
THE CELL ENVELOPE - III

OUTER MEMBRANE PROTEINS


a) Lipoprotein.  Approximately 7 105 molecules per cell, i.e. the most abundant protein (numerically) in E. coli.  Part is covalently attached to peptidoglycan.  Holds cell wall and OM together.  MW7000.  58 amino acids.  Linked by the extra -NH2 group of its C-terminal lysine to the carboxyl group of every 10-12th (on average) DAP residue of the peptidoglycan.  N-terminus is glyceryl-cysteine to which two fatty acids are attached by ester links (to the glycerol) and one fatty acid by amide link (to the cysteine).  For every bound lipoprotein there are two unlinked to the peptidoglycan.  
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b) OmpA Protein.  Structural protein.  Goes right through the outer membrane. Receptor for the F-pilus during mating.  Present in large amounts.


c) Porins.  Form trimeric pores through OM.  Approx 200,000 per cell.  The pores exclude molecules of more than 700 in MW.  E. coli K-12 has two major porins; OmpF (38Kd) decreases in high OP whereas OmpC (37Kd) increases in high OP.  Salmonella typhimurium has a third porin OmpD (34Kd).


Mutants lacking OmpC and OmpF proteins grow poorly unless growth substrate is present in high concentration.  They are more resistant to toxic metals, e.g. Cu2+ and to antibiotics e.g. cephalosporins, which can no longer enter so easily.


Under certain circumstances other porins may be expressed e.g. during phosphate limitation the PhoE porin which favors the entry of phosphate and other multiply-charged anions is produced in large amounts.  Maltose induces the LamB porin.  Porins cover approximately 60% of cell surface and LPS approximately 30%.  

Porin    
MW (Kd)
Function

Receptor for


OmpF

38

major porin

TuIa,  T2,  Colicin A

OmpC
37

major porin

TuIb,  Mel, 434

PhoE

37

phosphate porin
TC45

LamB

47

maltose porin

Lambda


d)  Minor Proteins.  Mostly receptors for molecules too large to get through pores formed by porins.  Most are also receptors for phage and colicins as are the major proteins (except lipoprotein).  A few degradative enzymes, e.g. phospholipase are the only enzymes in the OM.


An example is the vitamin B12 receptor (BtuB = Bfe protein).  BtuB is a glycoprotein (contains Glc, Gal, Rha, uronic acids and amino sugars).  About 200 per cell.  E. coli cannot make B12 and since the MW is 1356 it cannot enter by porins.  E. coli has only two coenzyme B12 using enzymes and neither is essential.  


1) Alternative synthetic route to methionine involving transfer of CH3 from tetrahydrofolate to homocysteine.  


2) Growth on ethanolamine as N-source requires ethanolamine ammonia lyase.  


The uptake process:


a) Fast initial binding to outer membrane receptor (no energy needed)


b) Slower energy dependent internalization of bound B12.  This is inhibited by energy poisons such as cyanide and uncouplers, but not by ATP deficiency, i.e. this is a direct PMF driven system.  Energy coupling is due to the TonB protein. 


c) The cytoplasmic membrane receptor for B12 is the BtuC protein.  

Protein

     MW (kd)
Transport of

Receptor used by


Tsx



26
nucleosides

T6, Colicin K

BtuB (Bfe)


66
Vit B12

BF23, Colicin E

Cir



74
ferric iron

Colicin I, Colicin V

Iut(on ColV plasmid)
75
Fe-aerobactin

Cloacin DF13

FhuE



76
Fe-coprogen

FhuA (TonA)


78
Fe-ferrichrome
Tl,  T5,  80, Colicin M,










albomycin

FecA



81
Fe-citrate

FepA



81
Fe-enterobactin
Colicin B, Colicin D

_________________________________________________________________

The TonB System


The TonB protein energizes a variety of OM uptake systems, including those for uptake of B12 by Bfe and of Fe by the enterochelin and ferrichrome systems and is also necessary for infection by some phages which use these receptor systems (see diagram).  All these systems have OM receptors and cytoplasmic membrane permeases and operate like the B12 system with respect to energy requirements.  The Bayer sites appear to be involved.  Note: phage-BF23 and ColE don't need TonB although they use BtuB (=Bfe).  TonB binds to these OM transport proteins by recognising the consensus sequence Glu-Thr-Val-Ile-Val.  
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Iron Transport


Iron is a small inorganic ion.  The problem is that in air iron is oxidised to Fe3+ which precipitates as the hydroxide, Fe(OH)3.  In order to solubilize the iron we need iron chelators, known as siderophores.  Biological siderophores are of two types, catechols and hydroxamates:
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When these are bound to Fe3+ the overall complex is too large to enter via the porins and therefore needs special outer membrane transport proteins.  There are a variety of iron transport systems and a variety of proteins belonging to these are found in the outer membrane.  
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Enterochelin (= enterobactin, a catechol) and ferrichrome (a hydroxamate) are both Fe chelators and each has a separate receptor system energized by TonB.  There is also a citrate inducible Fe transport system in which Fe is taken up chelated by citrate.  

Enterochelin Arranged in 3-D around a Central Fe3+
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Enterochelin is a cyclic trimer of 2,3-dihydroxybenzoylserine (DHBS) synthesized by E. coli and many enteric bacteria.  The OM receptor for enterochelin is FepA protein.  Energy for crossing the outer membrane requires the TonB system which uses the proton motive force.  The FepB protein gets enterochelin from FepA and passes it to the inner membrane permease consisting of FepG and FepD.  The FepC protein uses ATP and supplies energy to FepGD for transport across the inner membrane.  To release the Fe, the enterochelin must be destroyed.  Fes protein is an esterase which hydrolyses Fe3+-enterochelin into DHBS monomers so releasing the iron.  Free Fe3+ is easily reduced to the Fe2+ form which is used in biosynthesis.  
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Ferrichrome (a hydroxamate) is not synthesized by E. coli  but only by fungi, e.g. Penicillium.  Despite this, many bacteria have receptors for Fe3+/ferrichrome, hence stealing the fungal siderophores.  Albomycin is an antibiotic analog of ferrichrome, made by the fungi to kill such dishonest bacteria!  OM receptor is FhuA (TonA), inner membrane receptor is FhuB. 


Citrate allows uptake of Fe if high concentration of Fe is present.  System is induced by citrate plus Fe.  Salmonella cannot use citrate for Fe uptake but uses it as a C-source.  E. coli  does the reverse.  System requires TonB.


Aerobactin (a hydroxamate) and its receptor system.are made by E. coli  carrying the ColV plasmid (also make colicin V).  Such E. coli  are often virulent - due, in part, to aerobactin which can scavenge Fe from transferrin, the iron binding protein of blood.


Biological Fe Warfare:  Human serum contains antibody to enterochelin.  Certain E. coli  can grab Fe from transferrin and other human Fe proteins using aerobactin (most other bacterial siderophores bind iron less strongly than transferrin).  They also often make ColicinV which eliminates competing E. coli by binding to the Cir receptor (Cir is an uncharacterized Fe uptake system).  Enterobacter cloacae  carries Cloacin plasmid CloDF13.  Cloacin DF13 kills E. coli which are using the aerobactin receptor.  E. cloacae  uses aerobactin itself but makes a cloacin immunity protein to protect itself.  Most enterobacteria steal ferrichrome made by Penicillium which in revenge makes albomycin which enters by the ferrichrome receptor system and is a lot more effective against gram negatives than penicillin.

EXPORT AND PROCESSING OF ENVELOPE PROTEINS


Proteins of the outer membrane, the periplasmic space, or those excreted completely into the medium, must be transported through the inner membrane.  Those destined for the inner membrane may sometimes need to use the same export system - known as the General Secretory Pathway (GSP).  Other IM proteins (e.g. most transporters, such as LacY) merely fold up in the cytoplasm and insert themselves into the inner membrane without using the GSP.  Proteins that require the GSP for export are tagged at the N-terminus with a signal sequence.  This is cut off after export and is therefore not present in the mature protein.  
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Signal Hypothesis (by Blobel):
a)
Signal sequence - a special N-terminal sequence of approximately 20 amino acids is found on proteins destined for export.  

b)
Signal sequence of hydrophobic amino acids is made first (i.e. it is at the N-terminus of growing polypeptide chain).

c)
Ribosome with growing polypeptide chain attaches to IM by insertion of signal sequence, which is extremely hydrophobic, into the lipid region of the membrane.

d)
Rest of envelope protein is synthesized and follows signal sequence into and through the membrane.

e)
Signal sequence is cut off by leader peptidase (= signal peptidase).


Signal Peptides.  Many have been sequenced.  There is little real homology.  Positively charged, basic N-terminus of 2 to 8 amino acids, then a long stretch of hydrophobic amino acids.  The amino acid just before cleavage site has a short side chain.  No similarity in structure beyond cleavage site.  Exist as alpha-helix structures.  Mutational insertion of charged amino acid or proline (helix breaker) into the hydrophobic stretch destroys signal function.  
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The signal hypothesis and cotranslational export applies to most periplasmic proteins e.g alkaline phosphatase, maltose and arabinose binding proteins, several amino acid binding proteins, -lactamases and several excreted proteins in gram positive organisms eg diphtheria toxin and penicillinase from Bacillus.  Also OM receptors, lipoprotein, OmpA and OmpF proteins.  


For IM proteins, the situation is more complicated.  Some (e.g. MalF permease, penicillin binding proteins, PB5 and PB6) follow the above procedure.  Many others do not follow the signal/cotranslation procedure.  


In eukaryotes, cotranslational export occurs across the membranes of the endoplasmic reticulum.  When the gene for preproinsulin is put into E. coli correct export across the IM occurs and cleavage of preproinsulin to proinsulin by the E. coli leader peptidase happens at the correct position.  E. coli can also secrete ovalbumin correctly.  Conversely yeast cells correctly process prokaryotic -lactamase.  Thus the export process is highly conserved between diverse organisms.  

Export Machinery
1)
Certain IM proteins are required either for ribosome attachment and/or subsequent export.

2)
PMF necessary for export.

3)
Mutations exist which prevent export of many, but not all, exported proteins.

General Secretory Pathway - Components
SecB
Secretory chaperonin
cytoplasm

SecA
Secretory ATPase
cytoplasm

SecEGY
Translocase
inner membrane

SecDF
Needed but function unknown
inner membrane

LepB
Leader peptidase
inner membrane

LspA
Lipoprotein signal peptidase
inner membrane

Notes on - Components:  


Both SecA and SecB have been called "pilot protein" - so avoid this name as it is now confusing!


Chaperonins are proteins that help other proteins avoid folding wrongly.  The most famous chaperonins are DnaK, GroEL and GroES, which are involved in heat shock and prevent high temperature denaturing other sensitive proteins.  SecB prevents exported proteins from folding up before they are sent through the translocase channel.  


There are three signal peptidases in E. coli.  The LepB, leader peptidase is used for most exported proteins.  The LspA, lipoprotein signal peptidase is used for lipoproteins.  There is also Ppp, prepilin peptidase which is used for pilus subunits.  These are not exported by the General Secretory Pathway, but by different scheme (not discussed in these notes).  
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Maltose binding protein (periplasmic, MalE protein) is a typical exported protein.  The precursor is 26 amino acids (i.e. the signal sequence) longer than mature protein.  If a hydrophobic amino acid in the middle of the signal sequence is changed, by mutation, to a charged residue, the MalE precursor is  not exported and becomes a cytoplasmic protein.  If a gene fusion is constructed in which the N-terminus of MalE is joined to the C-terminal region of LacZ (-galactosidase which is cytoplasmic), then a MalE-LacZ hybrid protein, which has the MalE signal sequence and the LacZ enzyme activity is found in the inner membrane.  Note that the MalE-LacZ fusion protein is NOT periplasmic.  Export goes as far as the IM but cleavage of the signal sequence and release into the PP-space does not succeed.  Similar experiments have been done with LamB (maltose porin, an OM protein) and MalF (maltose permease, an IM protein).  In these cases, the hybrid protein does end up in the OM or IM respectively.  Thus a signal sequence conveys a protein INTO the membrane.  For a PP-space protein to get through the membrane and be released on the other side requires an internal protein sequence which allows complete transit - this is found in PP-space proteins but NOT in cytoplasmic or IM proteins.  The characteristics which determine total export or continued residence in the membrane are NOT cleaved off but are an integral part of the mature protein.  

Exceptions to the Standard Export Scheme.  


a)  Bacteriophage M13 coat protein accumulates in the IM of E. coli before assembly into virus particles.  Pre-coat protein is made without membrane insertion.  It then goes to the IM where cleavage of signal sequence and membrane insertion occur post-translationally.  Although a lot of work has been done on M13 coat-protein and much has been made of it, this protein is probably a unique anomaly - its ultimate position is in a virus particle, not the cell envelope.


b)  Many IM proteins have no signal sequence, eg. lactose permease, the integral membrane proteins of the ATPase, and the histidine transport system.  These probably fold into a structure which naturally partitions into the hydrophobic membrane.  Note that none of these proteins ever lose contact with the cytoplasm - they are not really exported.

Effect of Rest of Protein Sequence.


a)  Long sequences of hydrophilic amino acids may prevent complete transit across membrane even if protein is provided with a signal sequence (e.g. the MalE-LacZ hybrid).


b)  C-terminal region of PP-space protein may be necessary to allow protein to be released from IM after transit, i.e. protein must be able to dissolve in the PP-space after cleavage of signal sequence.  This was shown with -lactamase where C-terminal region mutations still allow crossing of IM but prevent release of soluble enzyme into PP-space.  
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There are approximately 500 translocases per cell.  Each cell exports about 1,000,000 outer membrane and periplasmic space proteins per generation.  If cells double in 20 min, then 100 proteins are exported per minute per translocase.  Protein export is 10-fold faster than protein synthesis.  So once export starts, a growing protein chain will be sucked into the translocase as fast as the ribosome can make it.  
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