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Cellular respiration overview
· Cellular respiration is the controlled release of energy in the form of ATP

· Glucose + oxygen ( carbon dioxide + water + ATP (energy)

· C6H12O6 + 6 O2 ( 6 CO2 + 6 H2O + 36 ATP (energy)

· Goals of cellular respiration:

· To break bonds in glucose to produce 6 CO2
· To move hydrogen atoms from glucose to oxygen, forming 6 H2O

· To trap as much free energy released as possibly in the form of ATP (about 40% efficient)

· Important terms:

· Oxidation: loss of electrons

· Often a gain of oxygen

· Often a loss of hydrogen

· Reduction: Gain of electrons

· Often a loss of oxygen

· Often a gain of hydrogen

“LEO the lion says GER”
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· Photosynthesis and cellular respiration are complementary processes – they are opposite reactions!

· Products of one reaction are the reactants of the other

· All cells do cellular respiration

· Supplies the cell with energy

· Cellular respiration occurs in the mitochondria

· It is the process of breaking down glucose and creating energy

· Turning ADP + Pi ( ATP

· An exergonic reaction (releases energy)

· There are a series of reactions that break down glucose and yield a high amount of ATP
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Aerobic cellular respiration has 4 stages:

1) Glycolysis – An anaerobic process that occurs in the cytoplasm.  Breaks glucose into two 3-carbon pyruvate molecules.

2) Pyruvate decarboxylation (Link reaction) – A transition or link reaction that occurs in the mitochondrial matrix.  Results in the formation of an acetyl-CoA molecule.

3) Krebs Cycle (Citric Acid Cycle) – A cyclic reaction that occurs in the mitochondrial matrix.  By the end of the cycle, the glucose is totally consumed and is not in the form of CO2, H2O, co-enzymes NADH & FADH2, and a small yield of ATP.

4) Electron Transport Chain (ETC) – A series of redox reactions that occur on the inner mitochondrial membrane.  The site of chemiosmosis and results in a large yield of ATP.

Stage #1: Glycolysis

· First 10 reactions of cellular respiration

· Anaerobic (no oxygen)

· Earliest form of metabolism (primitive cells)

· Occurs in the cytoplasm

· Enzymes catalyze each step

· Not highly efficient – some energy released as heat but most is still trapped in pyruvate

Overall:
Glucose ( 2 pyruvate + 2 ATP (net gain – 2 in, 4 out) + 2 NADH

(NADH = an electron carrier)

1) Activation: Substrate-level phosphorylation adds 2 phosphate groups to glucose.  This uses 2 ATP molecules and produces fructose 1,6-biphosphate.
2) Lysis: The 6-carbon molecule is split into two 3-carbon molecules of G3P – glyceraldehyde-3-phosphate
3) Oxidation: G3P is oxidized by NAD+ which is reduced to NADH.  This releases energy to attach phosphates to the sugar molecules producing 1,2-biphosphoglycerate.  This happens twice – once for each G3P
4) Phosphates are transferred to ADP producing 4 molecules of ATP.  This is a net gain of 2 ATP and 2 pyruvate.

· NADH molecules go to the ETC

· If oxygen is present pyruvate will enter the Krebs Cycle
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Stage #2: Pyruvate Oxidation (Link reaction)
· Aerobic process in eukaryotic cells

· Pyruvate molecules are transported into the mitochondrial matrix through a transport protein

· No ATP required, none produced

Overall:
2 pyruvate + 2 NAD+ + 2 CoA ( 2 acetyl-CoA + 2 NADH + 2 H+ + 2 CO2
1) Decarboxylation: A carboxyl group is removed as CO2 (enzyme pyruvate decarboxylase).

2) The 2-carbon molecule is oxidized by NAD+ to become and acetate group.  NAD+ is reduced by 2 H+ and 2 electrons to produce NADH + H+.

3) Coenzyme A (CoA) attaches to acetate for form acetyl-CoA.

4) Acetyl-CoA enters the Krebs Cycle.

· This is repeated for the second pyruvate molecule
· 2 NADH go to the ETC

· 2 CO2 diffuse out of mitochondria and out of cell

· 2 H+ ions dissolve in the mitochondrial matrix

· Fate of acetyl-CoA:

· Can enter Krebs cycle if the body needs energy

· If ATP levels are high, it can go on to produce lipids and be stored
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Stage #3: Krebs Cycle (Citric Acid Cycle)
· An 8-step process

· No ATP required

· Produces 2 ATP

· Requires oxygen (aerobic)

· Each step is catalyzed by a specific enzyme

· Occurs for each acetyl-CoA produced

· Original glucose molecule is consumed by the end of the process

· All CO2 molecules diffuse out of the cell as waste

1) Acetyl-CoA (2C) combines with oxaloacetate (4C) to produce citrate (6C)
2) Isomerization occurs to produce isocitrate (6C)

3) Redox reaction (oxidative decarboxylation) to produce α-ketoglutarate (5C)
a. NAD+ reduced to NADH
b. CO2 is released (decarboxylation)
c. 6C to 5C molecule losing CO2 and 2 H+ ions in the process
4) Redox reaction to produce succinyl-CoA (4C)

a. NAD+ reduced to NADH
b. CO2 is released (decarboxylation)
c. 5C to 4C molecule losing CO2 and 2 H+ ions in the process
5) Succinyl-CoA (4C) is converted to succinate (4C)

a. Substrate level phosphorylation of GDP to GTP which then converts ADP to ATP and becomes GDP again – produces 2 ATP molecules
b. CoA is released

6) Succinate (4C) is converted to fumerate (4C)
a. Redox reaction

b. FAD is reduced to FADH2 by gaining 2 H atoms from succinate

7) Fumerate (4C) is converted to malate (4C)

a. Hydration reaction – water is added

8) Malate (4C) is converted to oxaloacetate (4C)

a. Redox reaction

b. NAD+ is converted to NADH by gaining 2 H atoms from malate

· One turn of the Krebs cycle produces:

· 3 NADH

· 1 FADH2
· 1 ATP

· 2 CO2
· There are 2 turns of the Krebs cycle for every glucose molecule

· At the end of the Krebs cycle, the entire glucose molecule is consumed

· All the carbon has been converted to CO2
· The energy is now in the form of 12 coenzymes (10 NADH and 2 FADH2)

· The coenzymes carry electrons into the electron transport chain where they will be used to drive the production of ATP

Role of Acetyl-CoA in fat metabolism
· Fats give 2X the amount of energy/gram as carbohydrates

· Fatty acids are broken down into 2C molecules and converted to acetyl-CoA which then enters the Krebs cycle

· If the body needs energy, acetyl-CoA enters the Krebs cycle

· If the body does not need energy, acetyl-CoA is channeled into an anabolic pathway that synthesizes lipids = energy storage
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Stage #4: Electron Transport Chain (ETC) & Chemiosmosis

· FADH2 and NADH transfer electrons and H+ to proteins embedded in the cristae of the mitochondria
· Components of the ETC are arranged by electronegativity (lowest at beginning of chain ( weak electron acceptors) on the inner membrane

1) The 2 coenzymes transfer their electrons to proteins in the ETC
a. When NADH and FADH2 give up H+ and e– to molecules embedded in the cristae membrane, the e– travel along a series of electron acceptor molecules

b. NAD+ and FAD are recycled back to the Krebs cycle

2) The electrons are transferred “downhill” from one carrier to another (by redox reactions) and energy is released at each stage

3) As e– move through the ETC, H+ ions are pumped out of the matrix into the intermembrane space

4) For each 2 e– transferred, there are 2 H+ being pumped across the inner membrane

5) This creates an electrochemical gradient (electro = charge difference = more positive charges on the outside; chemical = concentration gradient = more H+ on the outside)

6) Protons (H+) can only re-enter matrix through the ATP synthase complex

a. This drives the production of ATP by oxidative phosphorylation
b. ADP + Pi ( ATP

c. This process is called CHEMIOSMOSIS
7) The final electron acceptor is oxygen – it combines with 2 protons (H+) to form water

8) Overall, 32 ATP molecules are produced from 1 molecule of glucose through the ETC

a. For each NADH, 3 molecules of ATP are produced

b. For each FADH2, 2 molecules of ATP are produced
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	SUMMARY
	
	
	
	

	
	ATP
	NADH
	FADH2
	Location

	Glycolysis
	2
	2
	–
	Cytoplasm

	Link reaction
	–
	2
	–
	Mitochondrial matrix

	Krebs cycle
	2
	6
	2
	Mitochondrial matrix

	ETC
	32-34
	–
	–
	Inner membrane

	TOTAL
	36-38
	10
	2
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Can you answer all of these?

1. Distinguish between substrate-level phosphorylation and oxidative phosphorylation.

2. Describe the process of chemiosmosis.  What is the role of chemiosmosis in cellular respiration?

3. Why would lack of oxygen completely inhibit the Krebs cycle and the ETC but not glycolysis?

4. Use a diagram to illustrate substrate-level phosphorylation, and write a caption for it that explains the importance of this process to aerobic respiration.

5. Why is fermentation less efficient at supplying energy compared to aerobic respiration?

6. The anaerobic threshold is the point at which certain muscles do not have enough oxygen to perform aerobic respiration and begin to perform anaerobic respiration.  Infer why it is important for competitive long-distance runners to raise their anaerobic threshold.
7. What are the risks and benefits of promoting grain and corn fermentation as a way to supply society’s fuel energy needs?
8. Explain why anaerobic respiration produces fewer ATP molecules than aerobic respiration.

Glycolysis Questions
1. (A) How many carbons are there at the beginning of glycolysis?

(B) How many carbons are there at the end in each compound?

2. (A) How many molecules are there at the beginning of glycolysis?  Named?

(B) How many molecules are there at the end?  Named?

3. Where in the cell does glycolysis occur?
4. Is glycolysis an aerobic or anaerobic process?

5. How many ATP does it “cost” to rearrange the glucose molecule at the start of glycolysis?  Why is ATP so important at the start of glycolysis?

6. (A) What molecules are transferred from the ATP to the 6C sugar?

(B) What is the name of the process that transfers the ATP?

7. When the first molecule is split, what is formed?

8. NAD+ becomes NADH during glycolysis.  What is happening to the molecules before and after this step?

9. How many ATP molecules are formed by the whole process of glycolysis?  How many are “lost”?

10. What is the net yield in energy?  In other words, for each original glucose molecule, how many ATP molecules are produced?

11. Is glycolysis an endothermic or exothermic reaction?

12. What is the purpose of glycolysis?

13. What is the function of NAD+?

Glucose (6C)





2 Pyruvate (3C)





Glycolysis


- without O2


- in cytoplasm


- yields a net 2 ATP (2 in, 4 out)





Krebs cycle


- yields 2 ATP





Fermentation


- yields no further ATP





Aerobic respiration


- with O2


- in mitochondria





Anaerobic respiration


- without O2


- in cytoplasm





Electron transport chain (ETC)


- yields 32 ATP





Lactic acid


- in muscle cells





Alcoholic fermentation


- in yeast


- yields ethanol & CO2
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