STRESS RESPONSES

All organisms, including bacteria respond to stresses eg:

osmotic pressure & ionic strength

temperature
pH
oxidation

DNA damage (chemicals, radiation)

OXYGEN TOXICITY

Anaerobes grow in the absence of oxygen


Obligate anaerobes can only grow only in the absence of oxygen 


Facultative anaerobes can grow in the presence or absence of oxygen 

Many enzymes of anaerobic metabolism are inhibited by oxygen


Sometimes removal of oxygen allows recovery


In other cases the enzymes are permanently killed

Oxygen is toxic to all organisms


Aerobes protect themselves against oxygen toxicity by:



Catalase – destroys toxic peroxides



Superoxide dismutase – destroys superoxides

Oxygen toxicity is largely due to:

Superoxide ions (•O-O–) 

Superoxides are extremely reactive and toxic


side product of flavoprotein oxidases


normal reaction is:  FADH2 + O2 + XH  FAD + H2O + X-OH


reaction occurs in two single electron stages


intermediate in reduction of oxygen is superoxide, which may be released by mistake: O2 + e–  •O-O– 
Superoxide dismutase (SOD) is the fastest enzyme known

protects cells by breaking down superoxide to hydrogen peroxide:




2•O-O- + 2H+  H2O2 + O2
Two main families of superoxide dismutase

One family contains iron or manganese other contains Cu2+ plus Zn2+

E. coli has one of each



SodA (Mn enzyme) induced by exposure to oxidizing agents



SodC (Cu/Zn enzyme) present under all conditions 

Hydrogen peroxide (H2O2)

Moderately toxic – not nearly as dangerous as superoxide


Main danger is conversion of hydrogen peroxide to hydroxyl radicals

Fenton reaction:



H2O2 + Fe2+    HO• + HO- + Fe3+
Catalase (heme enzyme) destroys H2O2 




2H2O2  2H2O + O2
Peroxidases (heme enzyme)




XH2 + H2O2  X + 2H2O


Little importance in prokaryotes 


No significance in preventing oxygen toxicity

Hydroxyl radicals (HO•)

Hydroxyl radicals are extremely reactive and toxic

No enzymatic protection mechanism

Side Issue – Fe Enzymes


Three types of heme enzymes:

1.  Oxygen binding proteins.  Bind and release O2 


No change in oxidation state of Fe atom e.g. hemoglobin, myoglobin

2.  Cytochromes.  Alternate between Fe2+ and Fe3+
3.  Catalase and peroxidase – transient formation of Fe4+ (ferryl ion)

Oxidation Scavengers

Most cells contain surplus sulfhydryl (–SH) compounds

Commonest is the tripeptide glutathione


consists of glutamate, cysteine and glycine


glutamate is linked to cysteine by the side chain carboxyl 
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Glutathione and other -SH compounds scavenge superoxides, peroxides and free radicals and other assorted oxidants:


2 G-SH  +  [O]       G-S–S-G  + H2O

Disulfides are reduced back to sulfhydryls by glutathione reductase + NADPH

Oxygen Toxicity Regulators

Two main regulatory systems:

Each regulates a dozen or more genes that protect against oxidative stress

SoxRS responds to superoxide


SoxR protein has FeS groups that are oxidized


Oxidized SoxR activates transcription of SoxS


SoxS then activates the protective genes 

OxyR responds to H2O2

OxyR protein has -SH groups that are oxidized


Oxidized form of OxyR is a transcriptional activator 

OSMOREGULATION

Cell membranes are permeable to water but not to most solutes


So when external solute concentration is greater (or smaller) than internal concentration water tends to move out of (or into) the cell



Cell tends to shrink in high OP and expand at low OP

In medium of lower OP cell wall prevents cell expansion


Instead pressure of cytoplasm on wall (= turgor pressure) increases

In medium of higher OP cytoplasm loses water and shrinks away from cell wall

Cells adapt by adjusting internal levels to balance the outside


Cells need 100-150mM K+ and about the same amount of metabolic intermediates therefore cannot reduce internal levels below about 250 mM


Increasing the internal salt concentration too far inhibits enzymes



Very high levels of ions damage proteins by altering conformation

Osmotic Pressure versus Ionic Strength

Osmotic pressure affects pressure on cell membrane and movement of water

Enzymes don't care much about OP but are affected by ionic strength

Compatible solutes = osmoprotectants are used at high OP


special solutes that do not inhibit enzymes


e.g. glutamate, proline, trehalose, glycine betaine

Increasing the concentration of neutral molecules does not hurt enzymes much whereas increasing concentration of ions such as K+ does 

DEFINITIONS AND NUMBERS

Osmotic Pressure and Ionic strength have different effects:

Osmotic Pressure    = c R T


Osmotic pressure is proportional to the total number of "molecular particles" (molecules and/or separate ions). Concentrations are calculated in "osmolar"


c = total concentration of all the ions in osmmoles/liter:



for 1.0 molar sucrose c = 1.0



for 1.0 molar NaCl, c = 2.0



for 1.0 molar MgCl2, c = 3.0


R = gas constant, 


T = absolute temperature 

Ionic strength   I = 1/2 ∑cizi2

Ionic strength is proportional to the number of charged particles  square of their charges


c = concentration of each ion


z = ionic charge


For neutral molecules like sucrose I = 0 (no charged ions)


For 1.0 molar Na+ Cl– 

I = 1/2 [12 + 12] = 1.0  


For 1.0 molar Mg2+SO42–

I = 1/2 [22 + 22] = 4.0

For E. coli growing in a typical mineral salts medium plus glucose:


Internal OP is approximately 300 milli-osmolar


Pressure outwards on cell wall is approximately 3.5 atmospheres


E. coli can grow in media with up to 4% NaCl if has osmoprotectants 

Marine bacteria live at much greater OP than this

ADAPTING TO HIGH OSMOTIC PRESSURE

Potassium


Major inorganic ion inside most bacteria 


E. coli contains about 100-150 mM K+ 


K+ concentration increases with increasing osmotic pressure


Most cells accumulate K+ and expel Na+

KDP system of E. coli


high affinity K+ transport system 


takes up K+ to increase the internal concentration



mutants defective in kdp system are K+ dependent - cannot grow in medium with less than about 0.1 mM K+

kdpABC operon encodes three transport proteins 


energy source = ATP - KdpB takes high energy phosphate from ATP

Controlled by two component regulatory system


induced by increases in osmotic pressure


sensor protein = KdpD in the inner membrane


regulator protein = KdpE binds DNA and activates kdpABC genes


KdpD responds to a change in turgor pressure - at high OP KdpD phosphorylates itself and then KdpE

Too much K+ harms proteins - so other solutes are needed

When E.coli is shifted to high OP:


1) takes up more K+

2) makes glutamate


3) makes trehalose


4) excrete some of the K+ and glutamate

Glycine Betaine = the BEST osmo-protectant


Made by some eukaryotic algae, pseudomonads and cyanobacteria which live at very high osmotic pressure (halophiles)


Some leaks out and is found in some salt water environments

E. coli cannot make glycine betaine but:


I) it can take up glycine betaine (via the ProU system)


II) it will transport choline at high OP 


III) it can convert choline into glycine betaine (via the aldehyde)

(CH3)3N+CH2CH2OH    (CH3)3N+CH2CHO    (CH3)3N+CH2COOH


   choline


   betaine aldehyde

glycine betaine


Choline is a major component of eukaryotic phospholipids and so is common in decaying organic matter 


The transport system and the two enzymes are only expressed at high OP


Glycine betaine is the best compatible solute known and actually counteracts the effect of salt on enzymes


Glycine betaine allows increased internal K+ without inhibiting enzymes


If glycine betaine is available levels of other solutes are reduced

Sugars: Trehalose

Enterobacteria make trehalose

Disaccharide of 1-2 linked glucose


Made from UDP-glucose and glucose-1-P


Genes for the two enzymes, trehalose-P synthase and trehalose-P phosphatase, are induced by high OP

Many eukaryotes make mannitol, glyceryl-GLC or glyceryl-GAL at high OP

Amino acids - Glutamate & Proline

Major osmoregulatory solutes for many bacteria


Synthesize more Glt and Pro as the OP of the culture medium rises

Glutamate and proline are moderate to good osmo-protectants

E. coli makes more glutamate in response to high OP 


[but unlike many bacteria does not increase Pro production much]

Transport system for proline is induced at high OP


Addition of proline protects against growth inhibition by high salt

ProU system = three genes - proVWX

ProX is a periplasmic binding protein for proline


ProVW inner membrane transporter


ProU system also transports glycine betaine 

GENUINE HALOPHILES

Marine halophiles


e.g. Ectothiorhodospira  (eubacteria) 


make trehalose and other solutes e.g. ectoine a uracil derivative


if glycine betaine is available they prefer to take this up

Extreme halophiles


e.g. archaebacterium Halobacterium

accumulate very high salt concentrations inside the cell


enzymes work in high salt (but no longer work in normal salt) 


do not use compatible solutes 

PORINS & OSMOTIC PRESSURE

The porins of the OM vary in response to changes in OP in E.coli K12:


At low OP:
OmpF increases and OmpC decreases


At high OP:
OmpC increases and OmpF decreases

Pore size of OmpF (1.2 nm) is slightly larger than OmpC (1.1 nm)


Perhaps larger OmpF pores better at low OP when solutes are scarcer


However, E.coli B has only one porin, OmpF that is made all the time 

Complicated scheme of regulation

Two component regulatory system


sensor of osmotic pressure = EnvZ 


regulator protein =  OmpR

Two types of binding sites for OmpR-P - low and high affinity

When OP is low – only a trace of OmpR-P


this will bind to the high affinity site in front of ompF and activate it

At high OP – concentration of OmpR-P rises


OmpR now binds to the low affinity sites - stops transcription of ompF gene and activates transcription of the ompC gene

Anti-Sense RNA Regulation


at high OP micF gene is transcribed to give MicF RNA


binds to front of the ompF message and prevents translation
Whenever expression of ompC is increased, expression of ompF is decreased

(MicF is probably more important for temperature control than osmoregulation)

ADAPTING TO LOW OSMOTIC PRESSURE

Polyamines: Putrescine = H2NCH2CH2CH2CH2NH2
At low OP cell would tend to take up water and burst


must lower internal K+ 



but this would also disturb enzyme function




at low OP – K+ is excreted and replaced by putrescine


I) Putrescine and related polyamines will be taken up if available


II) Putrescine is made by decarboxylating omithine 



ornithine decarboxylase is directly inhibited by high ionic strength 

The two amino groups ionize at physiological pH to carry two positive charges


If we replace 4 moles of K+ with 1 mole of putr2+


= OP is greatly reduced but ionic strength stays the same

If external OP increases – putrescine is excreted and replaced by K+
Membrane Derived Oligosaccharides (MDO)

MDO are found in the periplasmic space

Oligosaccharides of 8 to 10 glucoses – too large to escape through porins

Made at low OP only


At low OP the periplasmic space would empty out since small ions and solutes would diffuse out through the porins

MDO carry several negative charges each:


Glycerol phosphate side chains are negative


Negative charges attract positive ions


Glycerol-P groups from the phospholipids of inner membrane - hence Membrane Derived Oligosaccharides 

Aquaporins and Mechanosensitive Channels



For rapid changes

Aquaporins


help in rapid water movement


AqpZ protein is major aquaporin in E. coli 


helps cell reduce rate of pressure build up in moving from high to low OP


aqpZ gene is repressed at high osmolarity

Mechanosensitive channels


in cytoplasmic membrane


open in response to sudden drop in OP


allow surplus solutes (glutamate, potassium, trehalose etc) out


avoids the rapid entry of too much water


two in E. coli known as MscL and MscS 



mutants lacking both channels are sensitive to hypo-osmotic shock and may burst as a result of taking up too much water too fast

HEAT SHOCK

Alternative Sigma Factors of Escherichia coli
Most genes need the sigma factor, s70 (RpoD), for transcription

Alternative sigma factors:

Specific for genes required under specific conditions

Recognize different consensus sequences

For example, RpoS activates genes for stationary phase

Expression of each family of genes is controlled by regulating level of corresponding sigma factor

Both synthesis and degradation of sigma factors may be controlled

Activity of alternative sigma factors can be blocked by proteins known as anti-sigma factors 

Sigma factor
Name
Consensus Sequence 
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Housekeeping
RpoD
TTGACA
16-18
TATAAT


Stationary phase
RpoS
CCGGCG
16-18
CTATACT

Nitrogen control
RpoN
TTGGNA
6
TTGCA


Flagella
FliA
CTAAA
15
GCCGATAA


Heat shock
RpoH
CTTGAA
13-15
CCCCATNT


Extracytoplasmic
RpoE
GAACTT
16
TCTGAT


 heat shock

Heat Shock Sigma Factors Respond to Temperature

Almost all organisms respond to heat shock:


Many genes expressed at high temperature are highly conserved 


However, the regulatory circuits that control heat shock vary greatly from one group of organisms to another


In bacteria like E. coli, two sigma factors, RpoH and RpoE, control heat shock response

Heat shock response protects cell from damaged proteins

At high temperatures:


3-D structure of proteins begins to unravel


Unfolded proteins lose their own activity


Unfolded proteins also bind to other proteins and create insoluble aggregates

E. coli is optimized for growth at body temperature (37°C)


It grows happily up to about 43°C


Almost stops growing at 46°C


At 46°C, about 30 percent of all the proteins made by E. coli are heat shock proteins

Major heat shock proteins in two categories: 

a) chaperonins help other proteins fold correctly and prevent aggregation 

b) proteases degrade heat-damaged proteins that are past rescue

When temperature increases from 30°C to 43°C


Level of RpoH rises


Causes greater expression of heat shock genes


Control of the level of RpoH very complex 



modulated by a variety of minor factors



main signal is level of misfolded proteins in the cell

Protein Misfolding is monitored by two heat shock proteins, DnaK (a chaperonin) and HflB (a protease):

When level of misfolded proteins is low, DnaK and HflB are free and they bind to RpoH and degrade it. 

When level of misfolded proteins rises, DnaK and HflB bind to these instead and no longer affect RpoH

Transcription of the rpoH gene:


main promoter uses standard sigma factor s70 (RpoD)


above 50°C, s 70 is inactivated and synthesis of RpoH would halt, thus undermining the heat shock response


second promoter for rpoH gene that uses the RpoE sigma factor

RpoE (E for extra-cytoplasmic)


Level of RpoE is controlled by level of misfolded proteins in outer membrane and periplasmic space


Another group of a dozen or so heat shock genes requires RpoE for their transcription
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