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Abstract 

The cell envelope of Gram-negative bacteria, like Escherichia coli, is com-

posed of a cytoplasmic membrane, a periplasmic space containing a pepti-

doglycan layer and an outer membrane. About 30 % of all proteins are 

localised in the cell envelope. These proteins have to be inserted into or 

translocated across the inner membrane by the SecYEG translocon. They are 

then chaperoned to their final destination by a network of chaperones. The 

broad aim of this work was to provide a better understanding of protein traf-

ficking through the bacterial cell envelope. We have identified a novel mem-

brane protein complex consisting of the periplasmic chaperone PpiD and the 

uncharacterised protein YfgM. Both are anchored in the inner membrane and 

have periplasmic domains. By co-immunoprecipitations and two-

dimensional gel electrophoresis it could be demonstrated that YfgM and 

PpiD form a supercomplex with the SecYEG translocon. Furthermore, a 

chemical-genetic approach showed that YfgM is part of the periplasmic 

chaperone network that is essential for envelope protein biogenesis. More-

over, it could be shown that YfgM is required for the stability of the peri-

plasmic chaperone HdeB. Finally, evidence that YfgM might also be in-

volved in the lateral insertion of transmembrane domains was provided. In 

summary, this thesis details the identification and characterisation of a novel 

ancillary subunit of the SecYEG translocon that is involved in the periplas-

mic chaperone network in the cell envelope of Escherichia coli. 
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Abbreviations 

BAM β-barrel assembly machinery 

BN Blue-native 

CL Cardiolipin 

DDM n-dodecyl-β-D-maltoside 

KDO 3-deoxy-D-manno-oct-2-ulosonic acid 

LPS Lipopolysaccharide 

OMP Outer membrane protein 

PAGE Polyacrylamide gel electrophoresis 

PE Phosphatidylethanolamine 

PG Phosphatidylglycerol 

PMF Proton motive force 

POTRA Polypeptide-transport-associated 

RNCs Ribosome-nascent chain complexes 

SDS Sodium dodecyl sulfate 

SR SRP receptor 

SRP Signal recognition particle 

Tat Twin-arginine translocation 

TM Transmembrane  
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Introduction 

The single cell organism studied in this thesis, the Gram-negative bacterium 

Escherichia coli, is surrounded by an inner membrane, which compartmen-

talises the cytosol. The inner membrane is a selectively permeable barrier 

that does not allow passive diffusion of polar molecules. Proteins in the 

membrane act as channels, transporters, receptors and pores to allow the 

import of nutrients, the transport of ions and the passage of proteins and 

molecules across the membrane. In addition E. coli also contains a thin pep-

tidoglycan layer and an outer membrane. The space between the inner and 

the outer membrane is referred to as the periplasm. These three layers, inner 

membrane, periplasm and outer membrane and the proteins within these 

partitions constitute the bacterial cell envelope (Figure 1). 

 

Figure 1. Schematic organisation of the E. coli cell envelope. Integral and peripheral 

membrane proteins are represented as grey entities. Figure adapted from (Raetz & 

Whitfield, 2002). Reprint with permission.  
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The components of the cell envelope  

The inner membrane 
 

The inner membrane in Gram-negative bacteria is composed of a mixture of 

lipids and proteins. Proteins in the membrane are involved in essential func-

tions for cell viability, such as cell division, energy conversion, signalling 

and transport processes. Lipids are amphiphilic molecules that contain a 

hydrophilic and lipophilic moiety and tend to form micelles in aqueous solu-

tions. The most common lipids in E. coli are glycerophospholipids, com-

prised of two long chain fatty acids that are linked via ester bonds to the first 

two carbons in a glycerol molecule. On the third carbon a phosphate ester 

links a hydrophilic head group, such as ethanolamine or another glycerol 

molecule (Figure 2). 

Figure 2. The molecular backbone of a glycerophospholipid. 
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The composition of lipids in the inner membrane is 70 – 80 % phospha-

tidylethanolamine (PE), 20 – 25 % phosphatidylglycerol (PG) and 5 – 10 % 

cardiolipin (CL) (Raetz & Dowhan, 1990). These lipids form two symmetri-

cal leaflets. The hydrophobic moieties face each other and the hydrophilic 

head groups face the cytosol and periplasm respectively (Singer & Nicolson, 

1972). The average thickness of the membrane is approximately 37 Å (Mitra 

et al, 2004). 

Membrane proteins constitute the largest mass fraction of the E. coli inner 

membrane. There are two different classes of membrane proteins: peripheral 

membrane proteins and integral membrane proteins (Figure 3).  

 

 

Figure 3. A schematic lipid bilayer with examples of integral and peripheral mem-

brane proteins. The crystal structure from the pilin protein from Neisseria gonor-

rhoeae represents a single spanning membrane protein (PDB: 2PIL), the GlpG 

rhomboid serine protease from E. coli represents a polytopic membrane protein 

(PDB: 2IRV) and the D-lactate dehydrogenase from E. coli represents a peripheral 

membrane protein (PDB: 1F0X).  
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Peripheral membrane proteins are attached to the membrane surface via elec-

trostatic and or weak hydrophobic interactions with lipids. They can also 

bind to the membrane by interacting with membrane embedded proteins. 

Peripheral membrane proteins can be extracted from membranes by expos-

ing them to varying pH and by alkali extraction (Fujiki et al, 1982). Proteo-

mic analyses have indicated that about 17 % of the proteome is peripherally 

attached to the inner membrane in E. coli (Papanastasiou et al, 2013). 

In E. coli about 20-30 % of the genome is predicted to encode proteins that 

contain at least one transmembrane (TM) segment (Krogh et al, 2001). The 

orientation of TMs in the membrane, i.e. their topology, is dictated by the 

lipid composition of the membrane (Bogdanov et al, 2009, van Klompen-

burg et al, 1997) and the protein sequence themselves, specifically the distri-

bution of charges in the sequence flanking the TM segments. This observa-

tion led to the “positive inside” rule, which states that a protein will orientate 

in such a way that the majority of positive charges face the cytosol (Nilsson 

& von Heijne, 1990, von Heijne, 1989). Single spanning integral membrane 

proteins can adapt two distinct topologies. They can either have their C-

terminus in the cytosol (CIN), making them type I membrane proteins or they 

have their N-terminus in the cytosol (NIN), type II respectively (Figure 4). 

The third class of integral membrane proteins are multi-spanning, and have 

at least two ore more TM segments that form α-helical bundles, which orient 

in a slightly tilted manner within the lipid bilayer (Wallin et al, 1997) (Fig-

ure 4). 
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Figure 4. Topology of integral membrane proteins in the inner membrane of E. coli.  

 

As an uneven distribution of charges is not always given in a membrane 

protein, a theoretical topology prediction is not always accurate. However 

for most polytopic inner membrane proteins from E. coli experimentally 

supported predictions have been obtained (Daley et al, 2005). Details about 

the biogenesis of inner membrane proteins will be discussed in a later chap-

ter of this thesis. 

The periplasm and peptidoglycan  
 

The peptidoglycan or murein layer in the periplasm is a sacculus that pro-

tects the cell from osmotic pressure and helps maintain cell shape. The pep-

tidoglycan is comprised of linear glycan strands that are crosslinked by short 

peptides. In E. coli, about 80 % of the murein layer is a 4 nm thin monolayer 

and 20 % exits as trilayer (Labischinski et al, 1991). The glycan strands con-

sist of alternating N-actylmuramic acid (MurN-Ac) and N-actylglucosamine 

(GlcN-Ac) connected by ß-1,4-glycosidic bonds (Schleifer & Kandler, 

1972). The peptide moiety consists of L- and D-amino acids, such as D-

alanine, L-alanine, D-isoglutamate and meso-diaminopimelic acid. The cal-

culated pore size of the sacculus is small and proteins larger than 50 kDa 

cannot passively diffuse across (Demchick & Koch, 1996). A cluster of pro-

teins, such as transglycosylases, transpeptidases and amidases, termed peni-
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cillin-binding proteins (PBPs) synthesise and degrade the murein layer. The 

concerted breakdown and reassembly of this layer is essential as cells grow 

and divide. Furthermore, larger periplasmic proteins need to shuttle to medi-

ate protein trafficking and assembly of macromolecular machines that span 

from the inner to the outer membrane (Scheurwater & Burrows, 2011).  

The periplasmic proteome was estimated to contain about 350 proteins 

(Weiner & Li, 2008). Classes of periplasmic proteins include substrate-

binding proteins for nutrient import, machineries for peptidoglycan synthe-

sis, lipoprotein sorting, lipopolysaccharide (LPS) biogenesis, and cell divi-

sion by the divisome (Bowyer et al, 2011, Goehring et al, 2005, Vollmer & 

Bertsche, 2008, Zückert, 2014). A small subset of proteins in the periplasmic 

proteome is responsible for protein trafficking through the cell envelope. 

The outer membrane 
 

The bacterial outer membrane is a selectively permeable barrier that sepa-

rates the cell from the environment and mediates host interactions. It is an 

asymmetric bilayer with phosphatidylethanolamine (PE), phosphatidylgly-

cerol (PG) and cardiolipin (CL) constituting the inner leaflet, whereas the 

glycolipid LPS is exclusively found in the outer leaflet. LPS in wild-type E. 

coli strains is composed of the hydrophobic anchor Lipid A, a short core 

oligosaccharide and an O-antigen of variable length (Brozek & Raetz, 1990, 

Whitfield et al, 1997). Pathogenic E. coli benefit from this polymer of oligo-

saccharides as it helps them to evade the host immune system and offers 

protection against antibiotics and various environmental stresses. However, 

in the K-12 laboratory strains there are only a few KDO (3-deoxy-D- 

manno-oct-2-ulosonic acid) residues, as they do not depend on the O-antigen 

for survival (Mayer et al, 1976, Raetz & Whitfield, 2002). LPS is synthe-

sised in the cytosol at the inner membrane and trafficked to the outer mem-
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brane via seven essential proteins located in the inner membrane, the peri-

plasm and the outer membrane. A revised model for the LPS biogenesis 

pathway describes a transenvelope complex, which connects inner and outer 

membrane (Chng et al, 2010). 

Experimental data combined with theoretical predictions have estimated that 

in the outer membrane there are approximately 30 integral membrane pro-

teins and about 100 lipoproteins (1-2 % and 2-3 % of the predicted proteome 

respectively) (Weiner & Li, 2008). The proteins in the outer membrane can 

be grouped by function; there are porins and transporters for nutrient uptake, 

drug export channels, cell-adhesion proteins, surface-display proteins and 

proteases (Tamm et al, 2004). The secondary structure of integral membrane 

proteins in the outer membrane differs substantially from the fold of integral 

membrane proteins in the inner membrane. They do not usually contain α-

helical TM segments, but instead consist of an even number of anti-parallel 

β-strands varying from eight to twenty-two repeats, which close up on each 

other to form a cylindrical barrel (Figure 5). 

 

Figure 5. The crystal structure of OmpA from E. coli is shown as an example of a β-

barrel protein in the outer membrane (PDB: 1BXW). 

 

This type of fold dominates the outer membrane proteome (Schulz, 2002). 

Although the primary protein sequence from different outer membrane pro-

teins may vary quite a lot, the amino acid distribution is fairly similar in 

respect to polar and apolar residues (Seshadri et al, 1998). Since localisation, 
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folding and transport of outer membrane proteins is unique, they have a tai-

lored machine for their biogenesis, namely the β-barrel assembly machinery 

complex (BAM complex). The second class of proteins associated with the 

outer membrane is lipoproteins. A vast majority of lipoproteins are localised 

at the inner leaflet of the outer membrane and a subset of lipoproteins are 

located to the inner membrane (Tokuda & Matsuyama, 2004). 

Lipoproteins 
 

Lipoproteins are secreted proteins that associate with the inner or outer 

membrane and have been implicated to play roles in transport, antibiotic 

resistance and signalling (Kovacs-Simon et al, 2011). About 3 % (about 100) 

of the genes in E. coli encode lipoproteins (Juncker et al, 2003). They can be 

identified relatively easily since they have a unique N-terminal consensus 

sequence called a lipoprotein box [Leu-(Ala/Ser)-(Gly/Ala)-‘Cys] proximal 

to their signal peptide cleavage site (‘) (Tokuda & Matsuyama, 2004). 

Maturation of lipoproteins involves the formation of a thioether linkage 

between a conserved N-terminal cysteine (Cys) residue and a diacylglycerol, 

a process that is catalysed by phosphatidylglycerol/prolipoprotein 

diacylglyceryl transferase (Lgt) at the outer leaflet of the inner membrane. 

After cleavage of the signal peptide by prolipoprotein signal peptidase 

(LspA), an additional aminoacylation step at the N-terminal Cys is catalysed 

by phospholipid/apolipoprotein transacylase (Lnt) (Sankaran & Wu, 1994). 

The retention signal for inner membrane localisation consists of an aspartate 

(Asp) residue at position 2, unless the negative charge of Asp is neutralised 

by an adjacent histidine (His) or lysine (Lys) residue (Gennity & Inouye, 

1991, Yamaguchi et al, 1988).  

The Lol pathway, consisting of the periplasmic protein LolA, the outer 

membrane protein LolB and the inner membrane protein complex LolC-
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LolD-LolE, mediates lipoprotein sorting to the outer membrane in E. coli in 

an ATP dependent manner (Tokuda & Matsuyama, 2004). The LolCDE 

complex excludes substrates that contain an Asp residue at position 2 to spe-

cifically transport only lipoproteins destined for the outer membrane (Ma-

suda et al, 2002). One of the most abundant proteins in E. coli is the major 

lipoprotein Lpp, which is sorted via the Lol pathway and stabilises the pepti-

doglycan in the periplasm (Hirashima et al, 1974) by tethering it to the outer 

membrane (Suzuki et al, 1978). 
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Protein trafficking in E. coli  

Proteins are synthesised in the cytosol of bacterial cells by ribosomes. The 

bacterial ribosome is a macromolecular ribonucleoprotein complex consist-

ing of two subunits, a small 30S and a large 50S subunit. The 30S subunit is 

comprised of the 16S rRNA and about 21 proteins, and the 50S subunit of 

23S and 5S rRNAs and about 34 proteins. Together, the two subunits form a 

70S complex with a molecular mass of about 2.4 MDa (Steitz, 2008). Trans-

lation of the genetic code takes place at the 30S subunit. The interaction 

between the codons on the mRNA and the anticodons on the tRNA deter-

mines the amino acid sequence of the polypeptide. Peptide bonds within the 

growing polypeptide chain are catalysed at the peptidyl transferase centre 

(PTC), which is located in the 50S subunit. The growing polypeptide chain 

emerges from the ribosome through the ribosomal exit tunnel, also located in 

the 50S subunit (Ban et al, 1999).  

The fate of most newly synthesised proteins is determined very early dur-

ing translation. An exception is tail-anchored membrane proteins, since their 

targeting information is only revealed right before the protein is synthesised 

completely. However there are only 11 predicted tail-anchored proteins in E. 

coli (Borgese & Righi, 2010). The folding and targeting of cytosolic, mem-

brane or secreted proteins differ significantly, since membrane and secreted 

proteins contain hydrophobic motifs with information for their targeting. In 

cytosolic proteins, hydrophobic residues are buried inside the protein, 

whereas in membrane proteins hydrophobic stretches potentially interact 

with the lipids in the membrane and are more exposed. Therefore membrane 

proteins have to be targeted to the membrane efficiently, as they are aggrega-

tion prone in the cytosol. In the following section, the biogenesis of cyto-
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solic, membrane and secreted proteins will be discussed. The latter can take 

two distinct routes, the post-translational pathway and the co-translational 

pathway, which will be introduced in more detail.  

Biogenesis of cytosolic proteins 
 

The first chaperone that a nascent protein encounters as it exits the ribosomal 

exit tunnel is Trigger Factor (TF), which binds to the ribosome next to the 

ribosomal exit tunnel (Ferbitz et al, 2004). Ribosome profiling studies have 

shown that TF interacts with most cytosolic proteins, but also shows 

surprisingly strong preference to bind to outer membrane β-barrel proteins 

(Oh et al, 2011). If cytosolic proteins do not fold spontaneously TF delivers 

them to downstream chaperones, such as DnaK and GroEL for assistance in 

further folding (Deuerling et al, 1999). TF is not essential as a deletion strain 

is viable. This is probably because it has overlapping chaperone activities 

with DnaK (Teter et al, 1999). However, a double deletion of DnaK and TF 

is lethal under normal growth conditions (Deuerling et al, 1999). 

Crosslinking experiments with DnaK and TF have shown that both 

chaperones share the same affinity for ribosome-nascent chain complexes 

(RNCs), but differ in their potential to refold aggregated or heat denatured 

proteins (Schaffitzel et al, 2001). DnaK is a classical heat shock chaperone 

that can refold misfolded proteins or aggregated proteins, whereas TF mainly 

interacts with nascent chains as they emerge from the ribosome. It also has a 

preference for proteins that are part of protein complexes (Martinez-Hackert 

& Hendrickson, 2009). The interplay of TF with downstream chaperones is 

depicted in Figure 6. 
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Figure 6. Schematic representation of the interaction of trigger factor (TF) with 

nascent chains and downstream chaperones. As the nascent chain emerges from the 

ribosome, it contacts with ribosome bound TF. Upon TF release about two thirds of 

cytosolic proteins fold spontaneously. For further folding the chaperone system KJE 

(DnaK, DnaJ and nucleotide release factor GrpE) or the ELS system (GroEL and 

GroES) are recruited. Figure adapted from (Kramer et al, 2009). 

 

Interplay of targeting factors at the ribosome 
 

TF is bound to virtually all ribosomes (Lill et al, 1988, Patzelt et al, 2002), 

but the ribosomal exit tunnel is not exclusively occupied by TF. The bacte-

rial signal recognition particle (SRP) (Bernstein et al, 1993) can also simul-

taneously bind to the ribosomal exit tunnel (Buskiewicz et al, 2004, Valent 

et al, 1995). SRP dissociates rapidly form the ribosome unless a hydrophobic 

signal sequence emerges from the ribosomal exit tunnel (“targeting mode”) 

or is located within the exit tunnel (“stand-by mode”), since the presence of 

a signal sequence stabilises the ribosome-SRP complex by several orders of 
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magnitude (Bornemann et al, 2014, Holtkamp et al, 2012). SRP has an af-

finity for hydrophobic signal-sequences and initiates trafficking of proteins 

following the co-translational pathway, i.e. inner membrane proteins (Ullers 

et al, 2006). The propensity of a protein to be routed into the SRP pathway is 

dictated solely by the properties of its signal sequence and not by its intrinsic 

structural features as was previously thought (Newitt et al, 1999).  

SRP can also boost the trafficking of secreted proteins that utilise SecA, 

when they have hydrophobic signal sequences (Zhou et al, 2014). SRP and 

SecA are operating in concert when inner membrane proteins have large 

periplasmic loops (Deitermann et al, 2005). TF might influence the targeting 

to the post-translational pathway by preventing SRP from binding to secre-

tory proteins making them available for SecA and SecB binding (Beck et al, 

2000, Bornemann et al, 2014). 

SRP dependent co-translational pathway 
 

In E. coli, the biogenesis of integral membrane proteins is dependent on SRP 

(Neumann-Haefelin et al, 2000), whereas the biogenesis of periplasmic pro-

teins was only marginally dependent (Luirink et al, 1992). SRP in E. coli 

consists of Ffh and 4.5S RNA (Angelini et al, 2005, Miller et al, 1994). To-

gether with the SRP receptor FtsY (SR) they reconstitute all essential com-

ponents for the SRP targeting pathway. Remarkably, FtsY does not have a 

TM segment that anchors it to the inner membrane, but it does associate to 

the inner membrane (Keenan et al, 2001, Luirink et al, 1994). Membrane 

localised FtsY is more abundant than cytosolic FtsY in vivo (Mircheva et al, 

2009). FtsY interacts directly with the translocon (Angelini et al, 2005) and 

associates with the membrane by binding to anionic phospholipids via two 

conserved N-terminal helices (Braig et al, 2009). SRP and SR both have 

GTPase activity (Peluso et al, 2001) and the regulation of the SRP cycle 

depends strongly on the accurate timing of GTP binding and hydrolysis. 
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The physiolocial role of SRP has been studied in great detail. The depletion 

of SRP causes an accumulation of mistargeted and misfolded proteins in the 

cytosol, which activates the heat shock response in E. coli. Furthermore as 

components of the electron transport chain are affected by a depleted of 

SRP, the PMF is reduced. Also the cell envelope integrity is compromised in 

SRP depleted cells (Ulbrandt et al, 1997, Wickström et al, 2011, Zhang et al, 

2012). Still, many inner membrane proteins can be targeted to the inner 

membrane by other mechanisms when SRP is depleted, such as mRNA tar-

geting to the membrane (Nevo-Dinur et al, 2011) or the chaperones 

GroES/EL or DnaK (Bochkareva et al, 1996, Wild et al, 1992). However, 

these mechanisms can only partially compensate for a loss of SRP.  

The co-translational targeting pathway begins with the recognition of a hy-

drophobic signal sequence that emerges from the ribosomal exit tunnel by 

SRP. Then the RNC-SRP complex binds to free FtsY. Interestingly RNCs 

can also be targeted to a pre-formed SRP-FtsY complex at the inner mem-

brane (Braig et al, 2011). For a stable complex formation, the SRP and SR 

have to be in a GTP bound state. Binding of the signal sequence additionally 

stimulates the formation of the SRP-SR complex (Bradshaw et al, 2009). For 

the release of the RNCs and the dissociation of SRP and SR, the bound GTP 

is hydrolysed. To achieve effective delivery to SecYEG and to prevent 

premature release of the RNCs from SRP, the final stimulus for GTP hy-

drolysis is the SecYEG translocon itself (Shen et al, 2012). In this final step 

the signal sequence is transferred to the translocon, SRP and SR dissociate 

and a new cycle can begin. A summary of a SRP pathway in bacteria is il-

lustrated in Figure 7. 
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Figure 7. The co-translational or SRP pathway. After a ribosome in the cytosol has 

translated about 70 residues the signal peptide or signal anchor sequence emerges 

from the ribosomal tunnel and is exposed. SRP (blue) recognises the signal sequence 

(1) and the SRP receptor FtsY (SR) (green) binds (2-3). The ribosome-SRP-SR 

complex is targeted to the SecYEG translocon. GTP hydrolysis leads to dissociation 

of FtsY and SRP and the nascent chain is fed into the translocon (4-5). Figure taken 

from (Saraogi & Shan, 2014). Reprint with permission. 

 

SecA and SecB mediated post-translational pathway 
 

The vast majority of secreted proteins, about 400-500 in number, follow the 

post-translational pathway (Chatzi et al, 2014). Post-translational targeting is 

mediated by the cytoplasmic chaperone SecB and the motor-protein SecA. 

The pathway can be divided into three distinct steps: sorting and targeting, 

priming the translocon and finally translocation across the membrane. The 

signal sequence for secreted proteins is usually less hydrophobic compared 

to inner membrane proteins, is cleavable, and is often preceded by positively 

charged residues (von Heijne & Gavel, 1988). 

The folding of a preprotein containing a signal sequence is considerably 

slower compared to a cytosolic protein, which increases the probability for 
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the cytoplasmic chaperone SecB to bind (Hardy & Randall, 1991). SecB is a 

tetramer in solution and resembles a dimer of dimers, with a hydrophobic 

peptide binding cleft and a C-terminal SecA binding site (Dekker et al, 

2003). SecB can vary the hydrophobicity of its peptide-binding cleft due to 

conformational changes. This mechanism allows SecB to interact with a 

large subset of secretory proteins and to keep them in a translocation-

competent state. The SecB-preprotein complex can bind to the ATPase SecA 

in the cytosol or can be targeted to membrane bound SecA, since both forms 

can be found in the cell (Cabelli et al, 1991). SecA can bind directly to signal 

sequences and an early SecB independent interaction with preproteins is also 

possible (Wang et al, 2000), as SecA can also bind to ribosomes directly 

(Huber et al, 2011).  

The active state of SecA is a dimer that is peripherally attached to the 

SecYEG translocon at the inner membrane and has a high affinity for SecB 

(Hartl et al, 1990, Woodbury et al, 2002). When the SecA-SecB-preprotein 

complex is associated to the translocon, SecB is released upon ATP binding 

to SecA (Fekkes et al, 1997). The post-translational pathway for protein 

translocation is illustrated in Figure 8. 
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Figure 8. The post-translational pathway in E. coli. There are two alternative routes 

for RNCs. The emerging signal sequence can either bind SecA directly (a) or the 

preprotein is translated completely and subsequently bound by SecB, to be kept in 

an unfolded state. SecB then delivers the protein to SecA, bound to the SecYEG 

translocon (b). SecA-SecB binding stimulates the release of the preprotein from 

SecB (1). Upon ATP hydrolysis SecB is released from SecA and can enter another 

post-translational cycle (2). Translocation of the preprotein is then driven via SecA 

and multiple rounds of ATP hydrolysis (3). Figure taken from (Bechtluft et al, 

2010). Reprint with permission. 

 

The force for translocation of the protein is likely to be a combination of 

protein folding on the trans site of the membrane and of the pushing motion 

of SecA via cycles of ATP hydrolysis (Tomkiewicz et al, 2006). It should be 

noted that SecA is also involved in the biogenesis of inner membrane pro-

teins that follow the co-translational pathway. In these cases the substrate 

proteins tend to have large periplasmic loops (Neumann-Haefelin et al, 2000, 

Qi & Bernstein, 1999). 
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Translocases and insertases in the bacterial inner 
membrane 

The Sec translocon 
 

The vast majority of all envelope proteins are inserted into or secreted across 

the prokaryotic inner membrane through the evolutionarily conserved, 

heterotrimeric protein-conducting channel SecYEG. The SecYEG translocon 

is an integral membrane protein that resembles an hourglass shape with a 

central constriction. Although the first crystal structure was solved for the 

achaeal Methanococcus jannaschii SecY complex (Van den Berg et al, 

2004), sequence conservation is remarkably high and the bacterial SecY is 

nearly identical (Figure 9). 

 

 

 

Figure 9. Crystal structure of the SecYEG translocon from Thermotoga maritima 

(PDB: 3DIN). View from the cytoplasm onto the pore. The SecY TM segments 1-6 

(red) and TM segments 7-10 (green) build the two halves with the lateral gate in 

between. The plug domain (blue) seals the pore at the periplasmic site. SecE 

(orange) scaffolds SecY. SecG (yellow) is positioned more peripherally. Figure 

adapted from (Kusters & Driessen, 2011). Reprint with permission. 
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SecY is a 10 transmembrane (TM) containing protein that forms the protein- 

conducting channel of the SecYEG translocon. From a cytosolic perspective, 

the channel resembles a c-shape, with a central pore that allows passage of 

nascent chains across the membrane. Further it was evident from the 

structure that there is a lateral opening into the lipid environment of the 

membrane and a short helix that serves as a plug (Van den Berg et al, 2004). 

During protein translocation the SecY-plug domain is thought to move 

towards the C-terminal end of SecE (Tam et al, 2005) and when the 

translocon is in a closed state it is stabilised by the plug domain (Li et al, 

2007). The essential SecE subunit consists of three TM segments and folds 

around the back of the SecY channel. The SecY and SecE subunits are in a 

one-to-one ratio, as shown by crosslinking experiments (Veenendaal et al, 

2001) and also confirmed by the crystal structure. The interaction between 

SecY and SecE is via the C-terminus of SecE (Nishiyama et al, 1992). A 

recent study showed that the hinge region of SecE is required to stabilise 

SecY during translocation (Lycklama a Nijeholt et al, 2013). If SecE is 

deleted SecY is quickly turned-over by the inner membrane protease FtsH 

(Homma et al, 1997). Therefore it can be assumed that the role of SecE is 

more likely to scaffold/stabilise the channel, rather than being actively 

involved in protein translocation. The SecG subunit has two TM segments 

and interacts directly with SecY, independent of SecE. SecG is more 

peripherally attached to the translocon and is not essential for viability, but is 

thought to stimulate SecA dependent translocation (Nishiyama et al, 1994). 
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Ancillary subunits of the Sec translocon 
 

The SecYEG channel is essentially a passive pore that is dependent on other 

proteins to drive translocation. During co-translational insertion of inner 

membrane proteins the main driving force comes from the ribosome itself 

(Park & Rapoport, 2012b). However there are many additional proteins (i.e. 

ancillary subunits), which are involved in translocation. More than 30 years 

ago, Beckwith and co-workers isolated mutants that have altered secretion 

machineries and therefore protein localisation defects. Their screen 

unearthed SecA as the first ancillary subunit of SecYEG (Oliver & 

Beckwith, 1981). As already described in an earlier section of this thesis, 

SecA is mainly involved in post-translational insertion of proteins into the 

SecYEG channel, although it is also involved in the biogenesis of some inner 

membrane proteins (Neumann-Haefelin et al, 2000). The main emphasis of 

this section will be to discuss how SecA interacts with the SecYEG 

translocon during translocation. The crystal structure of SecA showed that it 

consists of two RecA-like nucleotide binding folds (NBF-I, NBF-II), a 

preprotein-crosslinking domain (PPXD), a helical scaffold domain (HSD) 

and a helical wind domain (HWD) as indicated in Figure 10 (Hunt et al, 

2002). 
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Figure 10. Crystal structure of SecA from Bacillus subtilis coloured according to 

domain organisation. Figure adapted from (Hunt et al, 2002). Reprint with 

permission. 

 

The relatively high number of domains in SecA is not surprising, 

considering that SecA binds to nucleotides, preproteins, membrane lipids, 

SecYEG and SecB. That SecA cycles on and off the SecYEG during 

translocation and that populations of SecA can be found in the cytosol as 

well as localised to the membrane is generally accepted (Economou & 

Wickner, 1994). However, if SecA functions as a monomer or a dimer 

remains a contentious issue, since there is evidence for both (Sardis & 

Economou, 2010). For an understanding of the interplay between SecA and 

SecYEG, the oligomeric state is not of primary interest and will be not 

discussed in detail. The crystal structure of SecA bound to SecYEG has 

given a new perspective on how SecA might mediate translocation of a 

preprotein (Zimmer et al, 2008). Mechanistic details are summarised in 

Figure 11.  
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Figure 11. Model for SecA mediated translocation. SecY (grey) SecE (red) SecG 

(light green) bind to the signal sequence (red trace) of the preprotein at the lateral 

gate. The green ring represents the clamp of SecA, which will widen during ATP 

binding and the two-helix finger (brown cylinder) from SecA is in proximity of 

SecY (a). In an ATP bound state, the SecA clamp widens and the two-helix finger 

moves towards the preprotein and pushes it into the translocon (b). When ATP is 

hydrolysed the clamp constricts and the two-helix finger moves back. Figure taken 

from (Zimmer et al, 2008). Reprint with permission. 

 

The minimum components for translocation of a protein following the post-

translational pathway in vitro are SecY, SecE and the motor protein SecA 

(Brundage et al, 1990), however translocation only by SecYE and SecA 

resembles a rather expensive endeavour, since the only energy comes from 

cycles of ATP hydrolysis with 20-30 residues of substrate being translocated 

per ATP. Another force that is needed for protein translocation is the 

electrochemical gradient or proton motive force (PMF) across the 

membrane. The positive effect of the PMF and ATP hydrolysis on protein 

translocation has been observed even before the individual proteins involved 

in secretion were known (Geller et al, 1986). 

SecD, SecF and YajC are also ancillary subunits of SecYEG and are also 

involved in protein translocation, however there are only about 30 copies per 

cell (Gardel et al, 1987, Pogliano & Beckwith, 1994). A proposed role for 

SecD, SecF and YajC is that they stabilise translocation intermediates 
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(Duong & Wickner, 1997b). A recent crystal structure of the SecDF complex 

from T. thermophilus led to a model, in which SecDF prevents backsliding 

of translation products on the trans site of the membrane. The complex 

consists of 12 TM segments and two large periplasmic domains (Figure 12).  

 

 

Figure 12. Crystal structure of the ancillary complex SecDF from Thermus thermo-

philus (PDB: A3QP). Side view from the membrane. TM segments 1-6 correspond 

to SecD and are shown in red. TM segments 7-12 correspond to SecF and are shown 

in blue. The periplasmic domain P4 (cyan) has a ferredoxin-type fold as well as the 

homologous P1 base (yellow), which connects to the P1 head (orange) with a hinge 

that allows movement around 120°. Therefore the P1 head could “pull” cargo from 

SecYEG. Figure adapted from (Tsukazaki et al, 2011). Reprint with permission. 

 

The proposed function of SecDF-YajC is to use the PMF to bind to translo-

cated peptides and pull them into the periplasm. Therefore it can be seen as a 

chaperone with its activity in the periplasm (Tsukazaki et al, 2011). 

The role for YajC is still unknown. It is neither essential for viability nor has 

any proposed role in translocation. Its C-terminus is located in the cytoplasm 

and its N-terminus is buried in the membrane, therefore it is unlikely to be 
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involved in tasks similar to its neighbours SecD and SecF (Fang & Wei, 

2011). However YajC has been co-crystallised with the multidrug efflux 

pump AcrB-AcrA-TolC complex. The structure showed that YajC clamps 

around ArcB, similar to how SecE clamps around SecY. Therefore YajC 

might play a more general role in stabilised inner membrane protein com-

plexes (Tornroth-Horsefield et al, 2007).  

The SRP receptor FtsY can also be classified as an ancillary module of 

SecYEG, since it is essential during co-translational targeting of inner 

membrane proteins and it co-purifies with SecYEG (Angelini et al, 2005). 

During co-translational targeting SRP and its receptor are in a GTP bound 

state and upon delivery of RNCs to SecYEG, the translocon itself induces 

GTP hydrolyses (Shen et al, 2012). Finally, the periplasmic chaperone PpiD, 

which was shown to contact RNCs emerging the SecYEG (Antonoaea et al, 

2008), might also be an ancillary subunit of SecYEG. However its molecular 

role at the translocon remains enigmatic. Not all proteins that associate with 

or are in the vicinity of the SecYEG translocon are directly involved in 

translocation, some of them like the leader peptidase LepB are probably 

more important in late stages of membrane protein biosynthesis. Finally, 

YidC represents another unique ancillary subunit of the SecYEG translocon. 

Remarkably, YidC facilitates membrane protein insertion in co-operation 

with SecYEG, as ancillary subunit, but also in a SecYEG-independent 

manner, as a stand-alone insertase.  

 

YidC  
 

YidC is essential and highly conserved with homologs found in mitochon-

dria (Oxa1) and chloroplasts (Alb3) (Funes et al, 2009, Funes et al, 2011). It 

functions as an ancillary subunit of SecYEG by helping to insert TM seg-

ments laterally into the lipid phase and thereby acting more like a chaperone 
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instead of an insertase (Urbanus et al, 2001). This hypothesis was strength-

ened by the fact that YidC is located at the lateral gate of SecYEG and that it 

can contact RNCs as they are inserted into the membrane (Sachelaru et al, 

2013). This Sec-dependent YidC-pathway was first demonstrated by 

crosslinking experiments that showed that the TM segment of the cell divi-

sion protein FtsQ is in the vicinity of SecY and YidC (van der Laan et al, 

2001). However the YidC contribution to FtsQ integration in the SecYEG 

associated pathway seems to be redundant, since even in the absence of 

YidC, FtsQ can be integrated into proteoliposomes (van der Laan et al, 

2004b). Another substrate that requires both, YidC and SecYEG is subunit II 

(CyoA) of the cytochrome bo terminal oxidase complex (Celebi et al, 2006, 

du Plessis et al, 2006, van Bloois et al, 2006).  

Substrates for the less common Sec-independent pathway, referred to as the 

YidC-only pathway, are the phage proteins M13 precoat and Pf3 (Chen et al, 

2002, Samuelson et al, 2000), the subunit c of the FoF1 ATP synthase (van 

der Laan et al, 2004a) and the mechanosensitive channel MscL (Facey et al, 

2007). Remarkably, it was shown that even polytopic membrane proteins, 

such as MtlA and TatC could be integrated via YidC in an SRP dependent 

manner. However polytopic membrane proteins with large periplasmic loops 

that are dependent on SecA are not feasible for integration via YidC (Welte 

et al, 2012). Recently a restricted model for the Sec-independent insertion of 

single spanning membrane protein by YidC was proposed (Kumazaki et al, 

2014) (Figure 13). 
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Figure 13. Model for YidC mediated insertion of a protein containing one TM 

segment. Model adapted from the crystal structure of the YidC homolog SpoIIIJ 

from B. subtilis. Conserved arginines in a hydrophilic pocket attract negatively 

charged residues on the TM segment (a + b). The uneven charge distribution over 

the membrane and the hydrophobic interactions between the apolar residues from 

the TM segment and from the lipid bilayer orient the TM segment in the membrane 

(c). Figure taken from (Kumazaki et al, 2014). Reprint with permission. 

 

The model that Kumazaki et al proposed for the insertion of MifM can also 

explain the insertion of the Pf3 coat protein by YidC, since the Pf3 coat pro-

tein also contains negatively charged residues that are important for its inser-

tion (Dalbey & Kuhn, 2014, Kiefer et al, 1997). How YidC could actually 

mechanistically facilitate the integration of a polytopic membrane protein 

remains enigmatic. 

The Twin-arginine translocation pathway  
 

The twin-arginine translocase (Tat) is a third protein transport complex in 

the inner membrane of E. coli. In contrast to YidC and SecYEG this translo-

con mediates secretion of folded proteins. There are at least 27 substrates 

known (Tullman-Ercek et al, 2007), most of which contain redox co-factors 

that have to be inserted in the cytosol (Berks, 1996). Signal sequences of Tat 

substrates are less hydrophobic compared to other signal sequences and they 

have a conserved composition. A polar N-terminal (N) and a polar C-
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terminal (C) region flanking a hydrophobic core (H). Between the N and C 

regions is a highly conserved twin arginine [(S/T)RRxFLK] motif, which 

gives the Tat system its name. In E. coli the removal of both arginines abol-

ishes transport, whereas deletion of one arginine affects the transport effi-

ciency (Buchanan et al, 2001). The translocon itself consists of the TatA, 

TatB and TatC integral membrane proteins. TatD is also a translation pro-

duct of the tat-operon, but it is not involved in translocation. TatD and its 

two homologs YcfH and YjjV are cytoplasmic proteins that possess DNase 

activity (Wexler et al, 2000). E. coli also contains the TatA paralog TatE. 

Neither protein is essential, but at least one of them is needed for export. A 

single deletion or tatA or tatE leads to reduced translocation efficiency (Sar-

gent et al, 1998). The translocation is independent of ATP, but the PMF is 

required for activity (Yahr & Wickner, 2001). Mechanistically the actual 

translocation process is not known yet. However two models have been pro-

posed. Both models agree that TatBC recognises the substrate and that TatA 

is recruited in presence of PMF (Palmer & Berks, 2012). One model sug-

gests that TatA forms a pore, like a trapdoor and the other model describes a 

membrane weakening effect by TatA due to aggregation in a disordered 

manner (Patel et al, 2014).  

The holotranslocon  
 

The composition of the SecYEG translocon and its ancillary subunits has 

been studied in great detail, but a precise picture remains elusive and 

somewhat controversial. For example it has been proposed that SecYEG 

functions as a monomer (Yahr & Wickner, 2000), a dimer (Breyton et al, 

2002), a trimer (Beckmann et al, 2001) and a tetramer (Manting et al, 2000). 

However a single copy of SecYEG is sufficient for protein translocation 

(Park & Rapoport, 2012a) as the translocating polypeptide moves through a 
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single SecY subunit (Cannon et al, 2005). Significantly, Bessonneau et al 

noted that SecYEG tends to form higher oligomers in a concentration 

dependent manner, i.e. when over-expressed (Bessonneau et al, 2002). This 

might explain some of the controversy in the literature. However, they also 

stated that in wild-type inner membrane vesicles they detected a higher 

molecular mass complex of SecYEG, most likely a homooligomeric dimer 

of SecYEG. This conclusion was largely based on the observation that 

antisera against SecA and SecDF failed to recognise this complex. Recently 

our own group and that of Koch showed that higher molecular mass 

complexes of SecYEG contained either the periplasmic chaperones YfgM 

and PpiD or YidC (Paper II, Sachelaru et al, 2014). 

A further complication to understanding the composition of the SecYEG 

translocon stems from the fact that it is most likely dynamic, since there is 

evidence that the stochiometry of the SecYEG might vary with the precursor 

species it translocates (Mao et al, 2013). Mao et al showed that the transport 

of the periplasmic galatose-binding protein induced a higher molecular mass 

complex of SecYEG compared to the transport of OmpA. However the exact 

oligomeric state of SecYEG could not be identified. Most likely there is not 

a defined oligomeric state of SecYEG, monomeric and dimeric might both 

play a role in vivo.  

The exact composition of the Sec translocon in vivo is still not known. It was 

shown that SecYEG can interact with different ancillary subunits, for 

example interactions of SecYEG-SecDF-YajC (Duong & Wickner, 1997a) 

or SecYEG-YidC (Sachelaru et al, 2013) or YidC-SecDF-YajC (Nouwen & 

Driessen, 2002) have been described. Recently SecYEG and the ancillary 

modules SecDF-YajC and YidC were co-expressed and a holotranslocon 

(HTL) and a dimer of SecYEG were reconstituted into liposomes to further 

the understanding of the contribution to translocation of the ancillary 

subunits (Schulze et al, 2014). However there are some limitations to this 

study, for example: (1) that over-expression of SecYEG can form artificial 



 39 

oligomers (Bessonneau et al, 2002) and (2) that YidC, SecYEG and SecDF 

are not expressed in a one-to-one stochiometry in vivo, which raises 

questions about the biological relevance of the proposed HTL. Nevertheless, 

the study of Schulze et al was a significant step forward, since it rationalises 

earlier biochemical findings, such as that YidC is at the lateral gate of 

SecYEG (Sachelaru et al, 2013), or the back-to-back dimer formation of 

SecYEG (Bostina et al, 2005). Additional work will be required to fully 

understand the dynamics of the SecYEG translocon and its composition in 

vivo. Given the varying copy numbers of the ancillary subunits in the cell, it 

is highly likely that there are translocons with different compositions.  

Protein folding in the periplasm 
 

Secreted proteins that emerge through the SecYEG translocon on the peri-

plasmic side have two principle fates. One proportion is kept in a linear or 

partially folded state in order to be trafficked to the outer membrane. A sec-

ond proportion needs to be folded and processed (i.e. signal sequence cleav-

age or disulphide bond formation) in the periplasm to adapt an active state. 

In contrast to the cytoplasm, there is no ATP present in the periplasm, there-

fore all processes have to take place without this energy source (Wülfing & 

Plückthun, 1994).  

The proteins involved in the trafficking and maturation of substrate proteins 

can be broadly divided into three groups, there are folding catalysts, prote-

ases and molecular chaperones (Merdanovic et al, 2011). The most promi-

nent proteins involved in protein folding in the periplasm are shown in Fig-

ure 14. 
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Figure 14. Periplasmic and inner membrane proteins involved in cell envelope pro-

tein biogenesis. Proteins can have more than one function, as indicated by the boxes. 

Figure adapted from (Duguay & Silhavy, 2004). 

Folding catalysts 
 

In E. coli there are around 300 proteins predicted to have at least one disul-

phide bond (Dutton et al, 2008). Disulphide bonds within proteins can be 

formed spontaneously, although it is a very slow process. Therefore this 

reaction needs to be catalysed and subjected to quality control. DsbA was the 

first protein in E. coli that was discovered to catalyse disulphide bond forma-

tion (Bardwell et al, 1991). It contains a CXXC motif in an oxidised state, in 

order to accept electrons from its substrates (Huber-Wunderlich & Glock-

shuber, 1998). To adapt to an active state again DsbA subsequently reduces 

the inner membrane protein DsbB (Bardwell et al, 1993) that in turn feeds 



 41 

electrons to components of the electron-transport chain (Kadokura et al, 

2000). In summary the electrons flow from the substrate  DsbA  DsbB 

 electron transport chain. This catalytic recycling pathway is the main de 

novo disulphide bond formation pathway in E. coli. Some secreted proteins 

contain more than two cysteines and some disulphide bonds may not form 

correctly. Therefore there are quality control mechanisms in the periplasm, 

namely the protein disulphide isomerases (PDI). DsbC is a disulphide oxi-

doreductase and it also contains a CXXC motif for disulphide bond forma-

tion, but compared to DsbA it has higher isomerisation activity and is kept 

reduced in the periplasm (Missiakas et al, 1994). DsbC is reduced by DsbD, 

an inner membrane protein, which transports electrons from the cytoplasmic 

thioredoxin to DsbC in the periplasm (Rietsch et al, 1997, Zapun et al, 

1995). The DsbA/DsbB and DsbC/DsbD pathways are the major contribu-

tors to disulphide bond formation and isomerisation respectively. 

A second rate-limiting step in the folding of periplasmic proteins is the 

cis/trans isomerisation of peptide bonds. Most peptide bonds are in a trans 

configuration, but proline residues tend to be in a cis configuration. Isomeri-

sation is catalysed by a class of enzymes with peptidyl-proly-isomerase ac-

tivity (PPIs). There are at least four known PPIs namely FkpA, PpiA, PpiD 

and SurA known to be present in the cell envelope (Dartigalongue & Raina, 

1998, Horne & Young, 1995, Lazar & Kolter, 1996, Liu & Walsh, 1990). 

None of these is essential and a deletion of all four is viable (Justice et al, 

2005). Moreover, the outer membrane proteome of E. coli seems unaffected 

by deletions of single PPIs, except for SurA, which also functions as a chap-

erone and is involved in the trafficking of outer membrane proteins (Ver-

tommen et al, 2009).  
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Proteases 
 

Protein fragments, misfolded protein and protein aggregates are degraded in 

the periplasm by proteases. There are about 20 proteases in the periplasm of 

E. coli (Merdanovic et al, 2011), of which DegP is probably the best charac-

terised. DegP is a serine protease and is a dimer of trimers in the periplasm 

in the resting state (Kim et al, 1999, Krojer et al, 2002). The proteolytical 

active conformation of DegP is a multimer of the described hexamers. These 

substrate induced 12 , 18  or 24-mers of DegP have their proteolytic active 

sites in the central cavity of the barrel structure (Krojer et al, 2010). DegP 

also contains a chaperone motif and under 28 °C DegP acts more like a 

chaperone than as a protease (Spiess et al, 1999). There are two known ho-

mologs of DegP in the periplasm, DegG and DegS. DegS is membrane an-

chored and activates the envelope stress pathway, when it senses misfolded 

OMPs (Alba et al, 2002) and DegQ most likely also functions as a periplas-

mic protease (Waller & Sauer, 1996). 

 

Molecular chaperones 
 

Molecular chaperones in the periplasm have two roles, they traffic outer 

membrane proteins, and they refold periplasmic proteins during stress-

conditions. The chaperones involved in trafficking outer membrane proteins 

have been discovered earlier, most likely because deletions of these result in 

phenotypes that are easier to identify, i.e. loss of outer membrane integrity. 

A screen for proteins that are needed for survival during stationary phase 

revealed SurA (Tormo et al, 1990). It was then later shown that SurA con-

tains a PPI domain, possesses chaperone activity and is involved in the traf-

ficking of outer membrane proteins (Behrens et al, 2001, Vertommen et al, 
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2009). The deletion of surA causes a loss of outer membrane integrity due to 

reduced levels of LptD (Abe et al, 2003, Vertommen et al, 2009).  

The seventeen-kilodalton protein (Skp) was first implicated to be involved in 

outer membrane biogenesis, since it selectively binds to unfolded OmpF 

(Chen & Henning, 1996). The crystal structure of Skp shows that it resem-

bles a three-pronged grasping forcep (Korndorfer et al, 2004) and that it can 

bind to the β-barrel domain of OmpA (Walton et al, 2009). Further evidence 

for its involvement in outer membrane biogenesis was obtained from genetic 

studies that showed that deletions of skp and degP led to a temperature de-

pendent accumulation of unfolded proteins in the periplasm (Schäfer et al, 

1999). However, the outer membrane proteome was not affected in skp/degP 

double deletion strains (Sklar et al, 2007). 

FkpA was originally identified as a PPI protein (Missiakas et al, 1996) and 

was later shown to also possess chaperone function (Arie et al, 2001). Its 

link to outer membrane biogenesis was established when fkpA was deleted 

together with skp, since the double deletion had an effect on the biogenesis 

of LptD, the integral outer membrane protein that assembles LPS at the dur-

face of the cell (Schwalm et al, 2013). The chaperones mentioned above 

seem to work in parallel pathways, the SurA and the Skp/DegP pathway. 

This conclusion is based on genetic studies that showed that a deletion of skp 

in combination with surA leads to a synthetic lethal phenotype (Rizzitello et 

al, 2001). Moreover the deletion of degP in combination with surA is lethal 

(Sklar et al, 2007), indicating that SurA and Skp/DegP operate in parallel 

pathways (Denoncin et al, 2012). This might be due to the fact, that they are 

often bi-functional (PPIase and chaperone domain) and rather promiscuous 

in substrate binding (Duguay & Silhavy, 2004). 

Additional to the targeting chaperones there are also stress-induced chaper-

ones in the periplasm. The Spy protein is one of the more recently discov-

ered members of the periplasmic chaperone network. It prevents protein 

aggregation and mediates protein folding in vitro, and this has been recently 
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demonstrated for tannic acid damaged DsbA (Quan et al, 2011). From its 

crystal structure it was assumed that it could bind promiscuously to peptides, 

however its binding seems to be more specific, as the Spy protein can com-

pensate for the effects of a skp/degP deletion, but not for that of a surA dele-

tion (Schwalm et al, 2013). 

Other molecular chaperones with a remarkably mechanism are the small acid 

inducible chaperones HdeA and its homolog HdeB. Similar to the Spy pro-

tein, HdeA/B are thought to share the same flexibility in their potential to 

bind various substrates (Quan et al, 2011, Tapley et al, 2009). HdeA exits as 

a dimer in the periplasm, which resembles the inactive form (Tapley et al, 

2009). The signal for HdeA to monomerise and thus adapt an active confor-

mation is a change in pH. Since the periplasm is not protected from envi-

ronmental changes in pH, proteins tend to unfold/denature when the pH 

changes drastically. Since E. coli cells are exposed to different milieus dur-

ing colonisation, they have to adapt to a wide range of changes in pH (inges-

tions pH 6.5, stomach pH 2.0). Recently, a molecular understanding on how 

the cells adapt to low pH was provided by Zhang and colleagues, who re-

ported the ability of HdeA to refold acid damaged PpiD, SurA and DegP 

(Zhang et al, 2011). In Paper III it was shown that the acid-stress chaperone 

HdeB is dependent on YfgM for its biogenesis under normal physiological 

pH. All these findings indicate that there might be more complex chaperone 

cooperation than previously thought in the periplasm. Therefore it is of 

paramount interest to identify all players in the periplasm to be able to reveal 

the potential of this complex network. 
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The β-barrel assembly machinery complex 
 

Of the 400 – 500 secreted proteins in the periplasm (Chatzi et al, 2014), 

about one third are localised to the outer membrane. Around 100 of these are 

lipoproteins and about 30 are integral β-barrel membrane proteins (Weiner & 

Li, 2008). The latter have a tailored machinery for integration into the outer 

membrane, namely the β-barrel assembly machinery (BAM) complex. The 

BAM complex consists of essential core subunit BamA, formerly known as 

Omp85 (Voulhoux et al, 2003) and four lipoprotein subunits (BamBCDE) 

(Figure 15). 

 

Figure 15. Crystal structures of the components of the BAM complex. Schematic of 

the BAM complex (a), Crystal structure of BamA (PDB: 4K3B) (b), structure of 

BamB (PDB: 3P1L) (c), structure of BamCD subcomplex (dark blue is BamC) 

(PDB: 2YHC) and the NMR structure of BamE (PDB: 2KXX). See text for details. 

Figure taken from (McMorran et al, 2014). Reprint with permission. 
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BamA is composed of a 16-stranded β-barrel and five N-terminal polypep-

tide transport associated (POTRA) domains (Sanchez-Pulido et al, 2003) that 

are located in the periplasm. POTRA domains are conserved domains that 

mediate protein-protein interactions. The crystal structure of the non-

essential lipoprotein BamB showed that it is an eight-bladed β-propeller and 

that its most outer β-strands of each blade could mediate protein interaction 

via β-augmentation (Heuck et al, 2011). The non-essential BamC is thought 

to stabilise the BamCD subcomplex and therefore play a more regulative 

role (Kim et al, 2011). BamD is an essential component of the BAM com-

plex and is mainly a α-helical protein that consists of 5 TPR domains (San-

doval et al, 2011). Its role in outer membrane protein biogenesis is most 

likely substrate recognition. BamD interacts with POTRA domain 5 in 

BamA (Kim et al, 2007). BamB and BamD can bind to substrate OMPs as 

well as to BamA. Therefore it was proposed that BamB and BamD help to 

insert BamA in the outer membrane (Hagan et al, 2013). BamE interacts via 

BamD and its role was proposed to guide the BAM complex to phospha-

tidylglycerol (PG) rich regions in the membrane (Endo et al, 2011), since PG 

promotes OMPs insertion into the membrane (Patel et al, 2009). A recently 

proposed mechanism for how BamA mediates the insertion of OMPs is 

shown in Figure 16. 
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Figure 16. Model for the role of the BAM complex during integral β-barrel mem-

brane protein biogenesis. Figure adapted from (Noinaj et al, 2014). Reprint with 

permission. 



 48 

Summary of the papers 

Paper I  

 
Systematic analysis of native membrane protein complexes in Escherichia coli. 
Maddalo G, Stenberg-Bruzell F, Götzke H, Toddo S, Björkholm P, Eriksson H, 
Chovanec P, Genevaux P, Lehtiö J, Ilag LL, Daley DO. J Proteome Res. (2011) 
10(4):1848-59 
 

The cell envelope of the Gram-negative bacterium Escherichia coli contains 

about 30 % of the predicted proteome. Many of these proteins have no anno-

tated function and their roles in the cell envelope remain enigmatic. One 

strategy to assign a function to an uncharacterised protein is to identify po-

tential interacting partners through the analysis of membrane protein com-

plexes. If an unknown protein forms a complex with proteins involved in a 

particular biochemical pathway, it is likely that the unknown protein has a 

similar function (the guilt-by-association principle). In this study we de-

signed a proteomic platform to separate and identify membrane protein 

complexes. First membrane protein complexes were separated according to 

their subcellular localisation (i.e. inner and outer membrane) by gradient 

ultracentrifugation, then complexes were solubilised by the mild detergent 

DDM and fractionated according to their surface charge by anion exchange 

chromatography. Finally protein complexes were analysed by two-

dimensional BN/SDS-PAGE analyses. Using this approach we were able to 

identify 30 membrane protein complexes of which 6 had not been described 

previously. One of them was a heterooligomeric inner membrane complex of 

the well-characterised periplasmic chaperone PpiD and YfgM, a protein with 

no annotated function. Furthermore the topology of both inner membrane 
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proteins PpiD and YfgM were experimentally determined and the complex 

formation was verified by a pull-down experiment. A bioinformatic analysis 

showed that the PpiD and YfgM are conserved in γ- and β-proteobacteria. 

 

 

Paper II  

 
YfgM is an Ancillary Subunit of the SecYEG Translocon in Escherichia coli. 
Götzke H, Palombo I, Muheim C, Perrody E, Genvaux P, Kudva R, Müller M, 
Daley DO. J Biol Chem. (2014) 289(27):19089-19097 
 

Our goal in this study was to better understand the role of YfgM. Since PpiD 

is thought to associate with SecYEG, we reasoned that YfgM might do so as 

well. Initially we showed that YfgM forms a supercomplex with PpiD and 

SecYEG when inner membrane proteins are solubilised with the mild deter-

gent digitonin. These results were obtained using two alternative experi-

mental approaches, first of all by co-immunoprecipitations in wild-type and 

deletion strains and secondly by two-dimensional BN/SDS-PAGE analyses. 

Using a chemical-genetic approach we also showed that YfgM has partially 

overlapping functions with the major periplasmic chaperones Skp and SurA. 

A deletion of yfgM with either skp or surA led to a compromised outer mem-

brane. The phenotypes of the double deletions were significantly more pro-

nounced compared to the respective single deletion strains. Moreover, they 

led to an increased activation of cell envelope stress responses. We con-

cluded that YfgM is part of the periplasmic chaperone network and that its 

role might be to mediate the trafficking of proteins from the SecYEG trans-

locon to the periplasmic chaperone network that contains Skp, SurA, DegP 

and PpiD.  
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Paper III 
 
Identification of putative substrates for the periplasmic chaperone YfgM in 
Escherichia coli using quantitative proteomics. Götzke H, Muheim C, Maarten AF, 
Heck AJ, Maddalo G, Daley DO. Submitted manuscript MCP/2014/043216 
 

Our goal in this study was to better understand the molecular role of YfgM 

by identifying its potential substrates. We reasoned that potential substrates 

should be envelope proteins that are misfolded or trafficked incorrectly and 

thus more prone to proteolysis (the loss-of-function rationale). We therefore 

used a comparative proteomic approach to quantify protein abundances in 

strains lacking yfgM. We expanded the proteomic analyses in strains also 

lacking skp or surA, to exclude compensatory effects by these major peri-

plasmic chaperones that could mask the consequences of a yfgM deletion. 

From the analyses of the three experiments one key finding was, that pro-

teins needed for the adaptation to gastrointestinal stresses, such as acid re-

sistance, were lower in abundance in the yfgM deletion strains. The short-list 

of potential substrates for YfgM included the periplasmic chaperone HdeB 

that is linked to survival during acid-stress. We could show that the HdeB 

was turned-over faster in strains lacking yfgM by pulse-chase experiments. 

Thus we concluded that the periplasmic chaperone HdeB is a potential sub-

strate for YfgM. Finally, it is worth mentioning that we observed a number 

of inner membrane proteins that were lower in abundance in ∆yfgM strains, 

indicating a potential role of YfgM during co-translational insertion of inner 

membrane proteins via the SecYEG translocon. 

 

Paper IV 

 

YfgM plays a role in protein insertion through the SecYEG translocon. 
Kudva R, Götzke H. Manuscript in preparation 
 

Since the molecular role of YfgM at the SecYEG translocon remained enig-

matic, the aim of this study was to investigate whether (1) YfgM can physi-
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cally interact with proteins exiting the SecYEG translocon and (2) if YfgM 

plays a role during insertion or translocation of proteins mediated by the 

SecYEG translocon. Initially we used a crosslinking approach to show that 

YfgM can contact ribosome nascent chains that emerge from the translocon. 

A photo-activated crosslinker was introduced into the periplasmic loop of 

the model substrate YidC and the obtained crosslinks were identified by 

immunoprecipitations. The analysis showed that SecY, PpiD and YfgM were 

all in close proximity to the translocating model substrate. To test whether 

YfgM has a role in protein insertion or translocation we conducted an in 

vitro assay using YidC (an inner membrane protein), HdeB (a periplasmic 

protein) and OmpA (an outer membrane protein). Unfortunately this study 

was carried out in parallel with the previous study and therefore we missed 

the possibility to investigate the potential inner membrane substrates that we 

identified by the proteomic analyses in the previous manuscript. Using the 

model substrates instead during the coupled in vitro translation and transport 

assay did not exhibit in a phenotype in cells with a yfgM deletion. However, 

an in vivo assay with marginally hydrophobic test segments indicated that 

the deletion of yfgM has an influence on the insertion efficiency at the lateral 

gate of SecYEG. The transmembrane segments needed to be more hydro-

phobic to insert into the inner membrane of E. coli. Taken together the data 

indicted that (1) YfgM is in close vicinity of the SecYEG and therefore 

could participated in insertion / translocation events and (2) cells with a dele-

tion in yfgM have a higher hydrophobicity threshold for test segment inser-

tion in the inner membrane.  
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Populärvetenskaplig sammanfattning på svenska 

Bakterien Escherichia coli är en encellig organism vars normala livsmiljö är 

i tarmen hos däggdjur. E. coli existerar i symbios med sin värd och produce-

rar vitaminer som tillgodoser värden. Dessutom skyddar E. coli värden från 

infektioner från patogena tarmbakterier. Tack vare dess lätthanterlighet och 

relativt enkla struktur, fungerar E. coli som en av de viktigaste modellorga-

nismerna för att studera biokemiska processer.  

Under de senaste åren har flera utbrott av patogena E. coli stammar rap-

porterats runt om i världen, vilket kostat många människor livet. En av de 

huvudsakliga skillnaderna mellan de patogena stammarna av E. coli och de 

ofarliga laboratoriestammarna är att de patogena stammarna producerar tox-

iska substanser som påverkar värddjuret negativt när de transporteras ut och 

frisläpps från bakteriecellerna. De patogena stammarna har också utvecklat 

tillvägagångssätt för att aktivera värdens immunsystem och framkalla in-

flammation. Ett av dessa sätt involverar en komplex struktur av sockerkom-

ponenter på cellytan som fungerar som antigener. Det är därför av grundläg-

gande betydelse att få en djupare förståelse av produktionen av cellhöljet och 

de bakomliggande mekanismerna för exkretionen av toxiska substanser. 

I denna avhandling har ett tidigare okänt protein identifierats, YfgM, som 

visade sig viktig vid produktionen av cellhöljet. Vidare studier visade att 

YfgM bland annat hjälper andra proteiner som bygger cellhöljet. Slutgiltli-

gen demonstrerades också att frånvaron av YfgM har inverkan på förmågan 

för E. coli att överleva i en miljö med lågt pH, tillexempel i magen. 
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Populärwissenschaltiche Zusammenfassung auf 
Deutsch  

Das Bakterium Escherichia coli ist ein einzelliger Organismus, dessen nor-

males Habitat der Darm von Säugetieren ist. E. coli steht in einer symbi-

otischen Beziehung mit seinem Wirt und stellt zum Beispiel Vitamine her, 

die über den Darm aufgenommen werden. Außerdem schützt es den Wirt vor 

Infektion mit pathogenen Darmbakterien. Durch die einfache Kultivier-

barkeit und den relativ simplen Aufbau dient E. coli auch heute noch als 

eines der wichtigsten Modellorganismen um biochemische Prozesse zu stud-

ieren und zu verstehen. In vergangenen Jahren gab es häufiger Berichte über 

den Ausbruch von pathogenen E. coli Stämmen, die vielen Menschen das 

Leben gekostet haben. Der Unterschied zwischen den pathogenen Stämmen 

von E. coli und den harmlosen Laborstämmen liegt darin, dass die patho-

genen Stämme Möglichkeiten gefunden haben, Toxine zu produzieren und 

aus der Zelle zu transportieren. Außerdem sind sie in der Lage, das Immun-

system des Wirtes zu aktivieren und Endzündungsreaktionen hervorzurufen, 

durch einen komplexeren Aufbau von Zuckerbestandteilen auf ihrer Zel-

loberfläche, welche als Antigene wirken. Deshalb ist ein tieferes Verständnis 

über die Herstellung der Zellhülle und die Mechanismen zur Ausschüttung 

von Toxinen von fundamentaler Bedeutung. In dieser Doktorarbeit wurde 

ein bisher unbekanntes Protein identifiziert, welches an der Herstellung der 

Zellhülle beteiligt ist. Es konnte gezeigt werden, dass der Verlust dieses 

Proteins mit dem systematischen Namen YfgM Auswirkung darauf hat, über 

welchen Zeitraum E. coli Zellen im sauren Milieu, wie zum Beispiel im Ma-

gen überleben können. 
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