Chapter Outline

I. ATP is Universal













A. ATP stands for adenosine triphosphate and is a nucleotide.



B. ATP was present 3.5 billion years ago when life began.



C. ATP is universal in its distribution through living organisms.



D. The splitting of ATP releases energy for work.



E. The three phosphate groups of ATP repel each other. The formation of ADP 



(adenosine diphosphate) from ATP relieves the charge repulsion releasing 




energy.



F. ATP energy release is coupled to other enzymatic reactions, preventing all of 




the energy released from being lost as heat.



G. ATP must be recycled or else cells die.



H. Mitochondria use fatty acids, glucose, and proteins as fuel to produce ATP.



I. ATP is unique for operating alone and not as part of a macromolecule.



J. ATP provides the energy for work (including muscle movement). 



K. ATP is produced during cellular respiration using organic fuel.

II. Overview of Cellular Respiration



_______



Critical concepts include: overview of cellular respiration equation, NADH and FADH2 coenzymes, and the phases of cellular respiration.

7.1 Cellular respiration is a redox reaction that requires O2

A. Cellular respiration is similar to respiration, but at the cellular level.


B. Cellular respiration is a redox reaction.


C. Hydrogen atoms are removed from glucose, resulting in carbon dioxide. 



Oxygen receives the hydrogen atoms and becomes water.


D. The oxidation of glucose to carbon dioxide releases energy, which is then used 



for ATP production. 


E. Cellular respiration can be summarized in the following reaction:



C6H12O6 + 6 O2 ( 6 CO2 + 6 H2O + energy


F. NAD+ and FAD are coenzymes used by cellular respiration.



1. The coenzymes are used by the oxidation/reduction enzymes.



2. NAD+ is nicotinamide adenine dinucleotide.



a) Accepts 2 e− and 1 H+ when a substrate is oxidized




b) Reduction of NAD+ forms NADH




c) NAD+ +2e− + H+ ( NADH 



3. FAD is flavin adenine dinucleotide.




a) Accepts 2 e− and 2 H+ through a substrate oxidation




b) Reduction of FAD forms FADH2



b) FAD + 2e− + 2H+ ( FADH2 



4. After NADH and FADH2 pick up their high-energy e-, which they carry to an 




electron transport chain.



5. Energy is then captured via the transport chain and used for ATP synthesis.


G. The gradual removal of hydrogen atoms from glucose requires many steps. 


H. The cell oxidizes glucose slowly allowing several ATP molecules to be 



produced per the respiration of one glucose molecule.


I. Cellular respiration involves four phases, glycolysis, the preparatory reaction, 



the Krebs cycle, and the electron transport chain (ETC).


J. Phase I: Glycolysis


1. Occurs outside the mitochondrion in the cytoplasm



2. Does not require O2, making it anaerobic 


3. Breaks glucose into two pyruvate molecules



4. NADH and 2 ATP (net) are made.


K. Phase II: The Preparatory Reaction


1. Occurs in the mitochondrial matrix


2. Requires oxygen, making it aerobic


3. Breaks down pyruvate into a 2-carbon acetyl group


4. Releases CO2 and forms NADH


L. Phase III: The Krebs cycle



1. Sometimes called the citric acid cycle


2. Occurs in the mitochondrial matrix


3. Requires oxygen, making it aerobic


4. Produces NADH and FADH2


5. Two ATP are produced per glucose 


M. Phase IV: The Electron Transport Chain (ETC)


1. Occurs on the cristae of mitochondria



2. Requires oxygen, making it aerobic


3. NADH and FADH2 donate their e− to the chain.



4. As the electrons pass down the chain, energy is released and captured.



5. The energy is later used to produce 32 or 34 ATP per glucose molecule.



6. O2 is the final e− acceptor. It combines with H+ and forms H2O.

III. Outside the Mitochondria: Glycolysis

_______________________________

Critical concepts include: role/details of each stage (glycolysis, the preparatory phase, the citric acid cycle, electron transport chain, and chemiosmosis), generation of H+ gradients, how much ATP is synthesized, and the efficiency of the process.

7.2 Glycolysis: Glucose breakdown begins


A. Glycolysis breaks down glucose into 2 pyruvate molecules in the cytoplasm.


B. This is a universal metabolic pathway found in organisms, which most likely 



evolved before the Krebs cycle and the electron transport chain. 


C. Glycolysis occurs through a series of reactions, each with its own enzyme.


D. The pathway can be divided into two stages.



1. The Energy-Investment Steps



a) Glucose is activated with 2 ATP.




b) The C6 glucose is split into 2 C3 molecules (G3P).




c) Each G3P has a phosphate group added onto it.




d) G3P enters the next stage.



2. The Energy Harvesting Steps



a) 2 G3P per glucose are oxidized.




b) Two NAD+ are reduced to NADH by adding e− (per 2 G3P).




c) The high-energy electrons on NADH are carried to the ETC.




d) This process recycles the NADH back to NAD+.




e) Phosphate groups are added to the C3 molecules.




f) This stimulates the synthesis of ATP via substrate level ATP 





synthesis. An enzyme passes a high-energy phosphate to 





ADP. This is an example of the coupling of an energy-releasing 





reaction to an energy-requiring one.




g) Oxidation of the resultant C3 molecule releases H2O.




h) A second substrate level ATP synthesis occurs.




i) The final result per glucose is the formation of two pyruvate molecules. 




j) Pyruvate can then enter the mitochondrion.


E. There is a net gain of 2 ATP during glycolysis.



1. Two ATP are used per glucose.



2. Four ATP are synthesized via substrate level ATP synthesis.



3. A net gain of two ATP is the final result per glucose.


F. Inputs and Outputs of Glycolysis.



1. Inputs include: 1 glucose, 2 NAD+, 2 ATP, 4 ADP, 4 P



2. Outputs include: 2 pyruvate, 2 NADH, 2 ADP, 4 ATP


G. If oxygen is available, pyruvate enters mitochondria.


H. Only if pyruvate enters mitochondria will 36 to 38 ATP be produced.

IV. Inside the Mitochondria
Critical concepts include: the final breakdown of glucose in the Krebs Cycle, NADH, and FADH2 bringing electrons to the ETC, following the flow of H+ down a concentration gradient powering ATP synthase.
7.3 The preparatory reaction occurs before the Krebs cycle



A. Mitochondria are eukaryotic cell organelles, and are present in plants, animals, 




fungi, and nearly all protists.



B. Mitochondria are plentiful in tissues that require large amounts of ATP to 




function efficiently.



C. Without mitochondria, it is possible that complex multicellular organisms 




would not have evolved. 



D. The mitochondrion has a double membrane with an intermembrane space 




between the two membranes.



E. Cristae are folds of the inner membrane that jut into the matrix, the innermost 




fluid-filled chamber. The enzymes of the prep reaction and Krebs cycle are 




located in the matrix.



F. The ETC is embedded in the cristae.



G. The preparatory reaction occurs before the Krebs cycle.




1. C3 pyruvate is converted into a C2 acetyl group and CO2. The acetyl group




 combines with a molecule known as CoA.




2. This is an oxidation reaction resulting in NADH formation.




3. Two pyruvate per glucose go through this stage, forming 2 NADH and 2 





acetyl-CoA molecules.




4. The reaction is as follows:





2 pyruvate + 2CoA + 2 NAD+ ( 2 NADH + 2 Acetyl-CoA + 2 CO2



5. The 2 NADH carry electrons to the ETC while the CoA carries its acetyl 





group to the Krebs cycle.




6. CO2 diffuses into the blood, where it is transported to the lungs and 





exhaled.

7.4 The Krebs cycle generates much NADH 



A. The Krebs cycle, named for the person who discovered it, is located in the 




mitochondrial matrix.



B. The cycle regenerates its starting component, citrate, for continuous operation.



C. Steps of the Krebs Cycle




1. The CoA is removed from the acetyl group.




2. Acetyl joins with oxaloacetate (a C4 molecule) to produce citrate (C6).




3. Two subsequent oxidation reactions produce 2 NADH molecules, releasing 





2 molecules of CO2.




4. One ATP is produced via a substrate level ATP synthesis reaction.




5. Additional oxidation reactions produce a FADH2 and another NADH.




6. The cycle is now ready to receive another acetyl group.



D. The Krebs cycle turns twice for each original glucose (2 pyruvate = 2 acetyl 




groups).




1. Inputs are: 2 acetyl groups, 6 NAD+, 2 FAD, 2 ADP, 2 P




2. Outputs are: 4 CO2, 6 NADH, 2 FADH2, 2 ATP



E. The six carbon atoms originally located in a glucose molecule have now 




become six molecules of CO2.




1.Two are released during the preparatory reactions, and four are released 





during the Krebs cycle.




2. The CO2 that we breathe out comes from cellular respiration.



F. Energy Benefit of the Krebs Cycle





1. 2 ATP, 6 NADH, 2 FADH2


G. NADH and FADH2 shuttle electrons to the ETC next.

7.5 The electron transport chain captures energy and ATP Synthase produces ATP


A. The electron transport chain (ETC) is a series of electron carriers located in 



the cristae of mitochondria.


B. NADH and FADH2 drop electrons off and become NAD+ and FAD, 



respectively.


C. The first carrier of the chain gains the electrons and is reduced. It is oxidized 



as soon as it passes the electrons to the next carrier.

D. The electrons that enter the ETC are high-energy electrons. By the time these 



electrons leave the ETC, they have lost their energy.

E. Many carriers of the ETC are cytochrome molecules.



1. These carriers are proteins bound to heme iron groups.



2. The iron accepts and donates the electrons as they move through.



3. Blocking cytochrome function can be toxic – cyanide does this.


F. Energy is captured during electron transfer between carriers, and is later 




used to make ATP.


G. Oxygen is required for cellular respiration.



1. O2 is the final electron acceptor.



2. O2 receives energy-spent electrons from the ETC.



3. Oxygen containing the electrons combines with H+ to form H2O.







½ O2 + 2 e− + 2 H+ ( H2O



4. If O2 is not present, the chain does not function and no ATP is synthesized.


H. The electrons delivered by NADH eventually account for the production of 



three ATP, whereas those delivered by FADH2 account for only two ATP.


I. NAD+ and FAD are free to return and pick up more hydrogen atoms.


J. Organization of Cristae



1. The cristae of mitochondria contain the ETC and the ATP synthase complex.


K. Get Ready


1. NADH and FADH2 carry electrons to the ETC, and the carriers of the ETC 




pass these electrons from one to the other.



2. The hydrogen ions carried by NADH and FADH2 are pumped from the 




matrix into the intermembrane space of a mitochondrion using energy 




released by the ETC.



3. This produces a strong hydrogen ion gradient, with about 10 times as 




many hydrogen ions in the intermembrane space as in the matrix.


L. Payoff


1. H+ ions flow through the enzyme ATP synthase down their concentration 




gradient from the intermembrane space into the matrix.



2. The ATP synthase uses the H+ movement to combine ADP + P ( ATP.



3. This process is called chemiosmosis because ATP synthesis is tied to a H+ 




gradient.



4. Some poisons inhibit the function of the ATP synthase complex.



5. The ATP synthase consists of three parts and is evolutionarily conserved.




a) A channel protein that rotates as H+ passes through it




b) An attached stalk




c) The enzymes, which also rotate




d) Rotation of the stalk changes the configuration of the enzymes so that it 





catalyzes the synthesis of ATP.



6. ATP moves out of the mitochondrion and is used to do work.



7. ATP synthase must continually produce ATP.

7.6 The ATP payoff can be calculated


A. We can look at the ATP produced at each phase and in total, based on the 



breakdown of one glucose molecule. (Fig. 7.6)


B. In the Cytoplasm


1. Net gain of 2 ATP via glycolysis



2. These are produced via substrate level ATP synthesis.


C. In the Mitochondrion


1. No ATP is produced during the preparatory phase.



2. The Krebs cycle produces 2 ATP via substrate level ATP synthesis.



3. Most ATP production occurs via the ETC and chemiosmosis.




a) 10 NADH and 2 FADH2 are sent to the ETC per glucose.




b) The NADH formed outside the mitochondrion must be shuttled inside. 





The cost of the shuttle is one ATP for each NADH shuttled to the 





ETC.




c) Two ATP are produced per FADH2 oxidized (total 4 ATP).




d) Three ATP are produced per NADH oxidized (total 30 ATP).




e) The difference between NADH and FADH2 is based on where they 






donate their electrons to the ETC. FADH2 does so later in the chain 






than NADH.


D. The total number of ATP per glucose is 36 or 38.

E. Efficiency of Cellular Respiration



1. The breakdown of glucose to CO2 releases energy.



2. The difference in energy between reactants and products is 686 kcal.


3. An ATP phosphate bond contains 7.3 kcal.



4. If 36 ATP are produced, 263 kcal of energy are accounted for.



5. This is 39% of the original available energy.



6. The rest of the energy of the glucose molecule is lost as heat.

V. Fermentation







___________________

Critical concepts include: fermentation, energy production via fermentation, and the use of fermentation for food production.


7.7 When oxygen is in short supply, the cell switches to fermentation



A. Fermentation produces two ATP per glucose molecule in the absence of O2.



B. Pyruvate is used as final ei− acceptor instead of O2.



C. This process forms lactate in human/animal cells.



D. Yeast and bacteria produce ethyl alcohol and CO2 following pyruvate 




reduction.



E. NADH has to be oxidized to recycle it so that glycolysis still operates.



F. The only ATP synthesized are the two substrate level ATPs synthesized during 




glycolysis.



G. Benefits Versus Drawbacks of Fermentation




1. The low yield of ATP is a minor drawback.




2. Fermentation is essential for human cells to provide rapid bursts of ATP 





production, typical of muscle cells.




3. Allows cellular work even when O2 levels are depleted




4. Fermentation products are toxic to cells. 




a) In humans, blood carries lactate away until it builds up too fast.





b) Lactate buildup changes cell pH, causing muscles to burn and fatigue.





c) When we stop exercising, our bodies are in oxygen debt.






H. Comparison of Yields




1. Fermentation produces 2 ATP per glucose as compared to 36 to 38 for 





cellular respiration.




2. This represents only a small fraction of the potential energy in glucose.




3. The liver converts lactate back to pyruvate so that cellular respiration can 





pick up where it left off when oxygen becomes available.


How Biology Impacts Our Lives:


7A Fermentation Helps Produce Numerous Food Products



A. Common grocery items such as bread, yogurt, soy sauce, pickles, and wine are 




produced when microorganisms ferment.



B. Fermented foods lack nutrients that attract bacteria, and thus last longer.



C. Alcohol production via fermentation is toxic to the microorganisms.



D. Fermenting yeasts leaven bread and produce alcohol.




1. Saccharomyces cerevisiae (Baker’s yeast) is used with bread.




2. The yeast’s fermentation releases CO2, which raises the bread, and ethyl 





alcohol that evaporates during baking.




3. Combinations of yeast and bacteria flavor the bread (sour to tangy).




4. Yeast fermentation of fruit releases ethyl alcohol and produces wine.




5. Yeast fermentation of grain releases ethyl alcohol and produces beer.





a) Certain specialized varieties of beer may also use lactic acid-producing 






bacteria.





b) Stronger alcoholic drinks require distillation.




6. Acetic acid bacteria (Acetobacter aceti) spoil wine by converting the 





alcohol to acetic acid (vinegar).

7. Pasteurization was originally developed to decrease bacterial contamination 


in wine to reduce spoilage.



E. Fermenting bacteria that produce acid




1. Food products of lactic acid bacteria include yogurt, sour cream, and 





cheese.




3. The bacteria use lactose in milk for fermentation.




4. When cheese is made, an enzyme (rennin) is also added to coagulate it.




5. Pickled vegetables can be produced using Lactobacillus bacteria.





a) It survives in high salt environments.





b) Bacteria are not added, but are already present on the surface of the 






vegetables. 



F. Soy sauce is a combination product.




1. It is made by adding a mold (Aspergillus) and yeasts plus fermenting 





bacteria to soybeans and wheat.




2. The mold breaks down starch, providing sugars for the fermenting 





organisms.




3. Alcohol is produced in combination with organic acids.

VI. Intersections of Metabolic Pathways



___________________

Critical concepts include: the metabolic pool, anabolism, catabolism, and how exercise 
relates to metabolism.

7.8 Organic molecules can be broken down and synthesized as needed


A. The metabolic pool includes molecules used in metabolism.


B. Degradative reactions break down molecules, and are called catabolism.


C. Synthetic reactions build up molecules, and are called anabolism.


D. Catabolism


1. Glucose is broken down during cellular respiration.



2. Fat breaks down into glycerol and three fatty acids.




a) Glycerol enters glycolysis.




b) The fatty acids are converted to acetyl-CoA and enter the Krebs cycle.





1) An 18 carbon fatty acid breakdown can produce 108 ATP.





2) Fats are an efficient form of stored energy.





3) There are three long chain fatty acids per fat molecule.



3. Amino acid carbon skeletons enter glycolysis or the Krebs cycle directly, or 




are converted to acetyl-CoA.




a) Deamination removes the amino group in the liver.




b) This leaves the carbon skeleton.




c) The amino group becomes ammonia (NH3) which enters the urea cycle.




d) Urea is the primary excretory product of humans. 


E. Anabolism


1. Degradative reactions of catabolism drive the synthetic reactions due to  
           energy release.



2. The substrates for anabolic reactions come from catabolic reactions.




a) Carbohydrate intake can result in fat synthesis.




b) Substrates of the Krebs cycle are used for amino acid synthesis.





1) Plants synthesize all amino acids required.





2) Animals must consume certain amino acids to have them.





3) Humans can only synthesize 11 of the 20 amino acids.





4) Lack of amino acids can result in nutrient deficiencies. 

How Biology Impacts Our Lives:

7B Exercise Burns Fat


A. Combining exercise with a sensible diet appears to be the best long-term 
         approach to weight management.


B. Exercise offers the opportunity to burn fat



1. Fat molecules (triglycerides) contain three fatty acid chains on a glycerol 




molecule.



2. Muscles store both fat and glycogen (a carbohydrate).



3. Exercise depletes the energy stores in muscle cells, and once depleted, 




fat/glucose from the blood is used.



4. Adipose tissue is the source of fats deposited in the blood.



5. Exercise at 70% effort burns more fatty acids than glucose.



6. Fats are very energy rich (more than double the energy from 




carbohydrates).



7. Because so much energy is in fats, prolonged exercise is the best way to use 




up stored energy.


C. Prolonged aerobic exercise burns fat



1. The burning of fat requires oxygen.



2. Glycerol is used in glycolysis.



3. Fatty acids are broken down using the Krebs cycle.



4. A loss of oxygen causes cells to switch to fermentation, which stops fat 




burning.



5. People who want to lose weight usually have the most success with aerobic 




exercise.



6. Heart rate is used (in combination with breathing) to monitor the correct 




range of effort for aerobic exercise.


D. Other benefits of aerobic exercise



1. Heart and lungs strengthen and improve function.



2. Skeletal muscle changes: increasing the number of mitochondria present



3. Muscles can use more energy even when the body is at rest.

