8.2 Cell Respiration

Understandings:
· Cell respiration involves the oxidation and reduction of electron carriers
	Anaerobic respiration 
	Aerobic respiration

	incomplete breakdown of organic molecules 
	Complete breakdown of organic molecules 

	 for a small yield of ATP
	for a larger yield of ATP

	no oxygen required
	oxygen is required


· By staggering the breakdown, the energy requirements are reduced
· The released energy is not lost – it is transferred to activated carrier molecules via redox reactions 
· OIL RIG
· Phosphorylation of molecules makes them less stable
· One molecule of ATP contains three covalently bonded phosphate groups – which store potential energy in their bonds
· Phosphorylation makes molecules less stable and hence ATP is a readily reactive molecule that contains high energy bonds
· When ATP is hydrolysed (to form ADP + Pi), the energy stored in the terminal phosphate bond is released for use by the cell
· Functions:[image: ATP-ADP]
· The energy currency of the cell by releasing energy when hydrolysed to ADP 
· May transfer the released phosphate group to other organic molecules, rendering them less stable and more reactive



· In glycolysis, glucose is converted to pyruvate in the cytoplasm
	Lipids
	Proteins 

	not preferentially used as they are harder to transport and digest (although will yield more energy per gram)

	not preferentially used as they release potentially toxic nitrogenous compounds when broken down



The first step in the controlled breakdown of carbohydrates is glycolysis, which occurs in the cytosol of the cell
· In glycolysis, a hexose sugar (6C) is broken down into two molecules of pyruvate (3C)
· 4 Steps:
	  Phosphorylation
· 6C Sugar
	· A hexose sugar (typically glucose) is phosphorylated by two molecules of ATP to form a hexose bisphosphate
· makes the molecule less stable and more reactive, and also prevents diffusion out of the cell 

	Lysis
· 6C to 3C
	· The hexose bisphosphate (6C sugar) is split into two triose phosphates (3C sugars)

	Oxidation
· NAD+ to NADH
· 2 NADH produced
	· Hydrogen atoms are removed from each of the 3C sugars (via oxidation) to reduce NAD+ to NADH (+ H+)
· Two molecules of NADH are produced in total (one from each 3C sugar)

	ATP formation
· 4 molecules of ATP
· Two were used
	· Some of the energy released from the sugar intermediates is used to directly synthesise ATP
· This direct synthesis of ATP is called substrate level phosphorylation
· In total, 4 molecules of ATP are generated during glycolysis by substrate level phosphorylation (2 ATP per 3C sugar)


· At the end of glycolysis:
· Glucose (6C) has been broken down into two molecules of pyruvate (3C)
· Two hydrogen carriers have been reduced via oxidation (2 × NADH + H+)
· A net total of two ATP molecules have been produced 




· Glycolysis gives a small net gain of ATP without the use of oxygen
· In aerobic cell respiration, pyruvate is decarboxylated and oxidised, and converted into acetyl compound and attached to coenzyme A to form acetyl coenzyme A in the link reaction[image: glycolysis]
· If oxygen is not present, pyruvate is not broken down further and no more ATP is produced (incomplete oxidation)
· In the absence of oxygen, glycolysis will quickly deplete available stocks of NAD+, preventing further glycolysis
· The pyruvate remains in the cytosol and is converted into lactic acid (animals) or ethanol and CO2 (plants and yeast)
· If oxygen is present, the pyruvate is transported to the mitochondria for further breakdown (complete oxidation)
· This further oxidation generates large numbers of reduced hydrogen carriers (NADH + H+ and FADH2)
· In the presence of oxygen, the reduced hydrogen carriers can release their stored energy to synthesise more ATP
· In the Krebs cycle, the oxidation of acetyl groups is coupled to the reduction of hydrogen carriers[image: anaerobic respiration]
· Energy released by oxidation reactions is carried to the cristae of the mitochondria by reduced NAD and FAD
· Cell respiration breaks down organic molecules and transfers hydrogen atoms and electrons to carrier molecules
· Energy stored in the organic molecule is transferred with the protons and electrons to the carrier molecules
The carrier molecules are called hydrogen carriers or electron carriers, as they gain electrons and protons (H+ ions)
· The most common hydrogen carrier is NAD+ which is reduced to form NADH
· NAD+ + 2H+ + 2e–  →  NADH + H+
· A less common hydrogen carrier is FAD which is reduced to form FADH2  
· FAD + 2H+ + 2e–  →  FADH2
The hydrogen carriers transports the electrons (and hydrogen ions) to the cristae (mitochondria)
· This process requires oxygen to function, and hence only aerobic respiration can generate ATP from hydrogen carriers
· This is why aerobic respiration unlocks more of the energy stored in the organic molecules and produces more ATP
· Transfer of electrons between carriers in the electron transport chain in the membrane of the cristae is coupled to proton pumping
· In chemiosmosis, protons diffuse through ATP synthase to generate ATP
·  In aerobic cell respiration pyruvate is decarboxylated and oxidised, and converted into acetyl compound and  attached to coenzyme A to form acetyl coenzyme A in the link reaction
The first stage of aerobic respiration is the link reaction, which transports pyruvate into the mitochondria
· Aerobic respiration uses available oxygen to further oxidise the sugar molecule for a greater yield of ATP
· Pyruvate is transported from the cytosol into the mitochondrial matrix by carrier proteins on the mitochondrial membrane
· The pyruvate loses a carbon atom (decarboxylation), which forms a CO2 molecule
· The 2C compound then forms an acetyl group when it loses hydrogen atoms via oxidation (NAD+ is reduced to NADH + H+)
· The acetyl compound then combines with coenzyme A to form acetyl coenzyme A (acetyl CoA)
As glycolysis splits glucose into two pyruvate molecules, the link reaction occurs twice per molecule of glucose
· Per glucose molecule, the link reaction produces acetyl CoA (×2), NADH + H+ (×2) and CO2 (×2)[image: link reaction]


•  In the Krebs cycle, the oxidation of acetyl groups is coupled to the reduction of hydrogen carriers, liberating carbon dioxide
The second stage of aerobic respiration is the Krebs cycle, which occurs within the matrix of the mitochondria
· In the Krebs cycle, acetyl CoA transfers its acetyl group to a 4C compound (oxaloacetate) to make a 6C compound (citrate)
· Coenzyme A is released and can return to the link reaction to form another molecule of acetyl CoA
· Over a series of reactions, the 6C compound is broken down to reform the original 4C compound (hence, a cycle)
· Two carbon atoms are released via decarboxylation to form two molecules of carbon dioxide (CO2)
· Multiple oxidation reactions result in the reduction of hydrogen carriers (3 × NADH + H+ ; 1 × FADH2)
· One molecule of ATP is produced directly via substrate level phosphorylation
· As the link reaction produces two molecules of acetyl CoA (one per each pyruvate), the Krebs cycle occurs twice
· Per glucose molecule, the Krebs cycle produces:  4 × CO2  ;  2 × ATP  ;  6 × NADH + H+  ;  2 × FADH2
[image: krebs cycle]



·  Transfer of electrons between carriers in the electron transport chain in the membrane of the cristae is coupled to proton pumping
The final stage of aerobic respiration is the electron transport chain, which is located on the inner mitochondrial membrane 
· The inner membrane is arranged into folds (cristae), which increases the surface area available for the transport chain
· The electron transport chain releases the energy stored within the reduced hydrogen carriers in order to synthesise ATP[image: ETC1]
· This is called oxidative phosphorylation, as the energy to synthesise ATP is derived from the oxidation of hydrogen carriers

	Step 1:  Generating a Proton Motive Force
	· The hydrogen carriers (NADH and FADH2) are oxidised and release high energy electrons and protons
· The electrons are transferred to the electron transport chain, which consists of several transmembrane carrier proteins
· As electrons pass through the chain, they lose energy – which is used by the chain to pump protons (H+ ions) from the matrix
· The accumulation of H+ ions within the intermembrane space creates an electrochemical gradient (or a proton motive force)

	Step Two:  ATP Synthesis via Chemiosmosis
	· The proton motive force will cause H+ ions to move down their electrochemical gradient and diffuse back into matrix
· This diffusion of protons is called chemiosmosis and is facilitated by the transmembrane enzyme ATP synthase
· As the H+ ions move through ATP synthase they trigger the molecular rotation of the enzyme, synthesising ATP

	Step Three:  Reduction of Oxygen
	· Oxygen acts as the final electron acceptor, removing the de-energised electrons to prevent the chain from becoming blocked
· Oxygen also binds with free protons in the matrix to form water – removing matrix protons maintains the hydrogen gradient





·   The structure of the mitochondrion is adapted to the function it performs
· Outer membrane – the outer membrane contains transport proteins that enable the shuttling of pyruvate from the cytosol
· Inner membrane – contains the electron transport chain and ATP synthase (used for oxidative phosphorylation) 
· Cristae – the inner membrane is arranged into folds (cristae) that increase the SA:Vol ratio (more available surface)
· Intermembrane space – small space between membranes maximises hydrogen gradient upon proton accumulation
· Matrix – central cavity that contains appropriate enzymes and a suitable pH for the Krebs cycle to occur
Applications:
· Electron tomography used to produce images of active mitochondria
Electron tomography is a technique by which the 3-D internal structure of a sample can be modelled
· Samples are repeatedly imaged using a transmission electron microscope
· Following each image, the sample is tilted to a different angle relative to the electron beam
· The images are then compiled and used to computationally reconstruct a 3-D representation (tomogram)

Skills:
· Analysis of diagrams of the pathways of aerobic respiration to deduce where decarboxylation and oxidation reactions occur
· [image: aerobic stages summary]
· (8 × matrix NADH) + (2 × cytosolic NADH) + (2 × FADH2)  =  (8 × 3) + (2 × 2) + (2 × 2)  =  32 ATP[image: ATP production summary]
· Annotation of a diagram of a mitochondrion to indicate the adaptations to its function
· Usually sausage-shaped in appearance
· Inner membrane contains many cristae
· Intermembrane space is very small (allows for a more rapid generation of a proton motive force)
· Ribosomes and mitochondrial DNA are usually not visible at standard resolutions and magnifications
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