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 Using proteomics to broaden the range of known YidC and 

SecDF substrates in Escherichia coli 
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INTRODUCTION 

In Escherichia coli, the majority of protein translocation across or insertion into the 

cytoplasmic membrane occurs via the Sec system. In the case of integral membrane 

proteins, ribosome-bound nascent chains are targeted by the bacterial signal 

recognition particle (SRP) to the translocase via the SRP receptor FtsY, while 

secretory proteins are bound post-translationally by the chaperone SecB which 

targets the protein to the translocase while keeping it in a translocation-competent 

state (see (124,282)  for recent reviews).  

The protein conducting channel of the Sec translocase consists of the 

heterodimer SecYEG complex (75,496) to which the motor protein SecA is 

associated. SecA is an ATPase which drives the translocation of proteins and large 

polar intermembrane loops across the membrane. The insertion of integral 

membrane proteins proceeds by a co-translational “threading mechanism” (111). 

Transmembrane segments (TMSs) are postulated to exit and partition into the lipid 

bilayer via the lateral gate and the accessory protein YidC may play an important 

role in the clearance of transmembrane segments from the SecYEG channel 

(408,408).  

YidC belongs to the evolutionarily conserved Oxa1/Alb3/YidC family 

which evolved before the divergence of the 3 major domains of life (281,366,542). 

Oxa1 (Oxidase assembly) from yeast was the first member of this family to be 

described and was originally identified as an essential factor for the biogenesis of 

subunits of the cytochrome c oxidase and ATP synthase (15,31,64). Members of the 

family have all been implicated in membrane protein biogenesis of respiratory and 

energy transducing proteins. In E. coli, YidC is essential for the insertion of 

subunits a and c of the F1F0 ATP synthase (Foa and Foc) (499,499,544) and subunit a 

of cytochrome o oxidase (CyoA) (126,494,494).  The membrane biogenesis of 

respiratory complexes in E. coli is reviewed in Chapter 1 of this thesis.  The 

following chapters describe a proteomics approach that was applied to expand the 

known range of YidC-dependent proteins.  This led to the identification of putative 

YidC substrates which were subsequently analyzed for their in vitro insertion and, 

where applicable oligomerization, requirements.  YidC has been shown to bind to 

the Sec system accessory proteins SecD and SecF and a proteomics study was 

conducted to determine the effects of depletion of the SecDFYajC complex on the 

cell envelope. 
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PROTEOMIC ANALYSIS OF THE EFFECT OF YidC DEPLETION REVEALED 

DISTINCT CELLULAR RESPONSES UNDER AEROBIC AND ANAEROBIC 

GROWTH CONDITIONS 

YidC has been shown to be essential for growth under aerobic conditions.  

This is due to the absolute dependence of Foc and CyoA on YidC for insertion. In 

the absence of oxygen, E. coli is able to use other organic and inorganic molecules 

as terminal electron acceptors and the genome of E. coli encodes for a multitude of 

primary dehydrogenases, terminal reductases and quinines.  This bacterium is 

therefore an ideal organism in which to investigate the role of YidC in the 

biogenesis of respiratory proteins. To this end, the effect of YidC depletion on 

growth under anaerobic respiratory conditions and the levels of essential 

respiratory chain components was investigated (Chapter 2).   YidC was found to be 

essential for anaerobic growth when either nitrate or fumarate were used as 

terminal electron acceptors.  Using immunoblot analysis, YidC depletion was 

found to have a negative effect on the levels of the subunits of nitrate reductase, the 

catalytic subunits of fumarate reductase and the small subunit K of NADH 

dehydrogenase I.  Also, the enzyme activities of the nitrate and fumarate 

reductases were found to decrease significantly upon YidC depletion.  The 

observations suggest a role for YidC in the membrane biogenesis of integral 

membrane subunits of the anaerobic respiratory chain, broadening the range of 

potential YidC substrates.  Interestingly, the well-characterized PspA response was 

not induced under anaerobic conditions despite the disturbance in the biogenesis 

of the respiratory chain components.  Differences in the cellular stress response 

when YidC depletion was performed under aerobic growth conditions as 

compared to anaerobic conditions were also observed when a metabolic labeling 

strategy was applied to study membrane-wide changes upon YidC depletion. 

Chapter 3 describes an MS-centred proteomics approach in which the membrane 

fraction of cells grown aerobically and those grown anaerobically with fumarate as 

a terminal electron acceptor, were analyzed for changes upon YidC depletion.  A 

large fraction of the membrane proteins quantified did not change significantly 

upon YidC depletion.  However, in the aerobic data set, massive upregulation of 

various chaperone responses was observed.  These proteins have been 

characterized to respond to protein aggregation and misfolding in both the 

cytoplasm and inner membrane of E. coli.  Based on these results, it was proposed 

that YidC depletion does not only detrimentally effect protein insertion and/or 

translocation but also folding of membrane proteins once they have been 
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integrated into the lipid bilayer.  The major upregulation of chaperone systems in 

response to YidC depletion was not observed in the anaerobic dataset.  This could 

be due to reduced protein aggregation or differences in the regulation of cellular 

stress responses under anaerobic growth conditions.  Particularly noteworthy, the 

results presented in Chapter 3 indicate that gel-free techniques are well-suited to 

the differential proteomic analysis of membrane proteins with approximately 100 

integral membrane proteins quantitatively analyzed in each dataset. From the 

results of both the aerobic and anaerobic YidC depletion analyses, a number of 

potential YidC substrates were identified.  These included ABC and MFS 

transporters, ion channels and a number of putative proteins.  Owing to the large 

number of proteins that were quantitated using MS-centred proteomics techniques, 

for a number of protein families/classes numerous members were analyzed.  This 

revealed that for no protein family were all members negatively affected by YidC 

depletion indicating that potential substrates should be examined case by case 

using in vitro insertion experiments as those described in Chapters 4 and 5.   

 

CONSERVED MEMBRANE-EMBEDDED NEGATIVE CHARGES DETERMINE 

THE YidC-DEPENDENCE OF NuoK  

Proteomic analysis of YidC-depleted cells revealed a disruption in the 

levels of subunits of the NADH dehydrogenase I.  Oxa1 homologues too have been 

implicated in the biogenesis of the evolutionarily-related complex I in 

mitochondria (331,454).  Therefore, the in vitro insertion requirements of the small 

subunit NuoK of NADH dehydrogenase I were investigated.  Chapter 4 describes 

the use of inner membrane vesicles (IMVs) and proteoliposomes as target 

membranes to elucidate the minimal requirements for NuoK insertion in vitro. 

Similarly to CyoA, it was found that SecYEG and YidC are essential for the 

insertion of NuoK.  Interestingly, the PMF was shown to have an inhibitory effect 

on the insertion of NuoK.  This could be an extra regulatory element since NADH 

dehydrogenase I is largely required under the “energy limited” conditions of 

growth without oxygen. It is not known what characteristics determine whether a 

protein would require YidC in addition to the Sec translocase for membrane 

insertion.  This is in part due to the limited number of proteins known to strictly 

require YidC for their biogenesis. To elucidate the determinants of the YidC 

dependence of NuoK, the membrane-embedded glutamates contained in TMSs 2 

and 3 were substituted for lysines.   This resulted in TMSs where single negative 

charges were replaced for positive ones.  When single substitutions were made, the 
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protein remained dependent on YidC for insertion.  However, when both 

glutamates were replaced by lysines, insertion of the resulting mutant protein was 

no longer affected by YidC depletion.  In addition, insertion could be catalyzed by 

SecYEG-containing proteoliposomes, confirming that the protein no longer 

requires YidC for membrane insertion.  This suggests that for NuoK, YidC acts as a 

scaffold for the integration of the negatively charged, less-hydrophobic TMSs 2 and 

3. 

 

CELL-FREE PROTEIN SYNTHESIS SYSTEMS CAN BE USED TO PRODUCE 

ACTIVE MscL ION CHANNELS 

In vitro synthesis systems have been used extensively to characterize the insertion 

requirements of membrane proteins in vitro and it was of interest whether such 

systems could be exploited for the production of functional, assembled protein 

complexes.  Chapter 5 describes the elucidation of the minimal requirements for 

MscL insertion and subsequent oligomerization in liposomes with the aim of 

producing active ion-conducting channels. It was found that YidC alone is 

sufficient to catalyze insertion of in vitro-synthesized MscL and that MscL 

consequently forms homopentameric channels.  However, higher oligomeric MscL 

was also observed in the presence of empty liposomes and in solution indicating 

that this process can occur independently of YidC and the inserted state of MscL.  

This suggests that the ability of MscL to form a pentameric channel is determined 

by the primary structure. To determine whether the pentameric species observed in 

vitro represented function protein complexes, the ion channel activity of in vitro 

synthesized/inserted MscL was investigated using planar bilayer membranes.  Ion 

channel activity was measured for MscL synthesized in vitro in the presence of 

liposomes as well as YidC-containing proteoliposomes. This too shows that in vitro, 

MscL channel formation can occur unassisted and that YidC only functions in the 

insertion of this small hydrophobic protein.  Spontaneous insertion in in vitro 

systems utilizing liposomes is an inherent problem associated with the technique 

(335).  The inclusion of diacylglycerol (DAG) into liposomes blocks spontaneous 

insertion in vitro (242) and this lipid should be incorporated into standard in vitro 

insertion methods.  The elimination of spontaneous insertion would allow more 

accurate definition of the role of proteinaceous factors in the insertion of MscL and 

is a subject of further investigation.  The results presented in Chapter 5 do 

however, reveal that in the cases where over-expression of membrane proteins is 

toxic, in vitro synthesis of the protein of interest and subsequent insertion into 



178  

Chapter 7 

(proteo)liposomes is a realistic alternative. 

 

SecDF-DEPENDENT PROTEIN TRANSLOCATION 

YidC has been shown to specifically to interact with both SecD and SecF 

(336) and since SecF interacts with SecYEG it has been postulated that SecDF 

mediates the association of YidC with SecYEG.  Chapter 6 describes the analysis of 

the effect of SecDFYajC depletion on the cell envelope.  Besides, an induction of the 

PspA protein, no major changes were observed when SecDFYajC were depleted.  

However, if SecDFYajC was extensively depleted, protein aggregation in the 

cytoplasm occurred.  As seen with YidC, the protein aggregates contained 

cytoplasmic proteins as well as outer membrane proteins and inner membrane(-

associated) proteins involved in cell shape and division.  This suggests either that 

YidC and SecDF have overlapping functions in Sec-mediated protein translocation 

or that the proteins contained in the aggregates are especially prone to aggregation 

and do so upon a variety of membrane insertion and/or translocation defects.  

Based on the contents of the protein aggregates, the in vitro translocation 

requirements of OmpX were investigated.  However, although OmpX is 

translocated via the Sec pathway, SecDF depletion had no effect on the efficiency of 

OmpX translocation.   

 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Since YidC was first identified in E. coli as a homologue to the eukaryotic 

Oxa1 and Alb3 proteins, only 5 natural E. coli proteins have been shown to 

absolutely require YidC for insertion (126,145,499,499,544, this thesis).  Of these 5, 

only FoC and MscL solely require YidC for insertion.  Both these proteins contain 2 

TMSs and small regions that must be translocated to the periplasm.  It has 

therefore been proposed that YidC is able to act independently of SecYEG in the 

insertion of small hydrophobic proteins and that the translocation ability of YidC is 

limited (226).  YidC functions not only as a membrane insertase but also an 

accessory protein in membrane protein insertion via the Sec translocase and a 

chaperone involved in the folding of membrane proteins once they have been 

inserted into the membrane.  How YidC achieves these distinct processes is not 

clear.  To date, no high resolution structure of YidC is available.  The large 

periplasmic domain of E. coli YidC has been crystallized to 2.5 Å (348) and 

although this domain mediates an interaction with SecF (336,338,535) it is not 

essential for inner membrane biogenesis or cell viability (226). YidC is remarkably 
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resilient to single amino acid substitutions and no essential residues have been 

identified (226). It has therefore been suggested that the TMSs and not the specific 

sequences of the hydrophobic stretches are essential for YidC activity. The TMSs 

could form a membrane chaperone, assisting the integration TMSs of membrane 

proteins (226).  The proteomic analysis of YidC-depleted cells revealed that a large 

proportion of integral membrane proteins are not negatively affected by YidC 

depletion. There must therefore be specific characteristics of TMSs that absolutely 

require YidC for insertion.  For CyoA, YidC has been proposed to insert the first 

helical hairpin of CyoA, most likely via the same mechanism as for Foc and MscL.  

Insertion of the N-terminus is followed by insertion of the C-terminal TMS and 

translocation of the large periplasmic domain by SecYEG and SecA.  It would be of 

interest if shortening of the large periplasmic domain would affect the insertion 

requirements of CyoA.  It is not clear why CyoA membrane biogenesis requires 

YidC and does not proceed via the general Sec pathway.  Also for Foa, which 

strictly requires both YidC and SecYEG for insertion, the characteristics which 

confer YidC-dependence are not known.  In this thesis, NuoK was identified as 

another protein strictly requiring both YidC and SecYEG for membrane insertion.  

Like many respiratory proteins, especially those involved in proton translocation, 

NuoK contains conserved membrane-embedded negative charges which when 

substituted for lysines, resulted in a mutant protein that no longer required YidC 

for insertion.  The results suggest a different role for YidC in NuoK insertion than 

that postulated for CyoA.  Rather, for NuoK insertion, YidC may function as a 

scaffold for the assembly of less hydrophobic, negatively-charged TMSs (Figure 1).  

In this mode of action, YidC could accept the TMSs from SecYEG when they are 

released into the lipid bilayer via the lateral gate.  This could be similar to the mode 

proposed for lactose permease LacY.  YidC is not required for the insertion of LacY 

but rather for the correct folding of the polytopic protein in the membrane (326).  

YidC may function as an assembly site for membrane proteins, mediating the 

formation of helix bundles before their release into the membrane (34). 

The elucidation of the structure of the SecYEβ translocon from Methanococcus 

jannaschii (496) revealed the presence of a protein-conducting channel and it is of 

great interest whether such a protein pore is formed by the essential TMSs of YidC.  

Together with a high resolution structure of YidC, small manipulations in natural 

YidC-dependent E. coli proteins may pinpoint the characteristics of these proteins 

that make YidC essential for their membrane biogenesis.  Based on the YidC 

substrates studied thus far this could be the length of translocated regions, 
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membrane-embedded charges and/or size of the proteins.  The Oxa1/Alb3/YidC 

family of proteins appear to have evolved to perform the specialized biogenesis of 

proteins and protein complexes in energy-transducing membranes.  Why a 

specialized pathway is needed for such proteins could lie in the high demand for 

the insertion and assembly of respiratory complexes and the F1F0 ATP synthase. 

This may also be the reason that YidC is in such large excess to the other Sec-

pathway components (489).  The use of non-respiratory proteins such as MscL of 

the YidC pathway may be an exploitation of this pathway rather than the original 

function of YidC.  If it appears that YidC does indeed in E. coli have a more general 

function in the biogenesis of membrane proteins not involved in respiration, this 

could be indicative of further evolution of the bacterial YidC protein distinct from 

its eukaryotic homologs. 

 

 

FIGURE 1. YidC-assisted 

membrane insertion of NuoK.  (A) 
For wild type NuoK, YidC accepts 
the negatively-charged TMSs from 
the Sec translocase, serving as a 
scaffold for the insertion of these 
TMSs.  (B) In the absence of 
membrane-embedded negative 
charges, membrane biogenesis of 
NuoK can proceed via the general 
secretory pathway requiring only 
the Sec translocase. 
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