesis would be impossible and therefore would like to acknoledge them here. 
 
First of all, I would like to thank my promotor Arnold Driessen for offering me this 
wonderful opportunity when I wrote an email to you for a PhD vacancy in 2007. It was really 
a privilege to be part of the Molmic group. Your guidance, inspiring discussions, comments 
were brilliant and valuable to me. Your way of coaching was excellent that not only provided 
ample freedom to manage my own experiments but also did what I asked for some occasional 
“kicking” when things were not on track. I fully enjoyed your “open door” policy when 
problems arised and I hope that at the end I was not a disappointment for you during the 
whole process.  
 
Jeanine, second biggest contributor of my PhD thesis. I would like thank you for all your 
daily supports, inputs, feedbacks and supersivion of my work. It was a pleasure and honor to 
work with you. Not only in work related matters but also in personal advises. Glad that you 
came back from Manchester. Without you I don’t even know if I could accomplish all of this.  
 
Alexej, my buddy, I thank you for your contribution on FCS data, critical comments and 
funny talks during our time in the lab. I will cherish our precious moments forever.  
 
Jelger, I fully enjoyed the time we spent in the lab. We were always assigned in the same 
office as well as lab space. All the nasty, trash talks and humorous jokes we had together 
made you a unique and entertaining fellow who will always reside in my memory. Without 
you, routine lab work would be boring as hell.  
 
I would like to thank my reading committee, Prof. Jan Marten van Dijl, Prof. Jan Tommassen 
and Prof. Dirk Jan Slotboom for aceepting my request to review my thesis. I appreciate your 
consideration and precious time. 



Acknowledgements 
_____________________________________________________________________ 

170 

Ilja, thank you very much for showing me how certain equipments operate and how to do 
experiments when I first started my PhD. I enjoyed a lot our movie nights at the Wolf cinema. 
 
Jan Pieter (A.K.A Shopihoo (=skinny monkey)) and Loes, thank you for accepting to be my 
paranimfs and entertaining conversations in the lab. Jan Pieter and Jeanine, Thank you for 
translating my summary into Dutch.  
 
Yanping, thank you for translating my English summary to Chinese. My scientific writing in 
Chinese has never been tested before and I guess it must be pretty horrible. Without your help, 
I think my Chinese version of summary could not be included in my thesis as now. I can 
imagine that you spent a lot of your personal time to do this for me. I realized that it was not 
an easy task after I tried to convert from simplified into traditional Chinese. 
 
 Manfred, Intan, Olja, Mr Salo, Gosia, Yang Nuan, I always enjoyed our tea breaks, “in 
between experiments” breaks conversations. Our discussions about how and when will we 
finish our PhD. Always felt better after our chats. 
 
Jeroen, it was a pleasure and really had interesting conversation when I was using our SPR 
machine in your lab back in Haren. You will be my “BEST FRIEND” forever. Remember to 
pick up the phone when I call you in the middle of the night asking you “ will you be my 
friend?” 
 
Iullia and Antonella, I have enjoyed having conversation in our new office in Nijenborg with 
you guys and thank you for all the pep talks when I got frustrated and also having faith on me 
that I can finish my PhD. 
 
Janny, thank you for your kind attitude toward me when something got broken and helps with 
malfunctioning of instruments. Lucky, no dramatic incidents happened during my PhD period. 
 
Bea, Mannon, you guys were always helpful and always present when helps were needed. 
Thank you very much for everything that you have done for me. 
 
Emeraldo, you are my only student during my PhD period. I thank you for your efforts with 
our SPR experiments. We had a great time in the lab as well as at UMCG. 
 
Han Wosten, I would like to thank you for your guidance during my master study and your 
recommendation letter. I appreciate a lot. 
 



Acknowledgements 
_____________________________________________________________________ 

171 

Willen Jan Pannekoek and Arman Vinck, my supervisors during master study who 
introduced me to the scientific world. You guys opened up a path and  
and taught me how to be a good scientist. 
 
Judy & Goan, a special thank for my ex-landlords. I appreciate a lot for your kindness and 
hospitality by letting me staying in your house for so many years. I enjoyed the whole time 
when I was there. 
 
There are too many Molmic members to be mentioned here. Whose names I did not 
specifically mentioned are not less important. In contrary, you guys also contributed a lot in 
the past 5 years. I would like to thank all of you for creating such a pleasant working 
atmosphere and environment. 
 



Acknowledgements 
_____________________________________________________________________ 

172 

 



Publications 
_____________________________________________________________________ 

173 

List of publications 
 
 

1. Wu ZC, de Keyzer J, Kedrov A and Driessen A J M. Competitive binding of the 
SecA ATPase and ribosomes to the the SecYEG translocon. J.Biol.Chem 2012 Mar 
9;287(11):7885-95. Epub 2012 Jan 20. 
 

2. Lycklama a Nijeholt JA, Wu ZC, Driessen AJ. Conformational dymamics of the 
plug domain of the SecYEG protein-conducting channel. J Biol Chem. 2011 Dec 
23;286(51):43881-90. Epub 2011 Oct 27. 

 
 

3. Saller J M, Wu ZC, de Keyzer J, Driessen J M. The YidC/Oxa1/Alb3 protein family: 
Common principles and distinct features. Biol Chem. 2012 Nov;393(11):1279-90 
 

4. Wu, Z.C, de Keyzer J., Küsters I., Driessen J.M. Analysis of the interaction between 
membrane proteins and soluble binding partners by Surface Plasmon Resonance. 
Methods Mol. Biol. 2013;1033:157-72. 

 
 

5. Wu ZC , de Keyzer J*, Berrelkamp-Lahpor GA, Driessen AJ. Interaction of 
Streptococcus mutans YidC1 and YidC2 with translating and non-translating 
ribosomes. J.Bacteriol 2013 Oct;195(19):4545-51. 
 

6. Kedrov A, Sustarsic M, de Keyzer J, Caumanns JJ, Wu ZC, Driessen AJM. 
Elucidating the native architecture of the YidC:ribosome complex. J.Mol.Biol.2013 
Nov 15;425(22):4112-24. 

 



 

174 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zht Cheng Wu (A.K.A Chun Heng Wu), Born on 1st January 1976, in Taipei (Taiwan) 
 
Education 
 
PhD in the department of Molecular Microbiology at the University of Groningen, The 
Netherlands (Oct 2007-June 2014) 
Master in Biomolecular Sciences at University of Utrecht, The Netherlands (Sept 2005-June 
2007) 
Bachlor of Agricultural Chemistry at National Taiwan University, Taipei, Taiwan (1998-
2002) 




