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Introduction

Cellular respiration is the cornerstone of bioenergetics, the process by which cells extract energy from nutrients to

fuel growth, repair, and maintenance. In Chapter 9 of most introductory biology textbooks, the focus shifts from the

broad overview of metabolism to a detailed examination of the biochemical pathways that convert glucose into ATP.

Whether you are a student preparing for an exam, a biology educator looking for a refresher, or simply a curious

mind, this comprehensive review will walk you through each step of cellular respiration, highlight the key concepts,

and answer the most frequently asked questions about this essential process. By the end of this article, you will

have a clear and concise understanding of the pathways, their regulation, and their significance in living systems.

Overview of Cellular Respiration

Cellular respiration is divided into three major stages: glycolysis, the citric acid cycle (also called the Krebs cycle),

and oxidative phosphorylation, which includes the electron transport chain (ETC) and chemiosmosis. These stages

occur in different cellular compartments—glycolysis takes place in the cytoplasm, while the citric acid cycle and

oxidative phosphorylation occur in the mitochondria. The overall reaction for aerobic respiration can be summarized

as:

C †H • ‚O † + 6O ‚ !’ 6CO ‚ + 6H ‚O + energy (ATP)

In anaerobic conditions, cells rely on fermentation pathways to regenerate NAD z, but the energy yield is significantly

lower than that of aerobic respiration.

Glycolysis: The First Step

Glycolysis is a ten �step process that breaks down one molecule of glucose into two molecules of pyruvate. It occurs

in the cytoplasm and does not require oxygen, making it an anaerobic pathway. The net gain from glycolysis is 2

ATP molecules and 2 NADH molecules.

1.  Glucose is phosphorylated by hexokinase, consuming one ATP.

2.  Glucose �6 �phosphate is isomerized to fructose �6 �phosphate.

3.  Fructose �6 �phosphate is phosphorylated by phosphofructokinase �1 (PFK �1), a key regulatory step.

4.  Subsequent steps produce two molecules of glyceraldehyde �3 �phosphate.

5.  Each glyceraldehyde �3 �phosphate is oxidized, producing 2 NADH and 2 ATP via substrate �level 

phosphorylation.

6.  Finally, two molecules of pyruvate are produced.

Key points: PFK �1 is a major control point; ATP consumption occurs in the early steps, while production happens 

later; NADH produced in the cytosol must be transported into mitochondria for further oxidation.

Link Reaction: Connecting Glycolysis to the Citric Acid Cycle

In aerobic respiration, the two pyruvate molecules produced in glycolysis are transported into the mitochondrial



matrix where they undergo oxidative decarboxylation to form acetyl �CoA. This reaction is catalyzed by the pyruvate

dehydrogenase complex (PDC). The link reaction generates:

•  1 CO ‚ per pyruvate (total 2 CO ‚)

•  1 NADH per pyruvate (total 2 NADH)

•  Acetyl �CoA, which enters the citric acid cycle.

Because the PDC is a multi �enzyme complex, its regulation is tightly controlled by feedback inhibition from NADH,

acetyl �CoA, and ATP, ensuring that the cell does not overproduce reducing equivalents.

The Citric Acid Cycle (Krebs Cycle)

The citric acid cycle is an eight �step, cyclic process that oxidizes acetyl �CoA to CO ‚ and generates high �energy

electron carriers. Each turn of the cycle processes one acetyl �CoA molecule and produces:

•  3 NADH

•  1 FADH ‚

•  1 GTP (which can be converted to ATP)

•  2 CO ‚

Because two acetyl �CoA molecules enter from each glucose, the total output per glucose is 6 NADH, 2 FADH ‚, 2

GTP, and 4 CO ‚. The cycle also plays a crucial role in anaplerotic reactions, replenishing intermediates used in

various biosynthetic pathways.

Oxidative Phosphorylation: Electron Transport Chain and Chemiosmosis

Oxidative phosphorylation is the final stage of cellular respiration, where the majority of ATP is produced. It consists

of two components:

1.  Electron Transport Chain (ETC) – A series of protein complexes (I–IV) embedded in the inner mitochondrial 

membrane that transfer electrons from NADH and FADH ‚ to oxygen, the final electron acceptor.

2.  Chemiosmosis – The proton gradient generated by the ETC drives ATP synthase to produce ATP from ADP 

and inorganic phosphate.

Each NADH that enters the ETC yields approximately 2.5 ATP molecules, while each FADH ‚ yields about 1.5 ATP

molecules. The total ATP yield from one molecule of glucose, including glycolysis, the link reaction, the citric acid

cycle, and oxidative phosphorylation, is about 30–32 ATP, depending on the cell type and shuttle systems used.

Proton Motive Force and ATP Synthase

The ETC pumps protons from the mitochondrial matrix into the intermembrane space, creating an electrochemical

gradient known as the proton motive force. ATP synthase (complex V) uses this gradient to phosphorylate ADP. The

coupling of electron transport to proton pumping and ATP synthesis is a prime example of chemiosmotic theory.

Regulation of Oxidative Phosphorylation

Key regulatory mechanisms include:

•  Allosteric regulation of complex I by ADP and ATP.

•  Control of electron flow by coenzyme Q and cytochrome c.

•  Inhibition by uncoupling proteins that dissipate the proton gradient as heat.

•  Feedback inhibition by NADH and ATP, which signal the cell’s energetic status.

Energy Yield and Efficiency



The distribution of ATP production across the stages of cellular respiration is as follows:



Stage ATP Produced (per glucose)

Glycolysis 2 ATP (net)

Link Reaction 0 ATP

Citric Acid Cycle 2 ATP (GTP)

Oxidative Phosphorylation 26–28 ATP

Total 30–32 ATP

While the exact yield can vary, the oxidative phosphorylation stage is by far the most efficient, producing the

majority of the cell’s ATP.

Regulation and Control of Cellular Respiration

Cellular respiration is finely tuned to meet the energy demands of the cell. Key regulatory points include:

•  Hexokinase/Glucokinase – Inhibit glycolysis when glucose is abundant.

•  Phosphofructokinase �1 (PFK �1) – Allosterically inhibited by ATP and citrate; activated by AMP and 

fructose �2,6 �bisphosphate.

•  Pyruvate Dehydrogenase Complex (PDC) – Inhibited by NADH, acetyl �CoA, and ATP; activated by pyruvate 

and ADP.

•  **Citric Acid Cycle enzymes** – Such as citrate synthase and ;���°etoglutarate dehydrogenase, are regulated by 

the ratio of NADH/NAD z and ATP/ADP.

•  **Electron Transport Chain** – Controlled by the availability of ADP and the proton gradient.

These mechanisms ensure that energy production matches metabolic needs and prevents the accumulation of

toxic intermediates.

Chapter /9 Review Questions and Answers

Below are some common review questions that students often encounter when studying Chapter 9. Each question

is followed by a concise answer that captures the essential concept.

1. What are the three main stages of aerobic cellular respiration?

The stages are glycolysis, the citric acid cycle (Krebs cycle), and oxidative phosphorylation (which includes the

electron transport chain and chemiosmosis).

2. How many ATP molecules are produced during glycolysis?

Glycolysis yields a net gain of 2 ATP molecules per glucose molecule.

3. What is the role of the pyruvate dehydrogenase complex?

The pyruvate dehydrogenase complex converts pyruvate into acetyl �CoA, releasing CO ‚ and NADH, and links

glycolysis to the citric acid cycle.

4. Which enzyme is considered the rate �limiting step in glycolysis?

Phosphofructokinase �1 (PFK �1) is the rate �limiting enzyme, regulated by allosteric effectors such as ATP, AMP, and

citrate.



5. How many ATP molecules are produced by oxidative phosphorylation per NADH and per 
FADH ‚?

Each NADH yields approximately 2.5 ATP molecules, while each FADH ‚ yields about 1.5 ATP molecules.

6. What is the purpose of the proton motive force?

The proton motive force drives ATP synthase to produce ATP by allowing protons to flow back into the

mitochondrial matrix.

7. What factors regulate the activity of the electron transport chain?

Regulation occurs through the availability of ADP, the proton gradient, and the redox state of NADH/FADH ‚.

8. Why is cellular respiration considered a catabolic process?

It breaks down complex molecules like glucose into simpler ones, releasing energy stored in chemical bonds.

9. How does anaerobic respiration differ from aerobic respiration?

In anaerobic respiration, cells use fermentation pathways to regenerate NAD z, producing less ATP and no oxygen

consumption.

10. What is the significance of the citric acid cycle in metabolism?

Beyond ATP production, it supplies intermediates for biosynthetic pathways and plays a role in nitrogen metabolism.

Key Concepts Summary

To consolidate your understanding, here is a quick recap of the most important points:

•  Cellular respiration is a series of interconnected pathways that convert glucose into ATP.

•  Glycolysis is the first, oxygen �independent step that produces 2 ATP and 2 NADH.

•  The link reaction transforms pyruvate into acetyl �CoA, producing 2 NADH.

•  The citric acid cycle oxidizes acetyl �CoA, yielding 6 NADH, 2 FADH ‚, and 2 GTP per glucose.
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