
Cellular Respiration: Harvesting Chemical Energy 

Notes from Chapter 9 

Concept 9.5 
Fermentation enables some cells to produce ATP without the use of oxygen 
Introduction • Without electronegative oxygen to pull electrons down the transport chain, oxidative 

phosphorylation ceases. 
• However, fermentation provides a mechanism by which some cells can oxidize organic 

fuel and generate ATP without the use of ____________________. 
° In glycolysis, glucose is oxidized to two pyruvate molecules with NAD+ as the 

oxidizing agent. 
° Glycolysis is exergonic and produces ____________________ ATP (net). 
° If oxygen is present, additional ATP can be generated when 

____________________ delivers its electrons to the electron transport chain. 
• Glycolysis generates 2 ATP whether oxygen is present (____________________) or not 

(____________________). 
• Anaerobic catabolism of sugars can occur by ____________________. 
• Fermentation can generate ATP from glucose by ____________________-

____________________ phosphorylation as long as there is a supply of 
____________________  to accept electrons. 
° If the NAD+ pool is exhausted, glycolysis shuts down. 
° Under ____________________ conditions, NADH transfers its electrons to the 

electron transfer chain, recycling NAD+. 
Types of Fermentation • Under anaerobic conditions, various fermentation pathways generate ATP by glycolysis 

and recycle NAD+ by transferring electrons from ____________________ to 
____________________ or derivatives of ____________________. 

Alcohol Fermentation • In alcohol fermentation, pyruvate is converted to ethanol in two steps. 
° First, pyruvate is converted to a two-carbon compound, ____________________, 

by the removal of CO2. 
° Second, acetaldehyde is reduced by NADH to ____________________. 
° Alcohol fermentation by yeast is used in brewing and winemaking. 

Lactic Acid Fermentation • During lactic acid fermentation, pyruvate is reduced directly by NADH to form lactate 
(the ionized form of lactic acid) without release of CO2. 
° Lactic acid fermentation by some fungi and bacteria is used to make cheese and 

yogurt. 
° Human muscle cells switch from aerobic respiration to lactic acid fermentation to 

generate ATP when O2 is scarce. 
 The waste product, lactate, may cause muscle fatigue, but ultimately it is 

converted back to pyruvate in the ____________________. 
Fermentation and Cellular 
Respiration Compared 

• Fermentation and cellular respiration are anaerobic and aerobic alternatives, 
respectively, for producing ATP from sugars. 
° Both use ____________________ to oxidize sugars to pyruvate with a net 

production of 2 ATP by substrate-level phosphorylation. 
° Both use ____________________  as an oxidizing agent to accept electrons f during 

glycolysis. 
• The two processes differ in their mechanism for oxidizing NADH to NAD+. 

° In fermentation, the electrons of NADH are passed to an ____________________ 
____________________ to regenerate NAD+. 

° In respiration, the electrons of NADH are ultimately passed to 
____________________, generating ATP by oxidative phosphorylation. 

• More ATP is generated from the oxidation of pyruvate in the citric acid cycle. 
° Without oxygen, the energy still stored in pyruvate is unavailable to the cell. 
° Under aerobic respiration, a molecule of glucose yields ____________________ 

ATP, but the same molecule of glucose yields only ____________________ ATP 
under anaerobic respiration. 

• Yeast and many bacteria are ____________________ anaerobes that can survive using 



either fermentation or respiration. 
° At a cellular level, human muscle cells can behave as facultative anaerobes. 

• For facultative anaerobes, pyruvate is a fork in the metabolic road that leads to two 
alternative routes. 
° Under aerobic conditions, pyruvate is converted to ____________________ 

____________________ and oxidation continues in the citric acid cycle. 
° Under anaerobic conditions, pyruvate serves as an ____________________ 

____________________ to recycle NAD+. 
The Evolutionary 
Significance of Glycolysis 

• The oldest bacterial fossils are more than 3.5 billion years old, appearing long before 
appreciable quantities of O2 accumulated in the atmosphere. 
° Therefore, the first prokaryotes may have generated ATP exclusively from 

glycolysis. 
• The fact that glycolysis is a ubiquitous metabolic pathway and occurs in the 

____________________ without membrane-enclosed organelles suggests that glycolysis 
evolved early in the history of life. 

Concept 9.6 
Glycolysis and the citric acid cycle connect to many other metabolic pathways 
The Versatility of 
Catabolism 

• Glycolysis can accept a wide range of carbohydrates for catabolism. 
° Polysaccharides like ____________________ or ____________________ can be 

hydrolyzed to glucose monomers that enter glycolysis. 
° Other hexose sugars, such as ____________________ and 

____________________, can also be modified to undergo glycolysis. 
• The other two major fuels, ____________________ and ____________________, can 

also enter the respiratory pathways used by carbohydrates. 
• Proteins must first be digested to individual amino acids. 

° Amino acids that will be catabolized must have their amino groups removed via 
____________________. 

° The nitrogenous waste is excreted as ____________________, 
____________________, or another waste product. 

• The carbon skeletons are modified by enzymes and enter as intermediaries into 
glycolysis or the citric acid cycle, depending on their structure. 

• Catabolism can also harvest energy stored in fats. 
• Fats must be digested to ____________________ and fatty acids. 

° Glycerol can be converted to ____________________ ____________________, an 
intermediate of glycolysis. 

° The rich energy of fatty acids is accessed as fatty acids are split into two-carbon 
fragments via ____________________ oxidation. 

° These molecules enter the citric acid cycle as acetyl CoA. 
• A gram of fat oxides by respiration generates twice as much ATP as a gram of 

carbohydrate. 
Biosynthesis (Anabolic 
Pathways) 

• The metabolic pathways of respiration also play a role in anabolic pathways of the cell. 
• Intermediaries in glycolysis and the citric acid cycle can be diverted to anabolic 

pathways. 
° For example, a human cell can synthesize about half the 20 different amino acids by 

modifying compounds from the citric acid cycle. 
° Glucose can be synthesized from pyruvate; fatty acids can be synthesized from 

acetyl CoA. 
• Glycolysis and the citric acid cycle function as metabolic interchanges that enable cells 

to convert one kind of molecule to another as needed. 
° For example, excess carbohydrates and proteins can be converted to fats through 

intermediaries of glycolysis and the citric acid cycle. 
• Metabolism is remarkably versatile and adaptable. 



 
Regulation of Cellular 
Respiration via Feedback 
Mechanisms 

Feedback mechanisms control cellular respiration. 
• Basic principles of supply and demand regulate the metabolic economy. 

° If a cell has an excess of a certain amino acid, it typically uses 
____________________ inhibition to prevent the diversion of intermediary 
molecules from the citric acid cycle to the synthesis pathway of that amino acid. 

• The rate of catabolism is also regulated, typically by the level of ATP in the cell. 
° If ATP levels drop, catabolism ____________________ ____________________ to 

produce more ATP. 
• Control of catabolism is based mainly on regulating the activity of enzymes at strategic 

points in the catabolic pathway. 
• One strategic point occurs in the third step of glycolysis, catalyzed by 

____________________. 
• ____________________ regulation of phosphofructokinase sets the pace of respiration. 

° This enzyme catalyzes the earliest step that irreversibly commits the substrate to 
glycolysis. 

° Phosphofructokinase is an allosteric enzyme with receptor sites for specific 
inhibitors and activators. 

° It is inhibited by ____________________ and stimulated by 
____________________ (derived from ADP). 
 When ATP levels are high, inhibition of this enzyme slows glycolysis. 
 As ATP levels drop and ADP and AMP levels rise, the enzyme becomes active 

again and glycolysis speeds up. 
• ____________________, the first product of the citric acid cycle, is also an inhibitor of 

phosphofructokinase. 
° This synchronizes the rate of glycolysis and the citric acid cycle. 

• If intermediaries from the citric acid cycle are diverted to other uses (e.g., amino acid 
synthesis), glycolysis speeds up to replace these molecules. 

• Metabolic balance is augmented by the control of other enzymes at other key locations in 
glycolysis and the citric acid cycle. 

• Cells are thrifty, expedient, and responsive in their metabolism. 
 


