THE OUTER MEMBRANE

a)
Phospholipids in inner half only

b)
Lipoprotein: 700,000/cell
Holds outer membrane and peptidoglycan together.  

c)
Major outer membrane proteins - porins and OmpA; 200,000/cell

d)
Minor outer membrane proteins

e)
Lipopolysaccharide (LPS) in outer half only

f)
Enterobacterial Common Antigen (ECA) on outside.  
Acidic polysaccharide linked to a phospholipid molecule in the OM
ECA is made by most enterobacteria 

LIPOPOLYSACCHARIDE (LPS)

Lipopolysaccharide (LPS) composed of both lipid and polysaccharide

Only found in gram-negative bacteria

Located in the outer half of the outer membrane

Lipid part (Lipid A) makes up the outer lipid monolayer of the outer membrane

Polysaccharide part faces outwards into the culture medium – 3 sections:


Inner core joined to Lipid A


Outer core next


O-antigen on very outside

LIPID A

Made of 2 glucosamines joined by a eta (1-6) linkage

An average of 6 fatty acids are attached


mixture of saturated C12 and C14 and traces of C16


plus hydroxy fatty acids


some variation from molecule to molecule and from strain to strain
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Beta-hydroxymyristate = 14-carbon hydroxy-fatty acid



attached at the 2 and 3 positions of the sugar ring



other fatty acids are attached to its hydroxyl groups

Lipid A has phosphate groups attached to the glucosamines

Divalent metal ions (Mg2+, Mn2+, Zn2+) form ionic bridges between the 


negatively charged phosphate groups

Binds LPS molecules together side-to-side in the outer membrane

Lipid A = endotoxin 

Lysis of gram-negative bacteria causes release of LPS

LPS binds to a LPS-binding protein circulating in the blood

This binds to the CD14 receptor on  surface of macrophages

Triggers release of cytokines

Overproduction may lead to shock etc

The Polysaccharide Part

The Core Region - subdivided into inner and outer core

Inner core contains unusual 7 and 8 carbon sugars unique to LPS


7 carbon sugar = HEP = heptose (L-glycero-D-mannoheptose)


8 carbon sugar = KDO = 2-keto-3-deoxyoctonic acid (older name) 



       = 3-deoxy-D-mannooctulosonic acid (newer name)

Outer core contains six carbon sugars:

glucose, galactose and N-acetyl glucosamine (NAG)


core structure is branched and varies between different strains

O-antigen = repeating oligosaccharide on outside

A group of three or four sugars is repeated 20-100 times

Absent in most laboratory strains e.g. E. coli K-12

Present in most wild E. coli and Salmonella strains.  

O-antigen often contains some rare six carbon deoxysugars such as:  


Rhamnose = 6-deoxymannose


Fucose = 6-deoxygalactose


Abequose = 3,6-dideoxy-D-xylo-hexose

Colitose = 3,6-dideoxy-L-xylo-hexose
Large variety of O-antigen structures (over 150 in E. coli) is found 


Varying O-antigen allows bacteria to outwit immune recognition

Defects in the LPS

Lipid A and the KDO region of LPS are essential for viability

Mutants lacking part of LPS are known as rough mutants because they form colonies with rough edges.  Bacteria with complete LPS form smooth colonies.  

The O-antigen and rest of core down to HEP are not essential

If O-antigen is absent the cell is much more susceptible to immune system

If core is damaged OM becomes more permeable


The more missing components the more permeable

Phage Receptors

Both LPS and OM proteins may act as receptors for bacteriophages

Receptors for P1, T4, and T7 include both protein and LPS components

Mutants defective in LPS sugars change their phage susceptibility

Thus E. coli O8 adsorbs phage 8 (which binds to the O8 O-antigen) whereas E. coli K-12 (no O-antigen) does not

E. coli K-12 phages specific for the LPS include:
U3
requires presence of GAL branch of outer core

C21
only adsorbs if GAL absent exposing GLC below

Br10
requires phosphate on heptose of inner core

Br2
requires inner GLC(GAL)-GLC of core

FP1 & T4
require heptose of inner core

Synthesis of LPS

Assembly of LPS occurs in the cytoplasmic membrane

Synthetic enzymes are all in cytoplasmic membrane

Lipid A is made first

Core is added by sequential addition of sugars from NDP-sugar donors 

Export of LPS and Bayer Sites

LPS moves to OM via the IM/OM adhesion sites - the Bayer patches

These are also sites of entry for phage DNA in many cases

Structure of Bayer site uncertain


Observed under EM by phage attachment and by binding of antibody/ferritin complex to newly made O-antigen

Assembly of the O-Antigen 

Uses same bactoprenol carrier lipid as used for peptidoglycan synthesis

a) Tetrasaccharide is assembled on one bactoprenol-P carrier molecule
(the Gal-Rha-Man-Abe shown is for group B Salmonella)
b) Complete tetrasaccharides are transferred to a second carrier which carries the growing O-antigen chain

c) Complete O-antigen is added to the core

MAJOR OUTER MEMBRANE PROTEINS

OMP = Outer Membrane Protein

Lipoprotein


Approximately 7 105 molecules per cell = most abundant protein (numerically) in E. coli

Small - MW7000 - 58 amino acids.  


Holds cell wall and OM together


Linked by extra -NH2 group of C-terminal lysine to every 10-12 th DAP of peptidoglycan side chains


For every bound lipoprotein there are two unlinked to the peptidoglycan 


Lipid part (3 fatty acids) attached to N-terminal cysteine

OmpA Protein


Structural protein


Present in large amounts


Goes right through the outer membrane


Receptor for the F-pilus during mating

Porins


Approx 200,000 per cell


Go right through the outer membrane


Form trimeric pores through OM


Pores exclude molecules of more than 700 in MW


E. coli K-12 has two major porins



OmpF (38Kd) decreases in high OP



OmpC (37Kd) increases in high OP


Salmonella typhimurium has a third porin OmpD (34Kd).


Porins cover approximately 60% of cell surface 

Mutants lacking OmpC and OmpF proteins


Grow poorly unless nutrients present in high concentration


More resistant to toxic metals, e.g. Cu2+ 

More resistant to antibiotics e.g. cephalosporins

Specialized Porins


Induced under special conditions


Phosphate limitation induces PhoE porin - helps entry of phosphate and other multiply-charged anions


Maltose induces the LamB porin

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

MINOR OUTER MEMBRANE PROTEINS

Mostly receptors for molecules too large to get through porins

Most are also receptors for phage and colicins

Only enzymes in the OM = a few degradative enzymes, e.g. phospholipase 

Example: Vitamin B12 receptor (BtuB = Bfe protein)


Glycoprotein (contains Glc, Gal, Rha, uronic acids & amino sugars)


About 200 per cell


E. coli cannot make B12 


MW of VitB12 = 1356 so it cannot enter by porins


E. coli has only two coenzyme B12 using enzymes and neither is essential



1) Alternative synthetic route to methionine 



2) Ethanolamine as N-source needs ethanolamine ammonia lyase

Uptake process:

Crossing the OUTER membrane


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


b) Slower energy dependent uptake


c) Relies directly on the PMF


d) Energy coupling is due to TonB protein

Crossing the INNER membrane


e) Cytoplasmic protein partner takes nutrient


f) ATP energizes inner membrane transport

The TonB System

TonB protein energizes several OM uptake systems

E.g. Uptake of B12 by BtuB and of Fe by enterochelin and ferrichrome systems

Also Needed by phages which use these as receptors

All these systems have OM receptors and IM permeases

The Bayer sites are involved

TonB binds to OM proteins and transfers energy from PMF

TonB recognizes consensus sequence Glu-Thr-Val-Ile-Val

Protein
Transport of
Receptor used by


FepA
Fe-enterobactin
Colicin B, Colicin D

FhuA (TonA)
Fe-ferrichrome
Tl, T5, 80, Colicin M


albomycin

Iut (on ColV plasmid)
Fe-aerobactin
Cloacin DF13

Cir
ferric iron
Colicin I, Colicin V

FhuE
Fe-coprogen

FecA
Fe-citrate

Tsx
nucleosides

T6, Colicin K

BtuB (Bfe)
Vit B12

BF23, Colicin E

Iron Transport

Iron is a small inorganic ion

Problem is that in air iron is oxidized to Fe3+ which precipitates as Fe(OH)3
To solubilize the iron we need iron chelators = siderophores

When these are bound to Fe3+ the complex is too large to enter via porins

Needs special outer membrane transport proteins

Wide variety of iron transport systems

Many proteins belonging to these are found in the outer membrane

Biological siderophores are of two types: catechols and hydroxamates
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Enterochelin (= enterobactin) is a catechol

Enterochelin = cyclic trimer of 2,3-dihydroxybenzoylserine (DHBS)

Made by E. coli and many enteric bacteria
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Enterochelin Arranged in 3-D around a Central Fe3+
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Enterochelin uptake system

OM receptor for enterochelin = FepA protein

Requires the TonB system and proton motive force

FepB gets enterochelin from FepA and passes it to FepG/FepD

FepC protein uses ATP and supplies energy to FepGD for transport across IM

Enterochelin must be destroyed to release Fe

Fes protein hydrolyses Fe3+-enterochelin into DHBS monomers to release iron

Free Fe3+ is easily reduced to the Fe2+ form inside cell 

Ferrichrome is a hydroxamate

Not synthesized by E. coli 

Made by fungi, e.g. Penicillium
Many bacteria have receptors for Fe3+/ferrichrome

Bacteria steal the fungal siderophores

Albomycin is an antibiotic analog of ferrichrome


made by fungi to kill dishonest bacteria


OM receptor is FhuA (TonA) and IM receptor is FhuB

Blood and Iron

Aerobactin (a hydroxamate) and receptor system on the ColV plasmid

Aerobactin can scavenge Fe from transferrin (iron binding protein of blood)

E. coli with aerobactin are often virulent 

EXPORT OF ENVELOPE PROTEINS

General Secretory Pathway (GSP)


Proteins of the outer membrane


Proteins of periplasmic space


Proteins excreted completely into the medium


Sometimes - Proteins of inner membrane



[Other IM proteins (e.g. most transporters, such as LacY) merely fold up in cytoplasm and insert themselves into the inner membrane]

Proteins using GSP for export are tagged at N-terminus with a signal sequence

This is cut off after export and is therefore not present in the mature protein 

Ribosome with growing polypeptide chain attaches to IM by insertion of hydrophobic signal sequence into lipid region of the membrane

Rest of protein is synthesized and follows signal sequence across membrane

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

Signal sequence found on proteins destined for export


At N-terminal end (i.e. it is made first)


Approximately 20 amino acids


Mostly hydrophobic amino acids



Mutations that insert charged amino acids or proline (helix breaker) into the hydrophobic stretch destroy signal function 


Positively charged, basic N-terminus of 2 to 8 amino acids


Amino acid just before cleavage site has short side chain


Little homology between different signal sequences


Exist as alpha-helix structures

Signal hypothesis & cotranslational export applies to:


Most periplasmic proteins e.g alkaline phosphatase, maltose and arabinose binding proteins, several amino acid binding proteins, beta-lactamase


Excreted proteins in gram positive organisms eg diphtheria toxin and penicillinase from Bacillus

OM receptors, lipoprotein, OmpA, OmpF, LamB

For IM proteins, the situation is more complicated:


Some follow the above scheme



 e.g. MalF permease, penicillin binding proteins, PB5 and PB6


Many others do not follow the signal/cotranslation procedure



These fold into structures that naturally partition into the hydrophobic membrane.  None of these proteins ever lose contact with the cytoplasm - they are not really exported.



e.g. lactose permease, the integral membrane proteins of ATPase, histidine transport system 

Export process highly conserved between diverse organisms:

In Eukaryotes proteins are cotranslationally exported across membranes of endoplasmic reticulum

When gene for preproinsulin is put into E. coli 

a) correct export across IM occurs and 

b) cleavage of preproinsulin to proinsulin by E. coli leader peptidase happens at the correct position

E. coli can also secrete ovalbumin correctly

Conversely yeast correctly processes prokaryotic beta-lactamase

Export Machinery

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

Avoid Pilot Protein:  


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

Chaperonins

Proteins that help other proteins avoid folding wrongly

Best known chaperonins are DnaK, GroEL and GroES


involved in heat shock response


prevent high temperature denaturing other sensitive proteins

SecB prevents exported proteins from folding before they go through the translocase channel 

There are three signal peptidases in E. coli.  


LepB, leader peptidase is used for most exported proteins


LspA, lipoprotein signal peptidase is used for lipoproteins


Ppp, prepilin peptidase, is used for pilus subunits



These are not exported by the General Secretory Pathway, but by a specialized scheme (not discussed here)

Effect of Rest of Protein Sequence


Long sequences of hydrophilic amino acids may prevent complete transit across membrane even if protein is provided with a signal sequence


Hydrophilic C-terminal region may be necessary to allow periplasmic protein to dissolve in the water after crossing membrane

Exceptions to the Standard Export Scheme


Bacteriophage M13 coat protein accumulates in IM of E. coli before assembly into virus particles


Pre-coat protein is made without membrane insertion


Cleavage of signal sequence and membrane insertion occur post-translationally


Although a lot of work has been done on M13 coat-protein it is unique belongs in a virus particle, not the cell envelope

Numbers and Speed


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

