We’ve already discussed the following organelles: Cell Membrane and Chloroplasts (photosynthesis).  Now our goal is to eventually discuss all the other organelles in the eukaryotic cell.  The next organelle is the mitochondrion.

Mitochondria: Aerobic Respiration:PRIVATE 

Aerobic Respiration, the production of energy in the presence of oxygen, occurs in the mitochondria.  Aerobic respiration produces 21-36 ATP molecules per molecules of glucose.  Compare this to the two ATP molecules, which are produced in anaerobic respiration.

Introduction to Aerobic Respiration:

Although Carbohydrates, fats, and proteins can all be processed and consumed as fuel, we usually track glucose in the production of energy.

The breakdown of glucose is exergonic, having a free energy change of -686 kilocalories per mole of glucose (recall that a negative (G indicates that the products of the chemical reaction store less energy than the reactants).

This energy is stored as ATP.  ATP is the chemical equivalent of a loaded spring; the close packaging of the three negatively charged phosphate groups is an unstable, energy-storing arrangement (like charges repel).  The chemical "spring" tends to "relax" from the loss of a terminal phosphate.  The cell taps this energy source by using enzymes (kinases) to transfer phosphate groups from ATP to other compounds, which are said to be phosphorylated.  Adding the phosphate primes a molecule to undergo some kind of change that performs work, and the molecule loses its phosphate group in the process.

In order to understand the process of making energy, we must briefly review redox reactions.  Reduction: gaining electrons, hydrogen or losing oxygen.  Oxidation: losing electrons, hydrogen or the gaining of oxygen.  An electron loses potential energy when it shifts from a less electronegative atom towards a more electronegative one.  A redox reaction that relocates electrons closer to oxygen releases chemical energy, which can be put to work.

In the combustion of glucose, sugar is oxidized and oxygen is reduced.  Meanwhile, electrons lose potential energy along the way.

Usually, organic molecules that have an abundance of hydrogen are excellent fuels because their bonds are a source of electrons with high potential energy.  They also have the potential to drop the energy when they move closer to oxygen.  The important point in aerobic respiration is the change in covalent status of electrons as hydrogen is transferred to oxygen.  This is what liberates the energy.  

At key steps in aerobic respiration, hydrogen atoms are stripped from the glucose, but they are not directly transferred to oxygen.  They are passed to a coenzyme called NAD+ (nicotinamide adenine dinucleotide), which functions as the oxidizing agent.

Enzymes called dehydrogenases remove a pair of hydrogen atoms from the substrate.  These enzymes deliver two electrons along with one proton to NAD+.  The other proton is released as a hydrogen ion into the surrounding solution.

Electrons lose very little potential energy when they are transferred by dehydrogenases from glucose (organic molecules) to NAD+.  Thus, each NADH molecule formed during respiration represents stored energy that can be used to make ATP when the electrons complete their journey from NADH to oxygen.

Mitochondrion Review:

The mitochondria is surrounded by two membranes: 1) the outer is smooth and 2) the inner folds inwards.  The inner folds are called CRISTAE.  Within the inner compartment of the mitochondrion, surrounding the cristae, there is a dense solution known as the MATRIX.  The matrix contains enzymes, co-enzymes, water, phosphates, and other molecules needed in respiration.

The outer membrane is permeable to most small molecules, but the inner one permits the passage of only certain molecules, such as pyruvic acid and ATP.  

Proteins are built into the membrane of the cristae.  These proteins are involved with the Electron Transport Chain.  The inner membrane is about 80% protein and 20% lipids.  95% of the ATP generated by the heterotrophic cell is produced by the mitochondrion.

There are five stages in aerobic respiration.  Each stage varies in length:  1) Glycolysis, 2) Oxidative Decarboxylation, 3) Krebs Cycle, 4) Electron Transport Chain and 5) Oxidative Phosphorylation.  

The first stage in aerobic respiration is called Glycolysis.  Glycolysis closely resembles anaerobic respiration.  2 molecules of pyruvate are formed along with 2 ATP molecules, and 2 NADH.  The pyruvate moves on to the next stage, ATP is used as energy, and the NADH moves to the electron transport chain.

Overall reaction of Glycolysis: 

Glucose ---------------> 2 Pyruvate + 2 ATP

Glycolysis:

         ATP----> ADP



1) Glucose ----------------------> Glucose-6-P

2) Glucose-6-P -------------------> Fructose-6-P



  ATP----> ADP

3) Fructose-6-P -------------------> Fructose-1,6-P



   Enz: Aldolase

4) Fructose-1,6-P -----------------> 2 3-Phosphoglyceraldehyde





    Pi-->

5) 2 3-Phosphoglyceraldehyde ----------> 2 1,3-Diphosphoglyceral 




     NAD+ ----> NADH





2ADP --> 2ATP

6) 2 1,3-Diphosphoglyceraldehyde ---------> 2 3-Phosphoglycerate

7) 2 3-Phosphoglycerate ---------->2 2-Phosphoglycerate

8)2 2-Phosphoglycerate -------->2 2-Phosphoenolpyruvate + H2O




      2ADP--> 2ATP

9)2 2-Phosphoenolpyruvate --------------> 2 Pyruvate 

The products NADH and Pyruvate are formed in the cytoplasm of the cell.  The remainder of aerobic respiration takes place in the mitochondrion.

Note: NADH cannot enter the inner chamber of the mitochondrion, but it can pass its electrons to a shuttle carrier on the surface of the inner membrane and build up a supply of interior electrons.  The pyruvate can enter the mitochondrion.  Here the pyruvate is altered so that it can take part in the rest of the process.  

Pyruvate can be further oxidized.  Pyruvate enters the matrix of the mitochondrion by facilitated transport.  The carbon and oxygen atoms of the carboxyl group are removed and two acetyl groups are left.  These react with NAD+, give two electrons to NAD+ (this is converted to NADH), and CoA adds on to form Acetyl CoA, a large complex molecule from pantothenic acid (vitamin B.).  This co-enzyme A bond is very unstable.

Oxidative Decarboxylation, the second stage: pyruvate is prepared to enter the Krebs cycle by having a CO2 molecule removed.  NADH is formed and Coenzyme A is used (formed from Vitamin B).

2 pyruvate + 2 NAD + 2 Co-enz A --> 2 Acetyl CoA + 2 NADH + 2 CO2
From here the Acetyl CoA can enter the Krebs (TCA, Citric Acid) Cycle (discovered in 1930 by Hans Krebs).  Acetyl CoA is completely dismantled by the enzymes in the mitochondria.  As the Krebs's Cycle dismantles pyruvate, CO2 is produced.  The carbon and oxygen come from the pyruvate, which is being torn apart.  The electrons are what's important.  

The Krebs's cycle only gives us two molecules of ATP.  Added with the two molecules of ATP made in Glycolysis, the total is now a meager four molecules of ATP.  The remainder of the ATPs comes from the Electron Transport System, which takes the electrons produced in the Krebs's cycle and makes ATP.

Krebs Cycle:

There are eight steps in the cycle and the aim is to totally dismantle the Acetyl CoA using only its electrons. Here are the steps.

1) 2 Acetyl CoA + 2 Oxaloacetate + 2 H2O ---> 2 Citrate + 2 CoA.  Enzyme: Citrate Synthase.  4 Carbons are added to 2 Carbons for a total of 6 Carbons.

2) 2 Citrate ------> 2 Isocitrate (water is removed and added in this step) Enzyme: Aconitase.  The molecule is isomerized.

3) 2 Isocitrate + 2 NAD+ ( 2 (-Ketoglutarate + 2 CO2  + 2NADH. Enzyme: Isocitrate Dehydrogenase.  2 e- and H+ are removed from Isocitrate and given to NAD+.  2 CO2 molecules are lost into the atmosphere and (-Ketoglutarate is formed—a 5 Carbon compound.

4) 2 (-Ketoglutarate + 2 CoA + 2 NAD+ --> 2 Succinyl CoA + 2 CO2  + 2 NADH. Enzyme: ( Ketoglutarate dehydrogenase.  2 e- and 1 H+ are removed from ( Ketogluarate and given to NAD+.  A CO2 molecule is lost to the atmosphere.  A molecule of Coenzyme A (CoA) is added to the 4 Carbon Compound—Succinyl CoA.

5) 2 Succinyl CoA + 2 P + 2 GDP --> 2 Succinate + 2 CoA + 2 GTP

    2 GTP + 2 ADP ------> 2 GDP + 2 ATP Enzyme: Succinate Thiokinase (move a phosphate).  The energy forms a high-energy bond.  GDP is changed to GTP (Guanine instead of Adenine) as the CoA is released.  We don't know why the cell uses GDP instead of ADP, but the terminal phosphate in the GTP is transferred to ADP in order to form ATP.  

6) 2 Succinate + 2 FAD -----> 2 Fumarate + 2 FADH2. Enzyme: Succinate Dehydrogenase.  2 e- and 2 H+ are removed from Succinate and added to a new electron carrier FAD.  This molecule behaves the same as NAD+.

7) 2 Fumarate + 2 H2O -----> 2 Malate Enzyme Fumerase.  Water is removed from Fumerate.

8) 2 Malate + 2 NAD+ -------> 2 Oxaloacetate + 2 NADH. Enzyme: Malate Dehydrogenase.  2 e- and 1 H+ are removed from Malate to form NADH and Oxaloacetate.  Notice that Oxaloacetate begins the cycle by adding to Acetyl CoA.  

We have totally taken apart the glucose molecule—we have formed 6 CO2 molecules, and have formed 10 NADH and 1 FADH2 molecule.  Only four ATPs have resulted, 2 from glycolysis and 2 from the GTPs.  But we still have a lot of hydrogens in the form of NADH and FADH2 and a lot of electrons.

Total electron carriers:

Glycolysis (fermentation)


2 NADH

Pyruvate to Acetyl CoA


2 NADH

Citric Acid Cycle                          

Step 3





2 NADH

Step 4





2 NADH

Step 6





2 FADH2
Step 8



      

2 NADH

Total





24 electrons

The electrons will go through the Electron Transport Chain to produce energy.  The ETC moves hydrogen ions from the matrix to the intermembrane space (the space between the cristae and the outer plasma membrane).

Electron Transport Chain:

As stated before, the mitochondrion has two sets of membranes.  The outer membrane is simple in structure and highly permeable.   The inner membrane is highly convoluted and forms extensive folds/shelves called cristae that reach into the center of the organelle.  The folding of the inner membrane allows for thousands of protein chain copies in each mitochondrion.  Between the inner and outer plasma membrane is the intermembrane space.

The proteins contain prosthetic groups (non protein components essential for catalytic functions of enzymes).  These groups are oxidized and reduced.

The inner membrane is impermeable to H+ and many other substances.  The membrane is mostly a protein membrane that is bound together by phospholipids.  The enzyme carriers of the electron transport system are tightly packed within the inner membrane.

The ETS begins with the electron flow from NADH to FMN (flavin mononucleotide).  FMN passes the 2 electrons to an iron-sulfur (Fe-S) protein.  Fe-S passes the two electrons to a small carrier co-enzyme ubiquinone (Q).  *Q takes the two electrons from Fe-S and two hydrogens from the matrix (where the Krebs Cycle took place) and becomes QH2.  QH2 diffuses across the membrane to release two H+ (into the intermembrane space) and passes the two electrons to cytochrome b (cyt b).  Cyt b passes the two electrons to another Fe-S group, which, in turn, passes the electrons to cytochrome C1. *C1 passes the electrons to  cytochrome c (cyt c), two H+ are moved into the intermembrane space from the matrix.  Cyt c passes the electrons to cytochrome a (cyt a), which pass the electrons to *cytochrome a3 (cyt a3), two H+ are moved into the intermembrane space from the matrix.  Finally the two electrons are accepted by oxygen and by removing 2 H+ from the interior compartment, are converted to H2O.  Here the mitochondrion can also form free radicals and hydroxyl radicals (O2 and OH with extra electrons).  These are bad and can react with any molecule with H bonds and break those bonds.  These molecules have been implicated in cell/tissue death.  Antioxidants reduce free radicals.  However, the mitochondria is 98% efficient.

If FADH2 is the electron carrier, FADH2 passes its electrons to 

Fe-S ---> Q...

Oxidative Phosphorylation: Chemiosmotic coupling

Production of ATP from ADP and P is powered by a proton gradient.  This mechanism is known as chemiosmotic coupling.  Chemiosmotic refers to the fact that the production of ATP molecules is a chemical process and a transport process across a semipermeable membrane.  Basically, the H+ moved into the intermembrane space by the ETC, move back to the matrix through ATP synthase to produce ATP.

Two events take place in chemiosmotic coupling:

1) The proton gradient is established across the inner mitochondrial membrane in the intermembrane space.

2) Potential energy stored in the gradient is released and captured to form ATP from ADP and phosphate.

The proton gradient is established as electrons move down the ETC.  At three different times in the ETC, there is a significant drop in potential energy held by the electrons.  These are the three reactions: Fe-S-> Q, Cyt C1 -> Cyt C, and Cyt a3-> O2.  As a result relatively large amount of energy is released.  

The electron carriers in the chain are positioned so that the electrons travel in a zig-zag manner-- from the inner to the outer surface of the inner membrane.  Each time the electrons travel to the inside surface, the electrons pick up two H+.  When the electrons travel to the outer surface, they release two H+.  The actual number of protons moved is not known.  It is known, however, that at least six protons are moved.

The difference in the proton gradient on the outside of the inner membrane represents the potential energy.  The potential energy results from a difference in pH and electric charge.  H+ are allowed to flow back into the inner matrix through channels called ATP synthase.  Once the H+ flow through the channels, ATP is formed from ADP and phosphate.  It is not known how many flowing H+ it takes to form an ATP molecule (3 ATPs from 1 NADH and 2 ATPs from FADH2).

ATP Synthase is composed of three main parts which are made up of protein subunits: 1) Cylindrical component within the inner membrane, 2) A Knob within the matrix, and 3) A Rod that connects the two parts.  When the H+ flow through the enzyme, the rotor spins in a clockwise motion.  The rod also spins, which spins the know.  This energy allows for the knob to join ADP and P to form ATP.  The stator protein holds the rotor in place.

Oxygen acts as the final electron acceptor.  Once the oxygen accepts the electrons, it is converted into water.  That is why you need to breathe in oxygen.  If oxygen were not there to accept the electrons, the Electron Transport system would get backed up, no energy would be produced, and without energy, there would be no life. (Cyanide is a powerful poison because it blocks the transfer of electrons from cyt a3 to oxygen.)

Assuming maximum efficiency, aerobic respiration produces 34 ATPs in the Electron Transport Chain (via ATP Synthase).  Add that to the 4 ATPs already produced, and you end up with 38 molecules of ATP.  

What is the efficiency of ATP production?  Glucose has 686 Kcal/mol.  ATP contains 7.3 Kcal/mole of energy.  If you end up with 38 molecules of ATP per molecule of Glucose, you’ll end up with 38 X 7.3 Kcal = 277.4 total Kcal.  This is approximately a 40% efficiency rate.  The rest of the energy is lost as heat.

Other Catabolic Pathways:

Starch is broken down into monosaccharides.  The monosaccharides are phosphorylated to glucose-6-P and enter glycolysis.

Fats are split into glycerol and fatty acids.  The fatty acids are cut up into two carbon fragments and slipped into the Krebs cycle as Acetyl CoA. Glycerol slips in as Glyceraldehyde-3-P.  The high energy content of fat is due to the high number of carbons found in the fatty acids.  The high concentration of carbons leads to a high number of hydrogens.  The electrons are take from the hydrogens to establish the proton gradient.

Proteins are broken down into amino acids.  Amino acids have the amino group removed. The carbon skeleton is either 1) converted into an acetyl group or 2) a larger compound that can enter glycolysis.  If the amino group is not used, it is excreted as urea.

How else can this affect you?  In the muscle tissue, there are a lot of mitochondria.  During heavy exertion a great deal of ATPs can be used.  Muscle systems usually work aerobically, but in larger animals, it is impossible for the circulatory system to bring enough oxygen to the tissues during heavy exertion.  Therefore, we have two back up systems.

1) Creatine Phosphate.  This transfers a phosphate to ADP in order to form ATP.  CP + ADP ----> C + ATP.  As the creatine phosphate is used up, there is another quick source of energy.

2) Anaerobic Glycolysis

NADH combines with pyruvate to form lactic acid (lactate).  Lactic acid accumulates quickly during intensive use of muscle.  This is the burn that is felt when exercising.  Animals can remove lactic acid in two ways:

a) Lactic acid combines with oxygen from the circulatory system.  The oxygen reverses the lactic acid to pyruvate which 
proceeds in the aerobic pathway.

b) Lactic acid can be washed away by the circulatory system 
and carried to the liver.  In the liver, the lactic acid can be metabolized back into glucose with oxygen.

After periods of heavy exertion, the muscle tissue will be depleted of creatine phosphate and the liver and muscles will be loaded with lactate.  This causes pain.  When the activity stops, it takes a long period of time, and a large amount of oxygen and ATP, for the lactic acid to be metabolized and for the creatine to regenerate into creatine phosphate.

During this time, a person will breathe hard and try to take in as much oxygen as possible.  This is called oxygen debt.  How long it takes to recuperate depends on physical condition.  The better condition people are, the more oxygen they can take in and the heart can pump more blood with the oxygen to their tissues.

Runners enlarge their lung capacity, increasing their capillary beds.  The heart becomes stronger and can pump more blood with each stroke, and this increases the ability for runners to utilize oxygen.

Remember that starch and glycogen are polymers of glucose.  These polymers are broken down into single glucose molecules during a process called phosphorolysis.  During this process an enzyme that places a phosphate on the #1 carbon of the glucose molecule splits the bond.  This makes Glucose-1-P which is changed to Glucose-6-P.

Runners in the marathon who have hit 'the wall' have used up all of the glucose in their bodies.  All that is left are fat and proteins which will be broken down for energy.  This is very dangerous since the heart is a muscle that is made up of protein.  This is why runners try to load up with carbohydrates before a big race.
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