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RESPIRATION

This takes place in the mitochondria – diagram

	


Oxidation/Reduction

Oxidation can be defined as:

· Addition of oxygen

· Loss of hydrogen

· Loss of electrons

Reduction can be defined as:

· ……………………… of oxygen

· ……………………… of hydrogen

· ……………………… of electrons

Coenzymes

A coenzyme is a substance which is required by an enzyme in order for it to function.
In many oxidation reactions in cells hydrogen atoms are removed from a substance and transferred temporarily to coenzymes which can then transfer them on to other substances.  
The 3 that you need to know are:-

Nicotinamide adenine dinucleotide (NAD+) (respiration)
Nicotinamide adenine dinucleotide phosphate (NADP+) (photosynthesis)
Flavine adenine dinucleotide (FAD+) (respiration)
· Coenzymes can be used again and again to transfer hydrogen atoms from one substance to another.

· They can only be reused if there is some substance present to reoxidise them after they have been reduced.

· They can transport hydrogen atoms around in the cell, moving around the cell from a place where oxidation is occurring to a place where reduction is happening and back again.

THE FORMATION OF ATP IN RESPIRATION

The equation for respiration from GCSE is:

This is an oversimplification of what happens.  The equation gives the impression that the release of energy is associated with one reaction, namely the oxidation of glucose.  What really happens is a whole series of oxidation reactions.

These take place in 4 distinct “stages”.

1. Glycolysis

This occurs in the cytoplasm and is the splitting of glucose into 2 molecules of pyruvate with the formation of 2ATP (by substrate level phosphorylation) and 2NADH + H+
2. The Link reaction involves conversion of pyruvate to carbon dioxide and acetylcoenzyme A
3. Krebs Cycle

This occurs in the matrix of the mitochondria and involves the complete oxidation of acetyl coA to carbon dioxide with the production of a little ATP (by substrate level phosphorylation) and lots of reduced coenzymes.

4. Oxidative phosphorylation – electron transport chain
This occurs on the cristae of the mitochondria and involves the reoxidation of the reduced coenzymes, using oxygen as the final hydrogen acceptor, with the formation of large amounts of ATP and water.
Glycolysis does not require oxygen to take place – but the Krebs Cycle and Oxidative phosphorylation do.

In more detail – GLYCOLYSIS

This occurs in the ……………………………………

A molecule of Glucose (...... C) is broken down (oxidised) into two molecules of pyruvate each of which has ……… carbon atoms.

Glycolysis uses two molecules of ATP and produces four giving a net gain of ………… molecules of ATP for each glucose molecule.  Glycolysis also produces two molecules of NADH (reduced NAD) which can go on to produce more ATP in oxidative phosphorylation.

LINK REACTION

If oxygen is available, the pyruvate formed in glycolysis will pass into a mitochondria by active transport, and enter the matrix, where it will be combined with coenzyme A to form acetylcoenzyme A.  (sometimes referred to as the link step).  This reaction involves pyruvate being decarboxyllated (having carbon dioxide removed).  So Acetyl CoA is a …………… carbon molecule.
KREBS CYCLE

Acetyl CoA now enters into a series of reactions called the Krebs cycle.

1. Acetyl CoA is combined with a 4 carbon compound (oxaloacetate) to form the 6 carbon compound citrate.

2. By a series of reactions this 6 carbon compound is twice decarboxyllated releasing carbon dioxide and oxidised by dehydrogenation until the first 4 carbon compound is regenerated and the cycle can begin again.  For each turn of the cycle 3 NAD+ and one FAD+ are reduced, and one ATP molecule is made directly.
Note 2 turns of the cycle are necessary for each molecule of glucose oxidised, why?
……………………………………………………………………………………………………………………………………………………………
Other respiratory substrates, such as the breakdown products of lipids and amino acids can also enter the Kreb’s cycle.

ELECTRON TRANSPORT CHAIN
This occurs on the inner membrane of the mitochondria i.e. mainly on the cristae, and is the process by which the reduced coenzymes are oxidised and most of the ATP is synthesised.  The production of ATP by the electron transport chain is referred to as oxidative phosphorylation.
First hydrogen atoms and later electrons are transferred from substance to substance, along the respiratory chain, down a gradient of energy levels and at three points sufficient energy is released for ATP to be generated.

At each link in this respiratory chain as one substance is oxidised the next one is reduced, so each substance is alternately reduced and then oxidised.

The main substances involved are cytochromes.  They are complex proteins containing the haem group and an iron ion which can be readily oxidised.
The final substance in the chain is cytochrome oxidase which is an enzyme which can donate its electrons to the hydrogen ions released earlier in the chain and combine them with oxygen to form water.

Thus the final electron acceptor is oxygen.

So without oxygen this process cannot occur.

As a result of oxidative phosphorylation lots of ATP is made (34 per glucose molecule in total) and this diffuses out of the mitochondria for use anywhere in the cell.
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How is ATP actually formed?
It is believed that as hydrogen or electrons pass along the respiratory chain the energy released in some of the changes is used to pump hydrogen ions i.e. protons across the inner membrane of the mitochondria into the inter-membrane space.  A concentration gradient is established across the membrane.  As protons flow back through the membrane along their gradient they activate an enzyme called ATP synthase which generates ATP within the matrix.  This process is referred to as the chemiosmotic theory.
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Summary of ATP formation during aerobic respiration

	
	Where it takes place
	Raw materials
	Products
	Mols ATP used
	Mols ATP produced
	Net ATP produced

	Glycolysis


	
	
	
	
	
	

	Krebs cycle


	
	
	
	
	
	

	Electron transport chain
	
	
	
	
	
	

	
	
	
	
	
	Total balance
	


	
	Glycolysis
	Krebs cycle
	Electron-transport pathway

	involves CO2 release
	
	
	

	produces ATP
	
	
	

	occurs in the cytoplasm
	
	
	

	uses ATP
	
	
	

	occurs in the matrix of the mitochondria
	
	
	

	is a series of redox reactions
	
	
	

	involves CO2 fixation
	
	
	

	hexose molecules are the substrate
	
	
	

	involves CoA
	
	
	

	is a cyclic process
	
	
	

	occurs on the cristae of the mitochondria
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A respirometer 
Anaerobic respiration

If respiration is only anaerobic, pyruvate can be converted to ethanol or lactate using reduced NAD. The oxidised NAD produced in this way can be used in further glycolysis.

The first stage is GLYCOLYSIS.  This produces 2 (net) ATP and reduced NAD.
LACTATE PATHWAY

In animals and some bacteria the reduced NAD from glycolysis is reoxidised on the lactate pathway.  

Pyruvate accepts the hydrogen atoms forming lactate and reoxidised NAD.  This enables glycolysis to keep running.  Lactate causes muscle fatigue and when oxygen and plenty of NAD are available again it is either taken to the liver to be recycled to glycogen, or oxidised to pyruvate and then respired aerobically via Link, Krebs and Oxidative Phosphorylation.  The energy associated with the lactate is not wasted.

CH3COCOOH    (((((((((     CH3CHOHCOOH

Pyruvic acid                NADRED ( NAD          lactic acid

ETHANOL PATHWAY (alcoholic fermentation)

Plants, yeast and some bacteria can operate this pathway.  Pyruvate is changed to ethanal and carbon dioxide.  Ethanal then accepts hydrogen atoms to become ethanol and in the process reduced NAD is reoxidised.  

However, the ethanol pathway cannot be reversed and so the energy associated with ethanol is wasted.

CH3COCOOH    (( CH3CHO   +   CO2
Pyruvic acid                     ethanal           

CH3CHO   ((((((((    CH3CHOH


      NADRED ( NAD       ethanol

	Further reading and questions

Textbook chapter 12.
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