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Chapter 7: Cellular Respiration
 7-1 Glycolysis and Fermentation
 7-2 Aerobic Respiration
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I. Harvesting Chemical Energy (Autotrophs AND Heterotrophs)• DIGEST GLUCOSE to release NRG to make LOTS of ATP.
 7-1 Glycolysis and Fermentation
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(1) Cellular Respiration • Pathway in ALL cells, yields NRG (ATP) from FOOD (Organic compounds).
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(2) Glycolysis (FIRST stage, occurs in CYTOSOL)• Digestion of GLUCOSE leads INTO:
 (1) Fermentation OR (2) Aerobic Respiration
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(3) Anaerobic Pathways (ABSENCE of O2)• Follow glycolysis AND leads to FERMENTATION in anaerobic cells.
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II. Glycolysis (CYTOSOL, glucose PARTIALLY broken down, NRG released)• 1st stage 4 STEPS to yield NADH, ATP, and PYRUVIC ACID:

Page 10
						

(1) A large amount of ATP in a cell inhibits the enzymes that catalyze the first few steps of glycolysis. How will this inhibition eventually affect the amount of ATP in the cell?
 Critical Thinking
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STEP 1: A GLUCOSE is changed into a NEW 6-C compound
 (Note: 2 ATP are USED UP in this step)
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STEP 2: 6-C compound is SPLIT into TWO molecules of PGAL:
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STEP 3: 2 PGAL are oxidized (NAD+ ACCEPTS the e-) to yield 2 new 3-C compounds.
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STEP 4: 3-C compounds are changed into 2 molecules of PYRUVIC ACID
 (Note: 4 ATP are MADE in this step) NET RESULT (3.5 % Efficiency):
 2 ATP and 2 Pyruvic Acid

Page 15
						

III. Fermentation (2 Anaerobic Types), Life without O2
 • Pathway that processes pyruvic acid into OTHER compounds to make ATP. (1) Lactic Acid Fermentation
 (2) Alcohol Fermentation

Page 16
						

(A) Lactic Acid Fermentation (Anaerobic Pathway 1)
 • Pyruvic acid LACTIC ACID (a product) and NADH is oxidized NAD+.NOTE: Resulting NAD+ is RETURNED back to glycolysis in order to KEEP it running, generating only 2 ATP a cycle.

Page 17
						

(B) Alcohol Fermentation (Anaerobic Pathway 2) • Pyruvic acid ETHYL ALCOHOL and CO2 and again, NAD+ is made from NADH.
 • NOTE: NAD+ is again RETURNED back to GLYCOLYSIS.
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IV. Energy Yield of Anaerobic Pathways
 • How EFFICIENT are anaerobes at obtaining NRG from GLUCOSE to manufacture ATP?
 • We must COMPARE the following TWO values of NRG:
 (1) Amount of energy AVAILABLE in a GLUCOSE molecule.
 • Complete oxidation of glucose yields 686 kcal (1 kilocalorie = 1,000 calories, units of energy)
 (2) Amount the energy CONTAINED in the manufactured ATP.
 • Synthesizing ATP from ADP and Pi REQUIRES 12 kcal:
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• Recall, 2 ATP are made for every 1 GLUCOSE ran through glycolysis…
 Efficiency of GLYCOLYSIS is therefore equal to…
 • Quotient x 100%, yields an EFFICIENCY of 3.5%, NOT very efficient at transferring NRG from GLUCOSE to ATP.
 2 ATP x 12 kcal
 686 kcal
 • Who can deal with such LOW energy requirements, a limitation for running such inefficient anaerobic pathways?
 • Many unicellular (bacteria, yeast) and some multicellular organisms)
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I. Overview of Aerobic Respiration (O2 present)
 • PYRUVIC ACID diffuses INTO mitochondrial MATRIX.
 • Aerobic respiration occurs during TWO stages:
 NOTE: Aerobic respiration produces nearly 20 TIMES as much ATP as is produced by GLYCOLYSIS alone.
 7-2 Aerobic Respiration
 (1) Krebs cycle
 (2) Electron Transport Chain (ETC)
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• In aerobic PROKARYOTES…
 • Aerobic respiration occurs in the CYTOSOL (NO mitochondria)• In aerobic EUKARYOTES…• Aerobic respiration occurs in the MITOCHONDRIA
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(1) Mitochondrial Matrix
 •SPACE inside inner membrane enzymes catalyze Krebs cycle are found.NOTE: PYRUVIC ACID reacts with Coenzyme A to FORM Acetyl Coenzyme A (Acetyl CoA) INSIDE matrix.
 [Acetyl CoA ENTERS the Krebs Cycle]
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(2) How does the folding of the inner mitochondrion membrane benefit aerobic respiration?
 Critical Thinking
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• Breaks down 2-C Acetyl CoA and yields…
 • CO2
 II. The Krebs Cycle (a.k.a., Citric Acid Krebs Cycle biochemical pathway)
 • A Cycle of 5 Steps that ALL occur in the mitochondrial matrix
 • H+ • NADH
 • ATP • FADH2
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(1) Step ONE (O.A. is REGENERATED at end of cycle, to CONTINUE it.)
 • Aceytl CoA combines with OXALOACETIC ACID to produce CITRIC ACID.
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(2) Step TWO (NAD+ NADH)
 • CITRIC ACID releases a CO2 to form a 5-C compound.
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(3) Step THREE (NAD+ NADH, ADP + Pi ATP)
 • 5-C compound releases a CO2 to form a 4-C compound.
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(4) Step FOUR (produces FADH2)
 • 4-C compound releases a H+/e- to FAD (becomes FADH2)and is converted into a new 4-C compound.

Page 39
						

(5) Step FIVE (produces NADH)
 • LAST 4-C compound is CHANGED BACK into OXALOACETIC ACID.
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• Recalling MAIN points…
 • 1 GLUCOSE yields 2 PYRUVIC ACID (Glycolysis)
 • 2 PYRUVIC ACID become 2 Acetyl CoA molecules
 • Thus, 1 glucose allows TWO turns of the KREBS CYCLE
 SO ONE turn of the KREBS CYCLE yields…
 3 NADH (acquires most NRG) 1 FADH2 1 ATP 2 CO2 (diffuse out)
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• NADH and FADH2 will drive FINAL stage of aerobic respiration, the one that counts…(ETC and CHEMIOSMOSIS)
 NOTE: So far, we have ONLY 2 ATP made during GLYCOLYSIS, and 2 ATP made during KREBS CYCLE. (Bulk of NRG has YET TO BE put into ATP)
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III. Electron Transport Chain (occurs in INNER mitochondrial membrane)
 NOTE: H+ pumped INTO the SPACE between the INNER and OUTER mitochondrial membranes.
 • ATP is MADE by ETC when NADH and FADH2 release H+, (results in a H+ gradient).

Page 43
						

(1) NADH and FADH2 supply e- and H+ to the electron transport chain.
 A 5 STEP Summary of the Electron Transport Chain (ETC) (i.e., occurs in the INNER MITOCHONDRIAL MEMBRANE)
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(2) The e- are PASSED ALONG the chain from molecule to molecule in a series of redox reactions, RELEASING energy to PUMP H+ OUTSIDE.

Page 45
						

(3) The resulting H+ PUMPED OUT of the mitochondrial matrix BUILD UP the CONCENTRATION GRADIENT OUTSIDE.

Page 46
						

(4) As the H+ RETURN to INSIDE the matrix through ATP Synthase Channels, they RELEASE energy, driving the PRODUCTION of ATP.
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(5) The FINAL e- ACCEPTOR of the ETC is OXYGEN (O2), which also accepts H+ in a reaction forming WATER as a byproduct.

Page 48
						

(3) A person will breathe deeply and rapidly for some time after a period of very strenuous exercise. The longer and more intense the exercise was, the longer the deep breathing will continue after the exercise stops. Using your understanding of cellular respiration, explain why strenuous exercise stimulates deep breathing that continues after the end of exercise.
 Critical Thinking
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(A) The Role of Oxygen (O2)
 • Final e- ACCEPTOR—ATP is made ONLY if e- CONTINUE to move from molecule to molecule.
 NOTE: Oxygen ALSO accepts the H+ that were once part of the NADH and FADH2
 • In sum: O2 + 4 e- + 4H+ 2 H2O
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(4) Sometimes protons leak out of a cell or are used for other purposes besides ATP production. How would this affect the production of ATP in aerobic respiration?
 Critical Thinking
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IV. Energy Yield of Aerobic Pathways• How efficient are AEROBES at obtaining NRG from GLUCOSE to manufacture ATP from ADP + Pi?
 • We must compare the following TWO values of energy:
 (1) Amount of NRG available in a GLUCOSE molecule.
 • Complete oxidation of glucose yields 686 kcal (1 kcal = 1,000 calories, units of energy)
 (2) Amount the NRG contained in the manufactured ATP.
 • Synthesizing ATP from ADP and Pi requires 12 kcal
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• Recall that GLYCOLYSIS and KREBS CYCLE each produce 2 ATP for every GLUCOSE molecule.
 • Each NADH supplying the ETC can generate 3 ATP, and each FADH2 made through aerobic respiration can generate up to 2 ATP.
 • Thus, the 10 NADH and 2 FADH2 can produce up to 34 ATP by the ETC. Adding the 4 ATP from GLYCOLYSIS and KREBS gives us a maximum yield of 38 ATP per 1 molecule of glucose.
 • HOWEVER, due to ACTIVE TRANSPORT of some NADH into the mitochondrial matrix NET YIELD is about 36 ATP for cells.
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EFFICIENCY of aerobic respiration is THEREFORE equal to…
 • Quotient x 100%, yields an efficiency of 66%, nearly 20x MORE efficient than GLYCOLYSIS ALONE (i.e., aerobic OVER anaerobic cells).
 36 ATP x 12 kcal
 686 kcal
 Side Note: A car engine is about 25% efficient in EXTRACTING NRG from GASOLINE to MOVE a car (Most of the energy is LOST as HEAT)
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V. Summarizing Cellular Respiration• COMPLETE metabolism of glucose in AEROBIC RESPIRATION can be summarized as…
 C6H12O6 + 6 O2 6 CO2 + 6 H2O + Energy (ATP)
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Extra Slides AND Answers for Critical Thinking Questions
 (1) Inhibiting these enzymes will slow down or even shut off glycolysis, thus reducing the rate at which ATP is made. As ATP continues to be used, the amount of ATP in the cell will fall, until it becomes so low that the enzymes are no longer inhibited and glycolysis resumes.(2) The loss of protons would reduce the steepness of the proton concentration gradient across the inner mitochondrial membrane. In turn, this would reduce the rate at which ATP is made through chemiosmosis.(3) The folding of the membrane provides a greater surface area. Thus, the membrane can contain more molecules of ATP synthase and more of the molecules that make up the electron transport chain. In turn, this will allow the mitochondria to make ATP more rapidly.
 (4) During strenuous exercise, muscle cells switch from aerobic respiration to lactic acid fermentation. The lactic acid is converted back into pyruvic acid when oxygen becomes available. Deeper breathing speeds this conversion. The longer the exercise lasts, the more lactic acid accumulates and the longer it takes for all of the lactic acid to be converted.
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