In-class Module: Cellular Respiration and pH

Part 1: Determination of ATP yield from the complete breakdown of glucose
In this section, you will learn the stages of aerobic respiration, with emphasis on the number of energy molecules released in each stage.
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Figure 2: Aerobic Respiration pathway. This diagram represents the major events, but does not represent their locations.








1. Assuming 1 glucose molecule as the starting chemical energy, fill in Table 1 below with the appropriate numbers of energy molecules produced during different stages of aerobic respiration. Use figure 2 for reference.
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Table 1: Sums of ATP, NADH, and FADH2 produced from 1 glucose

	Phase
	Number of ATP produced
	Number of NADH produced
	Number of FADH2 produced

	1- Glycolysis
	
	
	

	2- Pyruvate oxidation
	
	
	

	3- Krebs Cycle
	
	
	

	Total
	
	
	



2. Using the table above, how many total NADH should arrive at the electron transport chain for oxidative phosphorylation?

3. Using the table above, how many total FADH2 should arrive at the electron transport chain for oxidative phosphorylation?

4. The energy of NADH electrons is used to pump protons across the inner mitochondrial membrane. If 10 protons are pumped across the membrane for a single NADH, how many protons are pumped as a result of all the NADH produced from the breakdown of one glucose molecule?

5. If 6 protons are pumped across the membrane for a single FADH2, how many protons are pumped as a result of all the FADH2 produced from the breakdown of one glucose?

6. How many total protons are pumped across the membrane as a result of the breakdown of 1 glucose molecule?


7. Production of 1 ATP in oxidative phosphorylation requires 4 protons to flow through the transmembrane rotor of ATP synthase. From 1 glucose, how many ATP can be made by ATP synthase?

8. What is the maximum number of ATP produced from one glucose? [Hint: Add the ATP produced by substrate-level phosphorylation in Glycolysis and the Krebs Cycle in Table 1, and the total number of ATP produced during oxidative phosphorylation (see question 7].

2

Part 2: Role of proton gradient in oxidative phosphorylation
The majority of ATP in aerobic respiration is produced by ATP synthase. ATP synthase requires a H+ gradient across the mitochondrial inner membrane. Remember that a gradient is a difference in concentration, and that the concentration of H+ can be expressed as a pH value.
9. In resting mitochondria, the concentration of H+ in the matrix and the intermembrane space is about 1.0 x 10-7 M.
a. What is the pH in the matrix and the intermembrane space? 

b. How would you characterize the chemical environment in the matrix and intermembrane space of resting mitochondria (acidic, basic, or neutral)? 


10. When mitochondria become active, performing cellular respiration, the [H+] in the intermembrane space becomes approximately 1.0 x 10-6 M and in the matrix 1.0 x 10-8 M.
a. Which space of the mitochondria contains a higher concentration of H+? 

b. What does this suggest about the movement of H+ in the mitochondria, relative to resting mitochondria?


c. What is the pH in the intermembrane space? 


d. What is the pH in the matrix? 


e. What does the change in pH observed in the matrix and the intermembrane space suggest about the chemical environment in the matrix compared to the intermembrane space?


11. Use Figure 5 for questions a-c below.
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Figure 5: Sketch of a mitochondrion

https://upload.wikimedia.org/wikipedia/commons/1/1a/Schema_mitochondrion_basic.svg  Bionet, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons

a. Add to the sketch to show a H+ concentration gradient in an active mitochondrion. Sketch more H+ in the appropriate space. Sketch less H+ in the appropriate space.


b. Sketch an arrow to represent the direction that protons flow (via diffusion) through ATP synthase.


c. If the concentration of protons was equal on each side of the membrane, how would that affect the flow of protons through ATP synthase? How would that affect ATP production from glucose?


Part 3: Disrupting the ETC
Several conditions or chemicals can eliminate the H+ gradient in the mitochondria. One condition is cyanide poisoning. Cyanide binds to Protein Complex IV in the electron transport chain (see figure 3 below) and prevents the binding of oxygen. This blocks the flow of electrons through the ETC. Cyanide acts like a road block on a highway.

[image: https://upload.wikimedia.org/wikipedia/commons/4/46/ElectronTransportChainDw001.png]
Figure 3: Oxidative Phosphorylation and Chemiosmosis
https://upload.wikimedia.org/wikipedia/commons/4/46/ElectronTransportChainDw001.png
Dw001, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons

12. If electrons are not flowing through the electron transport chain, how will the proton concentration in the intermembrane space and the matrix be affected?



13. Will a mitochondrion, affected by cyanide, be in an active or inactive state? Based on your calculations of pH in Part 2, what do you expect the pH in the matrix and the intermembrane space of a mitochondrion affected by cyanide to be? Sketch your answer in the graph below by adding appropriate bars over “Cyanide”.


[image: ]


14. Based on what happens to the proton gradient, what happens to the production of ATP in oxidative phosphorylation in mitochondria affected by cyanide?
	

15. The graph below represents ATP production by an active mitochondrion (0-2 hours) before it is exposed to cyanide. Complete the graph to show the effect of cyanide on ATP production between 2-5 hours.


























16. Based on your answers in the previous questions, why is cyanide a poison?
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