Cell Biology: Fuel Catabolism

Al-Generated Study Guide

(Based on |ectures delivered by Dr. Ty C.M. Hoffman)

I. Core Concepts & Processes

A. Energy Flow vs. Material Recycling in Ecosystems

Energy Flow: Energy, primarily from sunlight, enters an ecosystem, is transformed and
transferred through organisms, and eventually leaves as heat. It is not recycled.
Material Recycling: Matter (materials) within an ecosystem is continuously transformed
and transferred between organisms, but largely remains within the system, undergoing
recycling.

B. Producers and Consumers

Producers (Autotrophs): Organisms that create their own food, primarily through
photosynthesis (carbon fixation), using inorganic carbon sources like CO2 to synthesize
organic compounds.

Consumers (Heterotrophs): Organisms that obtain energy and organic compounds by
consuming other organisms (producers or other consumers). They cannot fix inorganic
carbon.

C. Organic vs. Inorganic Compounds & Carbon Fixation

Organic Compounds: Molecules containing carbon skeletons, essential for all life.
Examples include carbohydrates, lipids, polypeptides, and polynucleotides.

Inorganic Compounds: Do not contain complex carbon skeletons (e.g., pure carbon,
CO2).

Carbon Fixation: The process by which producers convert inorganic carbon (like CO2)
into organic compounds. This is a fundamental step for life on Earth.

D. Reciprocal Relationship: Photosynthesis and Complete Oxidation of

Fuel
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Photosynthesis: Uses CO2 and water to produce organic molecules (fuel) and oxygen.
It stores energy in chemical bonds.

Complete Oxidation of Fuel (Cellular Respiration): Breaks down organic molecules
(fuel) using oxygen to produce CO2 and water, releasing stored energy.

Reciprocity: These two processes are reverse reactions of each other, constantly
recycling materials (carbon, hydrogen, oxygen) within an ecosystem, while energy flows
through.

E. Redox Reactions: Oxidation and Reduction

Redox (Reduction-Oxidation) Reactions: Chemical reactions involving the transfer or
partial transfer of electrons.

Reduction: The gain of electrons (or hydrogen atoms). This reduces the overall charge
and increases energy. The substance that gains electrons is the oxidizing agent.
Oxidation: The loss of electrons (or hydrogen atoms). This increases the overall charge
and decreases energy. The substance that loses electrons is the reducing agent.
Biological Significance: Energy extraction from fuels involves oxidizing the fuel (losing
electrons/hydrogens), while oxygen acts as the final electron acceptor, becoming
reduced.

F. Energy Release: Gradual vs. Explosive

Combustion (Single Step): Releases a large amount of energy rapidly as heat and
light, typically inefficient for biological systems to capture.

Stepwise Oxidation (Multiple Steps): Cells break down fuel gradually through many
small reactions, allowing for the controlled release and capture of energy in ATP. The
overall delta G (change in free energy) remains the same.

Il. Key Energy Carriers & Molecules

A. ATP (Adenosine Triphosphate)

Structure: A nucleotide with three phosphate groups.

Function: The primary energy currency of the cell, used to power endergonic
(energy-requiring) reactions. Energy is released by dephosphorylating ATP to ADP.
Production: Formed by phosphorylating ADP.

B. Coenzymes as Electron/Energy Carriers (Taxis)

NAD+ / NADH + H+ (Nicotinamide Adenine Dinucleotide):Structure: A dinucleotide
(two nucleotides joined by phosphates). The business end for redox is nicotinamide.



e Forms: NAD+ (oxidized, empty taxi, lower energy) and NADH + H+ (reduced,
passenger-filled, higher energy).

e Role: Picks up two electrons and one proton (from two hydrogen atoms) during fuel
oxidation, becoming reduced. Delivers these high-energy electrons to the electron
transport chain.

e FAD /FADH2 (Flavin Adenine Dinucleotide):Structure: Similar to NAD, with flavin as
its other nitrogenous base.

Forms: FAD (oxidized) and FADH2 (reduced).

Role: Picks up two whole hydrogen atoms (two electrons and two protons) during fuel
oxidation, becoming reduced. Also delivers high-energy electrons to the electron
transport chain.

e Coenzyme A (CoA):Function: A coenzyme that carries two-carbon acetyl groups from
pyruvate oxidation to the citric acid cycle. It does not carry electrons for energy transfer
in the same way as NAD/FAD.

lll. Stages of Complete Oxidation of Glucose
A. Glycolysis (in Cytosol)

e Overview: The first stage of glucose oxidation, occurring in the cytosol. It's a 10-step
biochemical pathway that means "sugar splitting."
Inputs: 1 Glucose molecule (6 carbons), 2 ATP.
Outputs: 2 Pyruvate molecules (3 carbons each), 4 ATP (net 2 ATP produced via
substrate-level phosphorylation), 2 NADH + H+.

e Phases:Energy Investment Phase: Consumes 2 ATP to phosphorylate glucose,
making it more reactive and preparing it for splitting. Endergonic.
Energy Payoff Phase: Produces 4 ATP (net 2) and 2 NADH + H+. Exergonic.
Oxygen Requirement: Does not directly require oxygen.

B. Cellular Respiration (in Mitochondria)

e Overview: The second major component of complete glucose oxidation, occurring in the
mitochondria of eukaryotes. It has three main parts.

e Part 1: Oxidative Decarboxylation of Pyruvate (Pyruvate Oxidation)Location:
Mitochondrial matrix.

Inputs (per glucose): 2 Pyruvate molecules.
Outputs (per glucose): 2 Acetyl-CoA molecules (2 carbons each), 2 CO2, 2 NADH +
H+.

e Process: Each pyruvate loses a carbon as CO2 (decarboxylation) and the remaining
two carbons form an acetyl group, which attaches to Coenzyme A. This is an oxidative
step, producing NADH. No ATP is directly produced here.

e Part 2: Citric Acid Cycle (Krebs Cycle / TCA Cycle)Location: Mitochondrial matrix.



e Overview: A cyclical pathway that completes the oxidation of the remaining fuel (acetyl

groups).

Inputs (per glucose): 2 Acetyl-CoA molecules.

Outputs (per glucose): 4 CO2 (completing carbon dismantling), 6 NADH + H+, 2
FADH2, 2 ATP (via substrate-level phosphorylation, often via GTP intermediate).

e Process: The two-carbon acetyl group combines with a four-carbon molecule to form a
six-carbon citrate. Through a series of reactions, carbons are removed as CO2, and
more electron carriers (NADH, FADH?2) are reduced. The cycle regenerates the starting
four-carbon molecule.

Part 3: Oxidative PhosphorylationLocation: Inner mitochondrial membrane.
Overview: The final and most significant ATP-producing stage, powered by the energy
carried by NADH and FADH2.

e Components:Electron Transport Chain (ETC): A series of protein complexes
embedded in the inner mitochondrial membrane. NADH and FADH2 deliver high-energy
electrons to the ETC. As electrons pass down the chain, they lose energy, which is used
to pump protons (H+) from the mitochondrial matrix into the intermembrane space,
creating a proton gradient. Oxygen acts as the final electron acceptor, combining with
electrons and protons to form water. This is why we need oxygen.

e Chemiosmosis: The process by which the stored energy of the proton gradient is used
to synthesize ATP. Protons flow back down their concentration gradient, from the
intermembrane space to the matrix, through a molecular machine called ATP synthase.
This flow causes ATP synthase to rotate, catalyzing the phosphorylation of ADP into
ATP.

e ATP Yield: Produces the vast majority (up to ~34) of ATP molecules per glucose,
significantly more than glycolysis or the citric acid cycle.

IV. Fermentation

e Context: Occurs when oxygen is unavailable, preventing cellular respiration from
proceeding.

e Purpose: The primary goal of fermentation is to reoxidize NADH back into NAD+,
allowing glycolysis to continue and produce a small amount of ATP (2 net ATP per
glucose). Fermentation itself does not produce ATP.

o Key Difference from Cellular Respiration: Fermentation does not use an electron
transport chain and does not require an external electron acceptor like oxygen.

e Types (Examples):Lactic Acid Fermentation: Performed by human muscle cells
during intense exercise when oxygen supply is limited. Pyruvate is converted to lactic
acid (lactate), reoxidizing NADH to NAD+.

e Alcohol Fermentation: Performed by yeast and some bacteria. Pyruvate is
decarboxylated to acetaldehyde, which is then reduced to ethanol, reoxidizing NADH to
NAD+. Produces CO2 as a byproduct.

V. Fuel Integration and Regulation



A. Other Fuels

e Proteins: Digested into amino acids. Amino acids can enter the central pathway at
various points (e.g., as pyruvate, acetyl-CoA, or intermediates of the citric acid cycle).
Excess amino acids require deamination, producing toxic ammonia (NH3), which is
converted to urea and excreted.

e Carbohydrates: Other monosaccharides (e.g., fructose) can be converted into
intermediates of glycolysis. Polysaccharides (e.g., starch) are first digested into glucose.
Fats (Lipids): Digested into glycerol and fatty acids.

Glycerol: Can be converted to an intermediate of glycolysis.

Fatty Acids: Undergo beta-oxidation, breaking down into two-carbon acetyl groups that
can enter the citric acid cycle as acetyl-CoA. This makes fats highly efficient energy
storage molecules.

B. Regulation of Fuel Catabolism

Feedback Inhibition: Pathways are regulated to match energy demand.
ATP: High ATP levels (an indicator of sufficient energy) inhibit key enzymes (e.qg.,
phosphofructokinase in glycolysis), slowing down ATP production.

e Citrate: High levels of citrate (an intermediate of the citric acid cycle) also indicate ample
energy and inhibit glycolysis.

e Activation:AMP (Adenosine Monophosphate): High AMP levels (an indicator of low
energy, and ATP depletion) activate key enzymes (e.g., phosphofructokinase),
stimulating ATP production.

Quiz: Short Answer Questions

1. Explain the fundamental difference in how energy and materials interact with an
ecosystem, providing an example for each.

2. Define carbon fixation and explain why it is essential for the existence of consumers.

3. Describe the reciprocal relationship between photosynthesis and the complete oxidation
of fuel. What key molecules are cycled between them?

4. Distinguish between reduction and oxidation in the context of electron transfer. Which
process increases the energy content of a molecule?

5. Why is the stepwise breakdown of glucose in cells more advantageous than direct
combustion, despite yielding the same total amount of energy?

6. What are the two main forms of energy storage molecules produced during glycolysis
and the citric acid cycle, aside from ATP? Briefly explain their role.

7. Summarize the main purpose and key outputs of glycolysis. Where does this process
occur in a eukaryotic cell?

8. Describe the function of the electron transport chain in cellular respiration. What
ultimately accepts the electrons at the end of the chain, and why is this critical?



9. Explain the process of chemiosmosis, including the role of the proton gradient and ATP
synthase.

10. What is the primary purpose of fermentation? How does it differ from cellular respiration
in terms of ATP yield and oxygen requirement?

Quiz Answer Key

1. Energy Flow vs. Material Recycling: Energy flows through an ecosystem, entering as
sunlight and leaving as heat; it is not recycled. For example, a plant captures solar
energy, a deer eats the plant, and a wolf eats the deer, but some energy is lost as heat
at each transfer. Materials, however, recycle within an ecosystem, continuously
transforming and moving between organisms. For instance, carbon atoms move from
CO2 to glucose in a plant, then to proteins in an animal, and back to CO2 through
respiration.

2. Carbon Fixation: Carbon fixation is the process by which producers (like plants) convert
inorganic carbon, typically carbon dioxide from the atmosphere, into organic compounds.
This is essential for consumers because consumers cannot use inorganic carbon directly
and must obtain their organic compounds by consuming producers or other consumers.
Without producers fixing carbon, the base of the food chain would not exist.

3. Reciprocal Relationship: Photosynthesis and the complete oxidation of fuel (cellular
respiration) are reciprocal processes. Photosynthesis takes inorganic CO2 and water to
create organic fuel and oxygen, storing energy. Cellular respiration takes organic fuel
and oxygen to break them down into CO2 and water, releasing energy. These processes
continuously cycle carbon and oxygen atoms between the atmosphere and living
organisms.

4. Reduction vs. Oxidation: Reduction is the gain of electrons (or hydrogen atoms), while
oxidation is the loss of electrons (or hydrogen atoms). Reduction increases the energy
content of a molecule because the gained electrons are often moved to higher energy
states or closer to less electronegative nuclei. The reducing agent is the substance that
becomes oxidized, and the oxidizing agent is the substance that becomes reduced.

5. Stepwise Breakdown: The stepwise breakdown of glucose in cells, like in cellular
respiration, is advantageous because it allows for the controlled, gradual release of
energy. This prevents a sudden, explosive release of heat that would damage the cell
and would be inefficient for capturing energy. By releasing energy in small increments,
the cell can capture a significant portion of it in usable forms like ATP.

6. Other Energy Storage Molecules: The two main forms of energy storage molecules
produced are NADH + H+ and FADH2. These are reduced coenzymes that act as "taxis"
carrying high-energy electrons. Their role is to deliver these electrons to the electron
transport chain, where their energy will ultimately be used to power the production of a
large amount of ATP.

7. Glycolysis Purpose and Outputs: Glycolysis's main purpose is to split a six-carbon
glucose molecule into two three-carbon pyruvate molecules, initiating the breakdown of



fuel. It occurs in the cytosol of a eukaryotic cell. Key outputs (per glucose) include a net
of 2 ATP (via substrate-level phosphorylation), 2 NADH + H+, and 2 pyruvate molecules.

8. Electron Transport Chain Function: The electron transport chain (ETC) uses the
high-energy electrons from NADH and FADH2 to pump protons (H+) from the
mitochondrial matrix into the intermembrane space, creating a proton gradient. At the
end of the chain, oxygen acts as the final electron acceptor, combining with electrons
and protons to form water. This is critical because oxygen "pulls" electrons down the
chain, preventing it from backing up and allowing the continuous regeneration of NAD+
and FAD needed for earlier stages.

9. Chemiosmosis: Chemiosmosis is the process where the energy stored in the proton
gradient (established by the ETC) is used to synthesize ATP. Protons flow back down
their concentration gradient, through a specialized enzyme called ATP synthase, which
is embedded in the inner mitochondrial membrane. This flow causes the ATP synthase
to rotate, driving the phosphorylation of ADP to produce a large amount of ATP.

10. Fermentation Purpose and Differences: The primary purpose of fermentation is to
reoxidize NADH back into NAD+, allowing glycolysis to continue producing a small
amount of ATP (2 net ATP per glucose) even in the absence of oxygen. It differs from
cellular respiration because it does not use an electron transport chain and does not
require oxygen as a final electron acceptor, resulting in a much lower ATP yield.

Essay Format Questions

1. Compare and contrast the processes of photosynthesis and the complete oxidation of
fuel (cellular respiration), highlighting their roles in the cycling of matter and the flow of
energy within an ecosystem.

2. Discuss the importance of stepwise energy release in biological systems, using the
complete oxidation of glucose as an example. Explain how this contrasts with direct
combustion and why it is more efficient for ATP production.

3. Trace the journey of a carbon atom from a glucose molecule through glycolysis, pyruvate
oxidation, and the citric acid cycle, explaining where and in what form it eventually
leaves the process.

4. Elaborate on the roles of NAD+/NADH and FAD/FADH2 as "energy taxis" in cellular
respiration. Describe how they become "loaded" and "unloaded" with energy, and
explain the ultimate fate of this energy.

5. Analyze the role of oxygen in aerobic cellular respiration, explaining why it is essential
and what happens to the entire process of glucose catabolism if oxygen is unavailable.
Discuss how fermentation provides a temporary "backup" solution in the absence of
oxygen.

Glossary of Key Terms



Acetyl-CoA: A two-carbon molecule attached to Coenzyme A, the form in which carbon
enters the citric acid cycle after pyruvate oxidation.

ADP (Adenosine Diphosphate): A lower-energy molecule that can be phosphorylated
to form ATP, storing energy.

Aerobic Respiration: Cellular respiration that requires oxygen as the final electron
acceptor.

Amino Acids: The monomer building blocks of proteins; can be deaminated and used
as fuel.

AMP (Adenosine Monophosphate): A low-energy molecule whose high concentration
signals an urgent need for ATP production.

ATP (Adenosine Triphosphate): The primary energy currency of the cell, composed of
adenine, ribose, and three phosphate groups.

ATP Synthase: An enzyme complex (molecular machine) in the inner mitochondrial
membrane that uses the energy of a proton gradient to synthesize ATP.

Carbon Fixation: The process by which producers convert inorganic carbon (e.g., CO2)
into organic compounds.

Catabolism: Metabolic processes that break down complex molecules into simpler
ones, releasing energy.

Chemiosmosis: The process in which a proton (H+) gradient across a membrane is
used to drive ATP synthesis.

Citrate: The six-carbon molecule formed at the beginning of the citric acid cycle by the
combination of acetyl-CoA and oxaloacetate.

Citric Acid Cycle (Krebs Cycle / TCA Cycle): A cyclical metabolic pathway in the
mitochondrial matrix that completes the oxidation of fuel molecules, producing CO2,
ATP, NADH, and FADH2.

Coenzyme A (CoA): A coenzyme that carries acetyl groups from pyruvate oxidation to
the citric acid cycle.

Consumers (Heterotrophs): Organisms that obtain energy and organic compounds by
consuming other organisms.

Cytosol: The liquid component of the cytoplasm, where glycolysis occurs.
Dehydrogenase: An enzyme that catalyzes the removal of hydrogen atoms (and thus
electrons) from a molecule, thereby oxidizing it.

Dehydrogenation: The removal of hydrogen atoms from a molecule, equivalent to
oxidation.

Electron Transport Chain (ETC): A series of protein complexes in the inner
mitochondrial membrane that pass electrons from NADH and FADH2, pumping protons
and generating a proton gradient.

Endergonic Reaction: A chemical reaction that requires an input of energy (positive
AG).

Ecosystem: A community of living organisms interacting with their non-living
environment.

Ethanol Fermentation (Alcohol Fermentation): A type of fermentation that converts
pyruvate to ethanol and CO2, reoxidizing NADH to NAD+.

Exergonic Reaction: A chemical reaction that releases energy (negative AG).



FAD / FADH2 (Flavin Adenine Dinucleotide): An electron carrier coenzyme involved in
cellular respiration; FADH2 is the reduced (higher energy) form.

Fats (Lipids): Major energy storage molecules, broken down into glycerol and fatty
acids for fuel.

Fermentation: An anaerobic metabolic process that regenerates NAD+ from NADH,
allowing glycolysis to continue producing a small amount of ATP.
Glyceraldehyde-3-phosphate (G3P): A three-carbon intermediate in glycolysis; glucose
is split into two G3P molecules during the energy investment phase.

Glycogen: A polysaccharide that serves as a glucose storage form in animals.
Glycolysis: The metabolic pathway that breaks down glucose into two pyruvate
molecules, occurring in the cytosol.

GTP (Guanosine Triphosphate): An energy carrier molecule, similar to ATP, sometimes
produced in the citric acid cycle and converted to ATP.

Hydrocarbons: Organic compounds consisting solely of hydrogen and carbon atoms,
often good fuels due to the high energy of C-H bonds.

Inner Mitochondrial Membrane: The inner membrane of the mitochondrion, where the
electron transport chain and ATP synthase are located.

Intermembrane Space: The compartment between the outer and inner mitochondrial
membranes, where protons accumulate during electron transport.

Isomers: Molecules with the same chemical formula but different structural
arrangements.

Lactic Acid Fermentation: A type of fermentation that converts pyruvate to lactic acid
(lactate), reoxidizing NADH to NAD+.

Mitochondrial Matrix: The innermost compartment of the mitochondrion, where
pyruvate oxidation and the citric acid cycle occur.

NAD+ / NADH + H+ (Nicotinamide Adenine Dinucleotide): An electron carrier
coenzyme involved in cellular respiration; NADH is the reduced (higher energy) form.
Organic Macromolecules: Large biological molecules built on carbon skeletons, such
as polysaccharides, lipids, polypeptides, and polynucleotides.

Oxidative Decarboxylation of Pyruvate (Pyruvate Oxidation): The conversion of
pyruvate to acetyl-CoA, releasing CO2 and producing NADH.

Oxidative Phosphorylation: The metabolic pathway that produces ATP from ADP
using energy derived from the redox reactions of the electron transport chain.
Oxidizing Agent: The substance that accepts electrons and is reduced in a redox
reaction.

Photosynthesis: The process by which green plants and some other organisms use
sunlight to synthesize foods from carbon dioxide and water.

Phosphofructokinase: A key regulatory enzyme in glycolysis, inhibited by ATP and
citrate, activated by AMP.

Phosphorylation: The addition of a phosphate group to a molecule, often to increase its
energy content.

Producers (Autotrophs): Organisms that produce their own food, usually through
photosynthesis.



Proton Gradient: A difference in the concentration of protons (H+) across a membrane,
representing a form of stored potential energy.

Pyruvate: A three-carbon molecule, the end product of glycolysis.

Redox Reaction: A chemical reaction involving the transfer or partial transfer of
electrons between reactants.

Reducing Agent: The substance that donates electrons and is oxidized in a redox
reaction.

Reduction: The gain of electrons (or hydrogen atoms) in a chemical reaction.
Substrate: A reactant in an enzyme-catalyzed reaction.

Substrate-Level Phosphorylation: A method of ATP synthesis where a phosphate
group is directly transferred from a high-energy substrate molecule to ADP.
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