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SUMMARY FOR THE UNAQUAINTED 

 

Bacteria such as Escherichia coli, are surrounded by two membranes termed the 

inner and the outer membrane (Figure 1).  The inner membrane surrounds the 

cytoplasm of the cell, whereas the outer membrane provides an additional shell for 

protection.  The cytoplasm is where the DNA is stored and proteins are made. In 

between the two membranes is a region known as the periplasmic space.  30% of 

all proteins produced by E. coli are membrane located.  They perform essential 

functions in the cell such as cellular respiration (the manner in which cells release 

energy), cell-to-cell communication and the import and export of ions, sugars and 

other molecules.  The inner membrane is made out of a lipid bilayer.  The lipids 

contain a hydrophilic (water soluble) head group and a hydrophobic (lipid soluble) 

tail.  A schematic representation is presented in Figure 2.  This ensures that the cell 

is impermeable to large ions and molecules and ensures that the cell is separated 

from its environment.  Proteins that are situated in this membrane contain 

hydrophobic regions, which are linked together by hydrophilic ones, often referred 

to as loops.  The hydrophobic regions are referred to as transmembrane segments 

(TMSs) as they traverse the entire membrane.  In this way the protein is exposed to 

the cytoplasm as well as the periplasmic space (Figure 2).  Proteins are synthesized 

in the cytoplasm after which they must be inserted into the inner membrane.  This 

is not a spontaneous reaction but instead is carried out by protein complex known 

as the Sec translocase.  This protein complex is made of 3 proteins, namely SecY, 

SecE and SecG.  Associated with the Sec translocase are a number of accessory 

proteins.  These are YidC, SecD, SecF and YajC (Figure 3).  The role that these 

accessory proteins play in membrane protein insertion, or membrane biogenesis, is 

the topic of this thesis. 

 

Figure 1.  A bacterial cell 
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Many of the proteins that are involved in membrane biogenesis are essential for the 

cell to survive.  It is therefore not possible to remove these proteins without killing 

the cell.  In order to circumvent this problem, so-called depletion strains are used.  

In this way, the amount of the essential protein can be slowly decreased and the 

effect of the absence of the protein in question can be assessed.  Removing a 

protein, or in this case removing as much as possible without killing the cell, and 

investigating the changes that occur is a useful way to elucidate the role of a 

protein.  This approach was applied in Chapters 2, 3 and 6 of this thesis to 

investigate the roles that YidC and SecDFYajC play in membrane biogenesis.  In 

order to do this, the effect of depletion of the aforementioned proteins on the levels 

of other proteins in the cell was investigated.  The study of changes in levels of 

proteins is known as proteomics. 

 

In Chapters 2 and 3, the effects of YidC depletion on the cell were investigated. 

YidC is an interesting protein as it belongs to a family of proteins that are present 

in all forms of life i.e. from bacteria to man.  Proteins contained in one family  have 

similar structures and functions.  Therefore, studies on one member of the family 

Figure 2.  The inner membrane of E. coli 

Figure 3.  The Sec translocase 
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often shed light on the functions of other members.  YidC-related proteins have 

been shown to be specifically involved in the membrane biogenesis of proteins 

involved in cellular respiration, for example the F1Fo ATP synthase, which is used 

by the cell to make ATP (the cell’s way of storing energy) and cytochrome 

oxidases, which are important for respiration with oxygen.  In bacteria, YidC can 

function on its own in the insertion of small membrane proteins, or together with 

the Sec translocase.  It has been hypothesized that YidC works together with the 

Sec translocase in the release of TMSs into the lipid bilayer.  Why some TMSs 

require the help of YidC to enter the lipid bilayer while other do not, is not clear.   

E. coli is a bacterium that can grow with or without oxygen.  Depending on the 

viability of oxygen, different proteins are made by the cell to ensure that the cell 

can continue to make ATP and therefore continue growing.   

Many of these proteins are located in the membrane. Instead of oxygen, E. coli can 

used nitrate or fumarate to respire.  In order to do this, it must produce the nitrate 

reductase and fumarate reductase protein complexes as well as the NADH 

dehydrogenase I protein complex.  After depletion of YidC, the activities as well as 

the levels in the inner membrane of these 3 protein complexes were measured.  It 

was found that all 3 complexes were negatively effected by the absence of YidC, 

suggesting that YidC is involved in their membrane biogenesis.   

 

The effect of YidC depletion was therefore further investigated by measuring the 

changes in all inner membrane and inner membrane-associated proteins that E. coli 

produces either in the presence (aerobic) or absence (anaerobic) of oxygen.  This is 

described in Chapter 3.  The study and identification of membrane proteins can be 

very difficult because they are hydrophobic.  However, through optimization of 

standard proteomics techniques, more than 100 inner membrane proteins were 

identified and their relative levels in the membrane quantified.  This is a major step 

forward in the proteomic studies of membrane proteins.  Most inner membrane 

proteins were not negatively effected by YidC depletion.  However a number of 

them did decrease substantially in the absence of YidC.  These included proteins 

involved in the transport of large molecules as well as small ions.  Also, in the 

absence of YidC, the cells produced a massive amount of proteins that help the cell 

to withstand cellular stresses.  This indicated that while only a small number of 

proteins appeared to be negatively affected by YidC depletion, incorrectly folded 

proteins were present in the inner membrane and in the cytoplasm.  The 

accumulation of proteins in the cytoplasm indicates that the Sec translocase may 
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also not function optimally without YidC.  

 

The data presented in Chapters 2 and 3 resulted in a list of proteins that possibly 

require YidC for their membrane biogenesis.  This was further investigated in vitro 

and is described in Chapter 4.  In order to study the exact requirements of a protein 

for membrane biogenesis, it is often useful to perform these experiments outside 

the cell i.e. in vitro.  To do this we produce the proteins synthetically and add 

membranes to the reaction.  By varying the content of the membranes, it can be 

established how the protein in question is inserted into the membrane.  Such 

experiments were performed on the smallest subunit of the NADH dehydrogenase 

I, called NuoK.  The NADH dehydrogenase I protein complex contains 13 

subunits, which are named NuoA through to NuoN.  It was found that NuoK is 

inserted via the Sec translocase but only when YidC too is present.  This has also 

been observed for subunit a of the cytochrome o oxidase of E. coli (CyoA).  It is not 

known however why these proteins require YidC and not just the Sec translocase.  

In order to ascertain this, the sequence of the NuoK protein was mutated.  NuoK 

contains two negative charges in its second and third TMSs.  Although the 

presence of negative charges in the lipid bilayer is not energetically favorable, these 

charges are important for the function that NuoK carries out.  When each negative 

charge was mutated to a positive charge, the mutant protein still required both the 

Sec translocase and YidC for insertion.  However, when both negative charges 

were mutated to positive ones, the mutant protein no longer required YidC.  This 

mutant protein could be inserted into the inner membrane by the Sec translocase 

alone.  This suggests that YidC assists the Sec translocase in the insertion of TMSs, 

which are less hydrophobic and contain negative charges. 

 

As described in Chapter 4, it is possible to synthesize proteins outside of the cell.  It 

was therefore of interest whether membrane proteins could not only be produced 

in vitro, but whether they could be inserted into synthetic membranes (known as 

liposomes), attain the correct structure and function just as the protein would in 

the cell i.e. in vivo.  This would allow such proteins to be produced in large amount 

outside of the cell for further study in cases where it is not possible or very difficult 

to produce the protein in question in the cell.  Using the ion channel protein MscL, 

this was investigated and is described in Chapter 5.  It has been previously shown 

that YidC depletion causes a decrease in the levels of MscL in the membrane of E. 

coli.  By employing the same in vitro techniques described in Chapter 4, it was 
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shown that YidC alone is able to insert MscL into the membrane.  Furthermore, 

once MscL is inserted into the membrane, it forms a protein complex containing 5 

MscL subunits.  The formation of this complex does not require YidC or any other 

membrane protein.  Since MscL is an ion channel (i.e. allows ions to pass through 

the inner membrane) it is possible to measure whether the protein complexes 

produced in vitro are functional. Indeed, the MscL complexes produced in vitro 

were shown to be active ion transporters.  This indicates that the production of 

functional membrane proteins outside of the cell is indeed feasible and could 

greatly help in the study of such proteins. 

 

As mentioned, the Sec translocase associates not only with YidC but also the 

proteins SecDFYajC.  It is not however known, what role these proteins play in 

membrane biogenesis.  The effect of SecDFYajC depletion on proteins present in 

the inner membrane, periplasmic space and outer membrane was investigated.  

The Sec translocase is not only involved in the insertion of proteins into the inner 

membrane but can also transport proteins across the inner membrane.  This 

process is known as protein translocation (Figure 3) and it has been hypothesized 

that SecDFYajC play an accessory role in this process.  As in Chapters 2 and 3, a 

proteomic approach was used.  Following depletion of SecDFYajC, the levels of no 

membrane proteins was observed to decrease.  However, the levels of one protein, 

known as PspA, increased massively.  This protein helps the cell to withstand 

stress conditions and indeed it was found that when SecDFYajC are depleted, 

membrane proteins accumulate in the cytoplasm.  Four of the proteins found to 

accumulate in the cytoplasm were outer membrane proteins known as OmpA, 

OmpC, OmpF and Ompx.  The protein translocation requirements of OmpA and 

OmpX were therefore investigated in vitro.  The translocation of OmpA is 

stimulated if SecDFYajC is present.  However, OmpX requires only the Sec 

translocase.  It is not clear why SecDFYajC would assist in the translocation of one 

protein and not the other. 

 

The aim of this research was to further investigate the roles that YidC and 

SecDFYajC play in membrane protein biogenesis.  Using NuoK, it was shown that 

for this protein, YidC is specifically involved in the insertion of negative charges 

into the membrane (Figure 4). While YidC-related proteins in yeast, plants and 

humans have been shown to only be involved in the membrane biogenesis of 

proteins involved in cellular respiration, this is not the case in E. coli.  In this thesis, 
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it was shown that MscL, an ion channel, is inserted into the membrane by YidC 

alone.  Elsewhere it has been shown that the maltose sugar transporter requires 

YidC for correct folding in the membrane.  Therefore, while in E. coli YidC is 

involved in the biogenesis of respiratory proteins, it is also involved in the 

insertion and folding of other inner membrane proteins.  This indicates a difference 

in the role that YidC in E. coli plays compared to related proteins in higher 

organisms.  

 

Figure 4.  YidC inserts negatively charges into the membrane 
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