
are young adults because of heart muscle irregularities.
Figure 8.1 shows two affected individuals.

A mutant gene causes Friedreich’s ataxia. Its abnormal
protein product makes iron accumulate in mitochondria.
Iron is vital for electron transfers that drive ATP formation,
but too much favors the concentration of free radicals that
can attack the structural integrity of all molecules of life.

Defective mitochondria also contribute to many age-
related problems, including Type 1 diabetes, atherosclerosis,
amyotrophic lateral sclerosis (Lou Gehrig’s disease), as well
as Parkinson’s, Alzheimer’s, and Huntington’s diseases.

Clearly, human health depends on mitochondria that 
are structurally and functionally sound. However, zoom out
from our characteristically human focus and you will find
that every kind of animal, every kind of plant and fungus,
and nearly every protist depend on them.

Remember how ATP forms at a membrane system inside
chloroplasts? Similar events happen at a membrane system
inside mitochondria. In both photosynthesis and aerobic
respiration, electrons are released when an energy input
breaks chemical bonds, and they are sent step-by-step
through transfer chains in the membrane. Photosynthesis
splits bonds in water molecules; aerobic respiration splits
bonds in glucose and other organic compounds.

In mitochondria, too, energy harnessed as electrons go
through transfer chains helps concentrate hydrogen ions 
on one side of the membrane. Here again, potential energy

In the early 1960s, Swedish physician Rolf Luft mulled over
some odd symptoms of a patient. The young woman felt
weak and too hot all the time. Even on the coldest winter
days she could not stop sweating, and her skin was always
flushed. She was thin in spite of a huge appetite.

Luft inferred that his patient’s symptoms pointed to a
metabolic disorder. Her cells seemed to be spinning their
wheels. They were active, but much of their activity was
being dissipated as metabolic heat. So he ordered tests
designed to detect her metabolic rates. The patient’s 
oxygen consumption was the highest ever recorded!

Microscopic examination of a tissue sample from the
patient’s skeletal muscles revealed mitochondria, the cell’s
ATP-producing powerhouses. But there were far too many 
of them, and they were abnormally shaped. Other studies
showed that the mitochondria were engaged in aerobic
respiration—yet they were making very little ATP.

The disorder, now called Luft’s syndrome, was the first 
to be linked directly to a defective organelle. By analogy, 
someone with this mitochondrial disorder functions like a
city with half of its power plants shut down. Skeletal and
heart muscles, the brain, and other hardworking body parts
with the highest energy demands are hurt the most.

More than a hundred other mitochondrial disorders 
are now known. One, a heritable disease called Friedreich’s
ataxia, causes loss of coordination (ataxia), weak muscles,
and visual problems. Many affected people die when they

8 HOW CELLS RELEASE
CHEMICAL ENERGY

When Mitochondria Spin Their Wheels

Figure 8.1 Sister, brother, and broken
mitochondria. Both of these individuals show
symptoms of Friedreich’s ataxia, a heritable
genetic disorder that prevents them from
making enough ATP to keep their body
structurally and functionally sound. At age
five, Leah started to lose her sense of balance
and coordination. Six years later she was in a
wheelchair and is now diabetic and partially
deaf. Her brother Joshua was three when
problems started. Eight years later he could
not walk. He is now blind. Both sister and
brother have heart problems; both had spinal
fusion surgery. Special equipment allows 
them to attend school and work part-time.
Leah is a professional model. 
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is briefly stored as concentration and electric gradients
across that membrane. That stored energy is converted to
the bond energy of ATP. And ATP is a transportable form 
of energy; it can jump-start nearly all of the metabolic
reactions that keep cells, and organisms, going.

The point is, you already have a sense of how operation
of electron transfer systems can concentrate energy in a
form that can be tapped to make ATP. Even prokaryotic 
cells make ATP by operating simpler electron transfer
systems, which are built into their plasma membrane. 
As you will see, the details differ from one group to the
next. Yet even these variations do not obscure life’s unity 
at the biochemical level.

Key Concepts 

THE MAIN ENERGY-RELEASING PATHWAYS
All organisms release chemical bond energy from glucose
and other organic compounds to drive ATP formation. The
main energy-releasing pathways all start in the cytoplasm.
Only aerobic respiration, which uses free oxygen, ends in
mitochondria. It has the greatest energy yield. Section 8.1

GLYCOLYSIS—FIRST STAGE OF THE PATHWAYS
Glycolysis is the first stage of aerobic respiration. It also is
the first stage of anaerobic pathways, such as alcoholic
and lactate fermentation. Enzymes partially break down
glucose to pyruvate, and they can do so in the presence 
of oxygen or in its absence. Section 8.2

HOW AEROBIC RESPIRATION ENDS
Aerobic respiration continues through two more stages. In
the second stage, pyruvate from glycolysis is broken down
to carbon dioxide. Electrons and hydrogen that coenzymes
picked up during the first two stages enter electron transfer
chains. In the third stage, transfer chains set up conditions
that favor ATP formation. Free oxygen accepts the spent
electrons. Sections 8.3, 8.4

HOW ANAEROBIC PATHWAYS END
Fermentation also starts with glycolysis, but substances
other than oxygen are the final electron acceptor. The net
energy yield is always small. Section 8.5

WHAT IF GLUCOSE IS NOT AVAILABLE?
When required, molecules other than glucose can enter the
aerobic pathway as alternative energy sources. Section 8.6

PERSPECTIVE AT UNIT’S END
We see evidence of life’s unity in its molecular and cellular
organization and in the utter dependence of all organisms
on the one-way flow of energy. Section 8.7

Links to Earlier Concepts
This chapter expands the picture of life’s dependence 
on energy flow by showing how all organisms tap energy
stored in glucose and convert it to transportable forms, ATP 
especially (Sections 6.1, 6.2). You may wish to review the 
structure of glucose (3.1, 3.3). You will see more examples 
of controlled energy release at electron transfer chains (6.4).
You will reflect once more on global connections between
photosynthesis and aerobic respiration (7.8).

How Would You Vote?
Developing new drugs is costly. There is little incentive 
for pharmaceutical companies to target ailments, such 
as Friedreich’s ataxia, that affect relatively few individuals. 
Should the federal government allocate some funds to
private companies that search for cures for diseases
affecting a relatively small number of people? See
BiologyNow for details, then vote online.

Watch the video online!
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Organisms stay alive only as long as they get more
energy to replace the energy they use up (Section 6.1).
Plants and all other photoautotrophs get energy from
the sun; heterotrophs get energy by eating plants and
one another. Regardless of its source, the energy must
be converted to some form that can drive thousands of

diverse life-sustaining reactions. Energy that becomes
converted into chemical bond energy of adenosine
triphosphate—ATP—serves that function.

COMPARISON OF THE MAIN TYPES
OF ENERGY-RELEASING PATHWAYS

The first energy-releasing metabolic pathways were
operating billions of years before Earth’s oxygen-rich
atmosphere evolved, so we can expect that they were
anaerobic; the reactions did not use free oxygen. Many
prokaryotes and protists still live in places where
oxygen is absent or not always available. They make
ATP by fermentation and other anaerobic pathways.
Many eukaryotic cells still use fermentation, including
skeletal muscle cells. However, the cells of nearly all
eukaryotes extract energy efficiently from glucose by
aerobic respiration, an oxygen-dependent pathway.
Each breath you take provides your actively respiring
cells with a fresh supply of oxygen.

Make note of this point: In every cell, all of the main
energy-releasing pathways start with the same reactions in
the cytoplasm. During the initial reactions, glycolysis,
enzymes cleave and rearrange a glucose molecule into
two molecules of pyruvate, an organic compound that
has a three-carbon backbone.

After glycolysis, energy-releasing pathways differ.
Only the aerobic pathway ends inside mitochondria.
There, free oxygen accepts and removes electrons after
they indirectly help the formation of ATP (Figure 8.2).

As you examine the energy-releasing pathways in
sections to follow, keep in mind that enzymes catalyze
each step, and intermediates formed at one step serve
as substrates for the next enzyme in the pathway.

OVERVIEW OF AEROBIC RESPIRATION

Of all energy-releasing pathways, aerobic respiration
gets the most ATP for each glucose molecule. Whereas
anaerobic routes have a net yield of two ATP, aerobic
respiration typically yields thirty-six or more. If you
were a bacterium, you would not require much ATP.
Being far larger, more complex, and highly active, you

Plants make ATP during photosynthesis and use it 
to synthesize glucose and other carbohydrates. But 
all organisms, plants included, can make ATP by 
breaking down carbohydrates, lipids, and proteins.

Overview of Energy-Releasing Pathways

Figure 8.2 Animated! Where the main energy-
releasing pathways of ATP formation start and end.
Only aerobic respiration ends in mitochondria. 
This pathway alone delivers enough ATP to build 
and maintain big multicelled organisms, including
redwoods and highly active animals, such as
people and Canada geese.

8.1

THE MAIN ENERGY-RELEASING PATHWAYS

LINKS TO
SECTIONS

6.1, 6.2
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depend on the aerobic pathway’s high yield. When a
molecule of glucose is the starting material, aerobic
respiration can be summarized this way:

However, as you can see, the summary equation only
tells us what the substances are at the start and finish
of the pathway. In between are three reaction stages.

As you track the reactions, you will encounter two
coenzymes, abbreviated NAD+ (nicotinamide adenine
dinucleotide) and FAD (flavin adenine dinucleotide).
Both accept electrons and hydrogen derived from
intermediates that form during glucose breakdown.
Unbound hydrogen atoms are hydrogen ions (H+), or
naked protons. When the two coenzymes are carrying
electrons and hydrogen, they are in a reduced form
and may be abbreviated NADH and FADH2.

Figure 8.3 is your overview of aerobic respiration.
Glycolysis, again, is the first stage. The second stage
is a cyclic pathway, the Krebs cycle. Enzymes break
down pyruvate to carbon dioxide and water. These
reactions release many electrons and hydrogen atoms.

C6H12O6   +    6O2 6CO2 +    6H2O

glucose oxygen carbon water
dioxide
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glucose

energy input to
start reactions

(2 ATP net)

4

2 NADH

ATP

e– + H+

ATP2

2 NADH

8 NADH

2 FADH2

e–

e–

ATP2

ATP32

4 CO2

2 CO2

water

+ oxygen

TYPICAL NET ENERGY YIELD: 36 ATP

e– + H+

e– + H+

e– + H+

H+

electron transfer
phosphorylation

Krebs
cycle

glycolysis

mitochondrion

cytoplasm

2 pyruvate

Figure 8.3 Animated! Overview
of aerobic respiration. The reactions
start in the cytoplasm, but they end
inside mitochondria.

(a) In the first stage, glycolysis,
enzymes partly break down glucose
to pyruvate. 

(b) In the second stage, enzymes
break down pyruvate to carbon
dioxide. 

(c) NAD+ and FAD pick up the
electrons and hydrogen stripped
from intermediates in both stages. 

(d) The last stage is electron transfer
phosphorylation. NADH and FADH2,
which are reduced coenzymes, 
deliver electrons to electron transfer
chains. H+ accompanies these
electrons. Electron flow through the
chains sets up H+ gradients, which
are tapped to make ATP.

(e) Oxygen accepts electrons at the
end of the third stage, forming water.

(f) From start to finish, a typical net
energy yield from a single glucose
molecule is thirty-six ATP.

Few ATP form during glycolysis or the Krebs cycle.
The big energy harvest comes in the third stage, after
reduced coenzymes give up electrons and hydrogen
to electron transfer chains—the machinery of electron
transfer phosphorylation. Operation of these chains
sets up H+ concentration and electric gradients. The
gradients drive ATP formation at nearby membrane
transport proteins. During this final stage, many ATP
molecules form. It ends when free oxygen accepts the
“spent” electrons from the last portion of the transfer
chain. The oxygen picks up H+ at the same time and
thereby forms water, a by-product of the reactions.

Nearly all metabolic reactions run on energy released from
glucose and other organic compounds. The main energy-
releasing pathways start in the cytoplasm with glycolysis, 
a series of reactions that break down glucose to pyruvate.

Anaerobic pathways have a small net energy yield, typically
two ATP for each glucose molecule metabolized.

Aerobic respiration, an oxygen-dependent pathway, runs 
to completion in mitochondria. From start (glycolysis) to 
finish, it typically has a net energy yield of thirty-six ATP.
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Any of several six-carbon sugars can be broken down
in glycolysis. Each glucose molecule, remember, has
six carbon, twelve hydrogen, and six oxygen atoms
(Section 3.3). The carbons form its backbone. During
glycolysis, this one molecule is partly broken down to
two molecules of pyruvate, a three-carbon compound:

The initial steps of glycolysis are energy-requiring. One
ATP molecule primes glucose to rearrange itself by
donating a phosphate group to it. The intermediate
that forms, fructose-6-phosphate, accepts a phosphate
group from another ATP molecule. Thus, cells invest
two ATP to jump-start glycolysis (Figure 8.4a).

The resulting intermediate is split into one PGAL
(phosphoglyceraldehyde) and one DHAP, a molecule
that has the same number of atoms arranged a bit
differently. An enzyme can reversibly convert DHAP
into PGAL. It does so, and two PGAL molecules enter
the next reaction (Figure 8.4b).

In the first energy-releasing step of glycolysis, the
two PGAL are converted to intermediates that give
up a phosphate group to ADP, so two ATP form. In
later reactions, two more intermediates do the same
thing. Thus, four ATP have formed by substrate-level
phosphorylation . We define this metabolic event as a
direct transfer of a phosphate group from a substrate
of a reaction to another molecule—in this case, to ADP.

Meanwhile, the two PGAL give up electrons and
hydrogens to two NAD+, which becomes NADH.

Even though four ATP are now formed, remember
that two ATP were invested to start the reactions. The
net yield of glycolysis is two ATP and two NADH.

To summarize, glycolysis converts bond energy of
glucose to bond energy of ATP—a transportable form
of energy. The electrons and hydrogen stripped from
glucose and picked up by NAD+ can enter the next
stage of reactions. So can the products of glycolysis—
two pyruvate molecules.

126 Unit I Principles of Cellular Life

glucose —glucose 2 pyruvate

Figure 8.4 Animated! Glycolysis. This first stage of the
main energy-releasing pathways occurs in the cytoplasm of 
all prokaryotic and eukaryotic cells. Glucose is the reactant 
in this example. Appendix VII gives the structural formulas of
reaction intermediates and products. Two pyruvate, two NADH,
and four ATP form in glycolysis. Cells invest two ATP to start
the reactions, however, so the net energy yield is two ATP.

Depending on the type of cell and environmental conditions,
the pyruvate may enter the second set of reactions of the
aerobic pathway, including the Krebs cycle. Or it may be 
used in other reactions, such as those of fermentation.

Glycolysis is a series of reactions that partially break down
glucose or other six-carbon sugars to two molecules of 
pyruvate. It takes two ATP to jump-start the reactions.

Two NADH and four ATP form. However, when we subtract 
the two ATP required to start the reactions, the net energy 
yield of glycolysis is two ATP from one glucose molecule.

Glycolysis—Glucose Breakdown Starts

Let’s track what happens to a glucose molecule in the
first stage of aerobic respiration. Remember, these same 
steps occur in anaerobic energy-releasing pathways. 

pyruvate

glucose

GLYCOLYSIS

to second stage of aerobic
respiration or to a different
energy-releasing pathway

8.2

glucose

GLYCOLYSIS–FIRST STAGE OF THE PATHWAYS

LINKS TO
SECTIONS

2.4, 3.3

15997_08_c08_p122-139.qxd  8/15/05  11:07 AM  Page 126



Chapter 8 How Cells Release Chemical Energy 127

Track the six carbon atoms (brown
circles) of glucose. Glycolysis requires 
an energy investment of two ATP:

One ATP transfers a phosphate group
to glucose, jump-starting the reactions.

Another ATP transfers a phosphate 
group to an intermediate, causing it to
split into two three-carbon compounds:
PGAL and DHAP (dihydroxyacetone
phosphate). Both have the same 
atoms, arranged differently, and they 
are interconvertible. But only PGAL 
can continue on in glycolysis. DHAP 
gets converted, so two PGAL are 
available for the next reaction.

Two NADH form when each
PGAL gives up two electrons and 
a hydrogen atom to NAD+.

Two intermediates each transfer 
a phosphate group to ADP. Thus, 
two ATP have formed by direct
phosphate group transfers. 
The original energy investment
of two ATP is now paid off.

Two more intermediates 
form. Each gives up one 
hydrogen atom and an —OH
group. These combine as 
water. Two molecules called 
PEP form by these reactions.

Each PEP transfers a 
phosphate group to ADP. 
Once again, two ATP have 
formed by substrate-level
phosphorylation.

In sum, glycolysis has a net energy
yield of two ATP for each glucose
molecule. Two NADH also form during
the reactions, and two molecules of
pyruvate are the end products.

energy-requiring steps
of glycolysis

2 ATP invested

glucose

ADP

ATP

ATP

ATPATP

NADHNADH

ATPATP

energy-releasing steps
of glycolysis

PGAL PGAL

NAD+

Pi Pi

NAD+

fructose–1,6–bisphosphate

fructose–6–phosphate

glucose–6–phosphate

P

P

P P

P

ADP

1,3–bisphosphoglycerate1,3–bisphosphoglycerate

substrate-level
phosphorylation

2 ATP produced

substrate-level
phosphorylation

2 ATP produced

3–phosphoglycerate3–phosphoglycerate

2–phosphoglycerate2–phosphoglycerate

H2OH2O

PEP PEP

ADPADP

pyruvate pyruvate

ADPADP

P

PP

PP

P P

PP

to second set of reactions

P P

P

DHAP
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Eight NADH, two FADH2, and
two ATP are the payoff from
the complete breakdown of
two pyruvates in the second-
stage reactions.

The six carbon atoms from two pyruvates diffuse out 
of the mitochondrion, then out of the cell, in six CO  .2

2

6

2

2

6 CO2

inner mitochondrial
compartment

Two pyruvates cross the inner
mitochondrial membrane.

outer mitochondrial
compartment

Krebs 
Cycle

NADH

NADH

FADH2

ATP

outer
compartment

inner
compartment

inner
mitochondrial

membrane

outer
mitochondrial

membrane
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Figure 8.5 Scanning electron micrograph of 
a mitochondrion, sliced crosswise. Remember,
nearly all eukaryotic species, including plants
and animals, contain these organelles.

Figure 8.6 Animated! (a) Functional zones of a mitochondrion. An inner membrane system
divides the interior into an inner and an outer compartment. Aerobic respiration’s second and
third stages take place at this membrane system. (b) Overview of the number of ATP molecules
and coenzymes that form in the second stage. Reactions start after the membrane proteins
transport the two pyruvate from glycolysis across the outer mitochondrial membrane, then
across the inner membrane. Both pyruvates are dismantled inside the inner compartment.

ACETYL–CoA FORMATION

Start with Figure 8.5, which shows the structure of a
typical mitochondrion. Figure 8.6a zooms in on part
of the interior where the second-stage reactions occur.
At the start of these reactions, enzyme action strips
one carbon atom from each pyruvate and attaches it
to oxygen, forming CO2. Each two-carbon fragment

combines with a coenzyme (designated A) and forms
acetyl–CoA, a type of cofactor that can get the Krebs
cycle going. Two NAD+ are reduced during the initial
breakdown of two pyruvate molecules (Figure 8.7a,b).

THE KREBS CYCLE

The two acetyl–CoA molecules enter the Krebs cycle
separately. Each transfers its two-carbon acetyl group
to four-carbon oxaloacetate, which forms citrate, the
ionized form of citric acid. The Krebs cycle is known
also as the citric acid cycle, after its first step.

Second Stage of Aerobic Respiration

The two pyruvate molecules that form during glycolysis
may be completely dismantled in a mitochondrion. Many 
coenzymes pick up the released electrons and hydrogens.

8.3

mitochondrion mitochondrion

a b

HOW AEROBIC RESPIRATION ENDS

LINKS TO
SECTIONS

1.1, 2.4 
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In the first step of the 
Krebs cycle, acetyl–CoA
transfers two carbons to
oxaloacetate, forming citrate. 

In rearrangements of 
intermediates, another carbon
atom is released as CO2, and
NADH forms as NAD+ picks
up hydrogen and electrons.

Another carbon atom 
is released as CO2. Another
NADH forms. The three
carbon atoms that entered
the second-stage reactions 
in each pyruvate have now
been released.

The final steps 
regenerate oxaloacetate.
NAD+ picks up hydrogen
and electrons, forming
NADH. At this point in the
cycle, three NADH and
one FADH2 have formed.

FADH2 forms as the 
coenzyme FAD picks up
electrons and hydrogen.

Figure 8.7 Animated! Aerobic respiration’s second stage: formation of acetyl–CoA
and the Krebs cycle. The reactions proceed in a mitochondrion’s inner compartment. 
It takes two turns of the cycle to break down the two pyruvates from glucose. A total 
of two ATP, eight NADH, two FADH2, and six CO2 molecules form. Organisms release
the CO2 from the reactions into their surroundings. For details, see Appendix VII.

One carbon atom is 
stripped from each pyruvate
and is released as CO2. The
remaining fragment binds
with coenzyme A, forming
acetyl–CoA.

A phosphate group is attached to ADP. At this point, 
one ATP has formed by substrate-level phosphorylation.

NAD+ picks up 
hydrogen and electrons,
forming one NADH.

ELECTRON TRANSFER
PHOSPHORYLATION

GLYCOLYSIS

KREBS
CYCLE

pyruvate

glucose

The second-stage reactions run twice, one for each
pyruvate molecule. The remaining carbon atoms are
released in the form of CO2 (Figure 8.7d,e). Only two
ATP form during the two turns, which does not add
much to the small net yield from glycolysis. However,
in addition to the two NAD+ that were reduced when
the acetyl–CoA formed, six more NAD+ and two FAD
molecules are reduced. With their cargo of electrons
and hydrogen, these coenzymes—eight NADH and two
FADH2—are a big potential payoff for the cell. All of
the electrons have potential energy, which coenzymes
can deliver to the final reaction sites.

As you can see from Figure 8.7, a total of six carbon
atoms (from two pyruvates) depart during the second
stage of aerobic respiration, in six molecules of CO2.
Therefore, the glucose from glycolysis has lost all of
its carbons; it has become fully oxidized.

Aerobic respiration’s second stage starts after two pyruvate
molecules from glycolysis move from the cytoplasm, across
the outer and inner mitochondrial membranes, and then
into the inner mitochondrial compartment.

During these reactions, pyruvate is converted to acetyl–CoA,
which starts the Krebs cycle. Two ATP and ten coenzymes
(eight NADH, two FADH2) form. All of pyruvate’s carbons
depart, in the form of carbon dioxide.

Together with two coenzymes (NADH) that formed during
glycolysis, the ten coenzymes from the second stage will
deliver electrons and hydrogen to the third and final stage.

A final note: Figure 8.7 is a simplified version of
these second-stage reactions. For interested students,
Figure B in Appendix VII offers more details.

coenzyme A 

Krebs Cycle

ADP + 
phosphate
group 

Acetyl-CoA
Formation

pyruvate

NAD+

(CO2 )

acetyl-CoA

citrate

CoA

CoA

NAD+

NADH

NAD+

ATP

FADH2
FAD

NAD+

oxaloacetate

NADH

NADH

NADH
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Figure 8.8 Electron transfer phosphorylation, the third and final stage of aerobic respiration.

Third Stage of Aerobic Respiration—A Big Energy Payoff

In the aerobic pathway’s third stage, energy release 
goes into high gear. Coenzymes from the first two 
stages provide the hydrogen and electrons that drive 
the formation of many ATP. Electron transfer chains 
and ATP synthases function as the machinery.

8.4
pick them up. The eight NADH and two FADH2 from
the second stage are already inside.

All of the coenzymes turn over electrons to transfer
chains and at the same time give up hydrogen, which
now has a positive charge (H+). Again, electrons lose
a bit of energy at each transfer through the chain. At
three transfers, that energy drives the pumping of H+

into the outer compartment (Figure 8.8b). There, many
ions accumulate—which sets up concentration and
electric gradients across the inner membrane.

H+ cannot cross a lipid bilayer. Instead, it follows its
gradients by flowing through ATP synthases (Section
5.2 and Figure 8.8c). The ion flow causes parts of the
ATP synthase molecules to change their shape in a
reversible way. The change promotes the attachment
of unbound phosphate to ADP, thus forming ATP.

The last components of the electron transfer chains
pass electrons to oxygen, which combines with H+

and thereby forms water. Oxygen is the final acceptor of
electrons originally stripped from glucose.

In oxygen-starved cells, the electrons have nowhere
to go. The whole chain backs up with electrons all the
way to NADPH, so no H+ gradients form, and no
ATP forms, either. Without oxygen, cells of complex
organisms do not survive long. They cannot produce
enough ATP to sustain life processes.

ELECTRON TRANSFER PHOSPHORYLATION

The third stage starts as coenzymes donate electrons
to electron transfer chains in the inner mitochondrial
membrane (Figure 8.8a). The flow of electrons through
the chains drives the attachment of phosphate to ADP
molecules. That is what the name of the event, electron
transfer phosphorylation, means.

Incremental energy release, recall, is more efficient
than one burst of energy, nearly all of which would be
lost as unusable heat (Section 6.4). As electrons flow
through the chains, they transfer energy bit by bit, in

tiny amounts, to molecules that briefly store it.
The two NADH that formed in the cytoplasm (by
glycolysis) cannot directly reach the ATP-forming
machinery. They must give up their electrons and
hydrogen to transport proteins, which shuttle

them across the inner membrane, into
the innermost compartment.

There, NAD+ or FAD

At the inner mitochondrial membrane, NADH and FADH2
give up electrons to transfer chains. When electrons are
transferred through the chains, unbound hydrogen (H+) is
shuttled across the membrane to the outer compartment.

H+ concentration and electric gradients now exist across
the membrane. H+ follows the gradients through the interior
of ATP synthases, to the inner compartment. The flow drives
the formation of ATP from ADP and unbound phosphate (Pi).

Free oxygen is
the final acceptor of
electrons at the end
of the transfer chain.

ELECTRON TRANSFER
PHOSPHORYLATION

GLYCOLYSIS

KREBS
CYCLE

pyruvate

glucose

LINKS TO
SECTIONS

5.2, 6.4 

HOW AEROBIC RESPIRATION ENDS
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SUMMING UP: THE ENERGY HARVEST

Thirty-two ATP typically form in the third stage. Add
the four ATP from the earlier stages, and the net yield
from a glucose molecule is thirty-six ATP (Figure 8.9).
By contrast, anaerobic pathways may use up eighteen
glucose molecules to get the same net yield.

The yield varies. First, reactant, intermediate, and
product concentrations can change it. Second, the two
NADH from glycolysis cannot enter a mitochondrion.
They give up electrons and hydrogen to transport
proteins in the outer mitochondrial membrane, which
shuttle them across. NAD+ or FAD that are already
inside accept them, forming NADH or FADH2.

When NADH inside delivers electrons to a certain
entry point into a transfer chain, enough H+ gets
pumped across the membrane to make three ATP.

ADP
+ Pi

2 acetyl–CoA

4CO2

2 FADH2

ATP
ATP

ATP

ATP

ATP

ATP

6 NADH

2 NADH

glucose

2 PGAL

2 pyruvate

2 NADH

2 NAD+

2 FADH22CO2

2

4

32

2

H+

H+
H+

H+

H+

H+

H+

H+

H+

e–

oxygen
accepts
“spent”

electrons

Electron Transfer
Phosphorylation

Glycolysis

Krebs
Cycle

Figure 8.9 Animated! Summary of the transfers of electrons and
hydrogen from coenzymes involved in ATP formation in mitochondria.

In aerobic respiration’s third stage, electrons from NADH
and FADH2 flow through transfer chains and H+ is shuttled
across the mitochondrion’s inner membrane, into the outer
compartment. H+ concentration and electric gradients form
across the inner membrane. H+ flows back outside through
ATP synthases, which drives the formation of many ATP.

Electrons and hydrogen 
from NADH and FADH2 that
formed during the first and
second stages enter electron
transfer chains. 

As electrons are being
transferred through these
chains, H+ ions are shuttled
across the inner membrane, 
into the outer compartment.

More H+ accumulates in the
outer compartment than in the
inner one. Chemical and electric
gradients have been established
across the inner membrane.

Hydrogen ions follow 
the gradients through the
interior of ATP synthases,
driving ATP formation from
ADP and phosphate (Pi).

FADH2 delivers them to a different entry point. Less
H+ is pumped across, and only two ATP form.

In liver, heart, and kidney cells, the electrons and
hydrogen enter the first entry point, and the energy
harvest is thirty-eight ATP. More commonly, as in
skeletal muscle and brain cells, they are transferred
to FAD, so the harvest is thirty-six ATP.
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Anaerobic Energy-Releasing Pathways

Figure 8.10 Animated! Steps
of alcoholic fermentation. (a)
Yeasts, which are single-celled
fungi, use this anaerobic pathway
to make ATP.

(b) A vintner examining the color
and clarity of one fermentation
product of Saccharomyces.
Strains of this yeast live on the
sugar-rich tissues of ripe grapes.

(c) Carbon dioxide released from
cells of S. cerevisiae is making
bread dough rise in this bakery.

(d) Alcoholic fermentation. The
intermediate acetaldehyde
functions as the final electron
acceptor. The end product of 
the reactions is ethanol (ethyl
alcohol).

a

b

c d

molecules of acetaldehyde (an intermediate with a
two-carbon backbone), and two of carbon dioxide.
Acetaldehyde accepts electrons and hydrogen from
NADH to form ethyl alcohol, or ethanol (Figure 8.10).

Some yeasts are famous fermenters. Bakers mix
Saccharomyces cerevisiae cells and sugar into dough.
The bubbles of carbon dioxide that form expand the
dough (make it rise). Oven heat forces bubbles out of
the dough, and the alcohol product evaporates away.

Wild and cultivated strains of Saccharomyces help
produce alcohol in wine. Crushed grapes are left in
vats along with the yeast, which converts sugar in the
juice to ethanol. Ethanol is toxic to microbes. When a
fermenting brew’s ethanol content nears 10 percent,
yeast cells start to die, and fermentation ends.

Lactate Fermentation With lactate fermentation,
the NADH gives up electrons and hydrogen to the
pyruvate. The transfer converts pyruvate to lactate, a
three-carbon compound (Figure 8.11). You probably
have heard of lactic acid, the non-ionized form of this
compound. But lactate is by far the most common
form in living cells, which is our focus here.

Lactate fermentation by Lactobacillus and certain
other bacteria can spoil food, yet some species have
commercial uses. Huge populations in vats of milk
give us cheeses, yogurt, buttermilk, and other dairy
products. Fermenters also help in curing meats and in
pickling some fruits and vegetables, such as sauerkraut.
Lactate is an acid; it gives these foods a sour taste.

FERMENTATION PATHWAYS

Fermenters are diverse. Many are protists and bacteria
in marshes, bogs, mud, deep sea sediments, the animal
gut, canned foods, sewage treatment ponds, and other
oxygen-free places. When exposed to oxygen, some
die. Bacteria that cause botulism are examples. Other
fermenters are indifferent to oxygen’s presence. Still
other kinds use oxygen, but they also can switch to
fermentation when oxygen becomes scarce.

Glycolysis is the first stage of fermentation, just as
it is in aerobic respiration (Figure 8.4). Here again, two
pyruvate, two NADH, and two ATP form. But the last
steps do not degrade glucose to carbon dioxide and
water. They get no more ATP beyond the small yield
from glycolysis. The final steps in fermentation pathways
regenerate the essential coenzyme NAD+.

Fermentation yields enough energy to sustain many
single-celled anaerobic species. It helps some aerobic
cells when oxygen levels are stressfully low. But it isn’t
enough to sustain large, multicelled organisms, this
being why you will never see anaerobic elephants.

Alcoholic Fermentation In alcoholic fermentation,
the three-carbon backbone of two pyruvate molecules
from glycolysis is split. The reactions result in two

Unlike aerobic respiration, the anaerobic pathways do not
use oxygen as the final acceptor of electrons. Their final
steps have an important function: they regenerate NAD+.

8.5

HOW ANAEROBIC PATHWAYS END

LINK TO
SECTION

7.8
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Figure 8.11 Animated! Steps of lactate fermentation.
In this anaerobic pathway, the product (lactate) is the final
acceptor of electrons originally stripped from glucose. 
These fermentation reactions have a net energy yield 
of two ATP (from glycolysis).

Figure 8.12 Sprinters, calling upon lactate fermentation in their muscles. 
The micrograph, a cross-section through part of a muscle, reveals three 
types of fibers. The lighter fibers sustain short, intense bursts of speed; 
they make ATP by lactate fermentation. The darker fibers contribute to 
endurance; they make ATP by aerobic respiration.
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In alcoholic fermentation, the final acceptor of electrons 
from glucose is acetaldehyde, a reaction intermediate. 
In lactate fermentation, it is pyruvate. 

Both pathways have a net energy yield of two ATP, which
forms in glycolysis. The remaining reactions regenerate the
coenzyme NAD+, without which glycolysis would stop.

Some bacteria  and archaeans generate ATP by anaerobic
electron transfers across the plasma membrane.

Lactate fermentation as well as aerobic respiration
yields ATP for muscles that are partnered with bones.
These skeletal muscles contain a mixture of cell types.
Cells fused together inside slow-twitch muscle fibers
support light, steady, prolonged activity, as during
marathon runs or bird migrations. Cells of slow-twitch
muscle fibers make ATP only by aerobic respiration,
and they have many mitochondria. They are dark red
because they hold large amounts of myoglobin. This
pigment, which is related to hemoglobin, binds and
stores oxygen for aerobic respiration (Figure 8.12).

By contrast, cells of pale fast-twitch muscle fibers
have few mitochondria and no myoglobin. They use
lactate fermentation to make ATP. They function when
energy needs are immediate and intense, as during
weight lifting or sprints (Figure 8.12). The pathway
produces ATP quickly but not for very long; it does
not support sustained activity. That is one reason you
do not see chickens migrating. The flight muscles in a
chicken contain mostly fast-twitch fibers, which make
up the “white” breast meat.

Short bursts of flight evolved in the ancestors of
chickens, perhaps as a way to flee from predators or
improve agility during territorial battles. Chickens 
do walk and run; hence the “dark meat” (slow-twitch
muscle) in their thighs and legs. Would you expect to
see light or dark breast muscles in a migratory duck
or in an albatross that skims ocean waves for months?

Section 37.5 offers more information on alternative
energy pathways in skeletal and cardiac muscle cells.

ANAEROBIC ELECTRON TRANSFERS

Especially among prokaryotes, we see less common
but more diverse energy-releasing pathways, some of
which are topics of later chapters. Many assist in the
global cycling of sulfur, nitrogen, and other elements.
Collectively, the practitioners of these pathways affect
nutrient availability in ecosystems everywhere.

Some bacteria and archaeans engage in anaerobic
electron transfers. Electrons from organic compounds
flow through transfer chains in the plasma membrane
and H+ flows out of the cell through ATP synthases.
Inorganic compounds are often used as final electron
acceptors. The net energy yield is variable but small. 

Some anaerobic species in waterlogged soil give up
electrons to sulfate, forming a putrid gas (hydrogen
sulfide). Other anaerobes live in the nutrient-rich mud
of some aquatic habitats. Still others are the basis of
food webs at hydrothermal vents (Sections 7.8, 48.15).

15997_08_c08_p122-139.qxd  8/15/05  11:08 AM  Page 133



134 Unit I Principles of Cellular Life

cups of cooked pasta. Unless you eat on a regular
basis, you will deplete your liver’s small glycogen
stores in less than twelve hours. 

Of the total energy reserves in, say, a typical adult
who eats well, 78 percent (about 10,000 kilocalories) is
concentrated in body fat and 21 percent in proteins.

ENERGY FROM FATS

How does a human body access its fat reservoir? A fat
molecule, recall, has a glycerol head and one, two, or
three fatty acid tails (Section 3.4). The body stores
most fats as triglycerides, which have three tails each.
Triglycerides accumulate in fat cells of adipose tissue.
This tissue is strategically located beneath the skin of
buttocks and other body regions.

When the blood glucose level falls, triglycerides are
tapped as an energy alternative. Enzymes in fat cells
cleave bonds between glycerol and fatty acids, which
both enter the blood. Enzymes in the liver convert the
glycerol to PGAL. As you know, PGAL is one of the
key intermediates in glycolysis (Figure 8.4). Nearly all
cells of your body take up circulating fatty acids, and
enzymes inside them cleave the fatty acid backbones.
The fragments become converted to acetyl–CoA, which
can enter the Krebs cycle.

Compared with glucose, a fatty acid tail has more
carbon-bound hydrogen atoms, so it yields more ATP.
Between meals or during steady, prolonged exercise,
fatty acid conversions supply about half of the ATP
that muscle, liver, and kidney cells require.

What happens if you eat too many carbohydrates?
Aerobic respiration converts the glucose subunits to
pyruvate, then to acetyl–CoA, which enters the Krebs
cycle. When too much glucose is circulating through
the body, acetyl–CoA is diverted to a pathway that
synthesizes fatty acids. Too much glucose ends up as fat. 

ENERGY FROM PROTEINS

Some enzymes in your digestive system split dietary
proteins into their amino acid subunits, which are
then absorbed into the bloodstream. Cells use amino
acids to make proteins or other nitrogen-containing
compounds. Even so, when you eat more protein than
your body needs, amino acids are further degraded.
Their —NH3

+ group is pulled off, so ammonia (NH3)
forms. Depending on the types of amino acids, the
leftover carbon backbones are split, and acetyl–CoA,
pyruvate, or an intermediate of the Krebs cycle forms.
Your cells can divert any of these organic compounds
into the Krebs cycle (Figure 8.13).

THE FATE OF GLUCOSE AT MEALTIME
AND BETWEEN MEALS

What happens to glucose at mealtime? While you and
all other mammals are eating, glucose and other small
organic molecules are being absorbed across the gut
lining, and your blood is transporting them through
the body. The rising glucose concentration in blood
prompts an organ, the pancreas, to secrete insulin.
This hormone makes cells take up glucose faster.

Cells trap the incoming glucose by converting it to
glucose–6–phosphate. This intermediate of glycolysis
forms as ATP transfers a phosphate group to glucose
(Figures 8.4 and 8.13). Phosphorylated glucose cannot
be transported out of the cell.

When a cell takes in more glucose than it requires
for energy, its ATP-forming machinery goes into high
gear. Unless it is using ATP rapidly, the cytoplasmic
concentration of ATP rises, and glucose–6–phosphate
is diverted into a biosynthesis pathway. The glucose
gets converted to glycogen, a storage polysaccharide
in animal cells (Section 3.3). Liver cells and muscle
cells especially favor the conversion. Together, these
two types of cells maintain the body’s largest stores 
of glycogen molecules.

Between meals, the blood level of glucose declines.
If the decline were not countered, that would be bad
news for the brain, your body’s glucose hog. At any
time, your brain is taking up more than two-thirds of
the freely circulating glucose. Why? The brain’s many
hundreds of millions of nerve cells (neurons) use this
sugar as their preferred energy source.

The pancreas responds to low glucose levels
by secreting glucagon. This hormone causes

liver cells to convert stored glycogen to
glucose and send it back to the blood.

Only liver cells do this; muscle cells
will not give it up. The glucose level
in blood rises, so brain cells keep on
functioning. Thus, hormones control
whether your cells use free glucose as an

energy source or tuck it away.
Don’t let this explanation lead you

to believe that your cells store enormous
amounts of glycogen. Glycogen makes up only

1 percent or so of the total energy reserves of the
average adult’s body—the energy equivalent of two

So far, you have looked at what happens after glucose
molecules enter an energy-releasing pathway. Now 
start thinking about what cells can do when they have 
too much or too little glucose.

Alternative Energy Sources in the Body8.6

WHAT IF GLUCOSE IS NOT AVAILABLE?

LINKS TO
SECTIONS

3.3, 3.4 
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Chapter 8 How Cells Release Chemical Energy 135

Figure 8.13 Animated! Reaction sites where different
organic compounds can enter the stages of aerobic
respiration. The compounds shown are alternative energy
sources in humans and other mammals. Notice how
complex carbohydrates, fats, and proteins cannot enter
the aerobic pathway directly. First the digestive system,
then individual cells, must break apart these molecules 
to simpler compounds.
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As you can see, maintaining and accessing energy
reserves is complicated business. Controlling the use
of glucose is special because it is the fuel of choice for
the brain. However, providing all of your cells with
energy starts with the kinds of food you eat.

In humans and other mammals, the entrance of glucose or
other organic compounds into an energy-releasing pathway
depends on the kinds and proportions of carbohydrates, 
fats, and proteins in the diet. 
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tell trillions of cells how countless molecules must be
built or torn apart for their stored energy.

So yes, carbon, hydrogen, oxygen, and other atoms
of organic molecules are the stuff of you, and us, and
all of life. Yet it takes far more than organic molecules
to complete the picture. Life continues only as long as
a continuous flow of energy sustains its organization.
It takes energy to assemble molecules into cells, cells
into organisms, organisms into communities, and so
on through the biosphere (Section 1.1).

Reflect on photosynthesis and aerobic respiration.
Photosynthesizers use energy from the sun and raw
materials to feed themselves and, indirectly, nearly all
other forms of life. Long ago they enriched the whole
atmosphere with oxygen, a leftover from a noncyclic
pathway. That atmosphere exerted selection pressure
and favored aerobic respiration, a novel way to break
down food molecules by using the free oxygen. And
photosynthesizers made more food with leftovers of
the aerobic pathway—carbon dioxide and water. In
this way the cycling of carbon, hydrogen, and oxygen
through living things came full circle. 

carbon 
dioxide, 

water

organic
compounds, 

oxygen
aerobic

respirationphotosynthesis

energy in

energy out
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Reflections on Life’s Unity

In this unit, you traveled through many levels of life’s 
organization. You have a sense that all organisms tap into
a one-way flow of energy, that they alone make certain
organic molecules, and that life emerges when molecules
become organized and interact as units called cells. In
short, you have a sense of life’s molecular unity.

At this point in the book, you still may have difficulty
sensing the connections between yourself—a highly
intelligent being—and such remote-sounding events
as energy flow and the cycling of carbon, hydrogen,
and oxygen. Is this really the stuff of humanity?

Think back on the structure of a water molecule.
Two hydrogen atoms sharing electrons with oxygen
may not seem close to your daily life. Yet, through
that sharing, water molecules show a polarity that
invites them to hydrogen-bond with one another. The
chemical behavior of three simple atoms is a start for
the organization of lifeless matter into living things.

For now you can visualize other diverse molecules
interspersed through water. The nonpolar kinds resist
interaction with water; polar kinds dissolve in it. On
their own, the phospholipids among them assemble
into a two-layered film. Such lipid bilayers, recall, are
the framework of cell membranes, hence all cells.

From the very beginning, the cell has been the basic
living unit. The essence of life is not some mysterious
force. It is organization and metabolic control. With a
membrane to contain them, metabolic reactions can be
controlled. With molecular mechanisms built into their
membranes, cells can respond to energy changes and
to shifts in solute concentrations in the environment.
Response mechanisms operate by “telling” proteins
—enzymes—when and what to build or tear down.

And it is not some mysterious force that creates
proteins. DNA, the double-stranded treasurehouse of
inheritance, has the chemical structure—the chemical
message—that helps molecule reproduce molecule, one
generation after the next. In your body, DNA strands

8.7

The diversity of life, and its continuity through time, arises
from unity at the bioenergetic and molecular levels.

PERSPECTIVE AT UNIT’S END

With few exceptions, infusions of energy from the
sun sustain life’s sweeping organization. And energy,
remember, flows through time in one direction—from
concentrated to less concentrated forms (Section 6.1).
Only as long as more energy flows into the great web
of life can life continue in all its rich expressions.

So life is no more and no less than a marvelously
complex system for prolonging order. Sustained with
energy transfusions from the sun, life continues by
a capacity for self-reproduction. With energy and the
hereditary codes of DNA, matter becomes organized,
generation after generation. Even with the death of
individuals, life elsewhere is prolonged. With each
death, molecules are released and may be cycled as
raw materials for new generations.

With this flow of energy and cycling of materials
through time, each birth is affirmation of our ongoing
capacity for organization, each death a renewal.

LINKS TO
SECTIONS

1.1, 2.4, 6.1, 7.8

CONNECTIONS
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Section 8.4 The third stage of aerobic respiration
takes place at electron transfer chains and ATP synthases
in the inner mitochondrial membrane. 

The electron transfer chains accept electrons and
hydrogen from NADH and FADH2 that formed during
the first two stages of the aerobic pathway. Electron flow
through the chains causes H+ to accumulate in the inner
mitochondrial compartment, so H+ concentration and
electric gradients build up across the inner membrane.

H+ follows its gradients and flows back to the outer
mitochondrial compartment, through the interior of ATP
synthases. This ion flow causes reversible changes in the
shape of parts of the ATP synthase. Those changes 
force ADP to combine with unbound phosphate, thus
forming ATP. This happens repeatedly, so many ATP
molecules are produced.

Free oxygen picks up the electrons at the end of the
transfer chains and combines with H+, forming water.

Aerobic respiration has a typical net energy yield of
thirty-six ATP for each glucose molecule metabolized.

Study how each step in aerobic respiration contributes 
to energy harvests with the animation on BiologyNow.

Section 8.5 Anaerobic energy-releasing pathways
do not use free oxygen and occur only in cytoplasm. 
The net energy yield is small.

Fermentation pathways follow glycolysis and add 
no more to the two ATP net yield from glycolysis. They
function only to regenerate NAD+. 

In alcoholic fermentation, the two pyruvates from
glycolysis are converted to two acetaldehyde and two
CO2 molecules. When NADH transfers electrons and
hydrogen to acetaldehyde, two ethanol (ethyl alcohol)
molecules form and NAD+ is regenerated.

In lactate fermentation, NAD+ is regenerated when
NADH gives up electrons and hydrogen to the two
pyruvates. Two lactate molecules are end products. 

Slow-twitch and fast-twitch skeletal muscle fibers
support different levels of activity. Aerobic respiration
and lactate fermentation occur in different fibers that
make up these muscles.

Many prokaryotes make ATP by anaerobic electron
transfers. They have electron transfer chains and ATP
synthases in their plasma membrane. Sulfate or some
other inorganic substance in the environment is often
the final electron acceptor.

Compare alcoholic and lactate fermentation with 
the animation on BiologyNow.

Section 8.6 In the human body, simple sugars from
carbohydrates, glycerol and fatty acids from fats, and
carbon backbones of amino acids from proteins can enter
the aerobic pathway as alternative energy sources.

Follow the breakdown of different organic molecules 
with the interaction on BiologyNow.

Section 8.7 Life’s diversity and continuity arise
from its unity at the bioenergetic and molecular levels.

Summary

Section 8.1 All organisms, including photosynthetic
types, access the chemical bond energy of glucose and
other organic compounds, then use it to make ATP. They
do so because ATP is a transportable form of energy that
can jump-start nearly all metabolic reactions. They break
apart compounds and release electrons and hydrogen,
both of which have roles in ATP formation.

Glycolysis, the partial breakdown of one glucose to
two pyruvate molecules, takes place in the cytoplasm 
of all cells. It is the first stage of all the main energy-
releasing pathways, and it does not use free oxygen.

Anaerobic pathways end in the cytoplasm, and the
net yield of ATP is small. An oxygen-requiring pathway
called aerobic respiration continues in mitochondria. It
releases far more usable energy from glucose.

Get an overview of aerobic respiration with 
the animation on BiologyNow.

Section 8.2 It takes two ATP molecules to jump-start
glycolysis. One activates six-carbon glucose; the other
primes an intermediate to split into two three-carbon
molecules (PGAL). The two PGAL give up electrons and
hydrogen to coenzymes (NAD+), forming two NADH.
Two intermediates each give up a phosphate group to
ADP, forming two ATP. Two more intermediates do 
the same. 

Thus, during glycolysis, four ATP form by substrate-
level phosphorylation, but the net yield is two ATP
(because two ATP had to be invested up front). The end
products of glycolysis are two molecules of pyruvate,
each with a three-carbon backbone.

Take a step-by-step journey through glycolysis 
with the animation on BiologyNow.

Section 8.3 The second and third stages of aerobic
respiration get under way when the two pyruvates from
glycolysis enter a mitochondrion.

The second stage consists of the Krebs cycle and a few
preparatory steps before it. It takes two full turns of these
cyclic reactions to break down both of the pyruvates. 

Before the cycle, each pyruvate is stripped of a carbon
atom (which departs in CO2) as well as electrons and
hydrogen (which NAD+ picks up, forming NADH). A
coenzyme (acetyl–CoA) picks up the two-carbon leftover. 

The Krebs cycle starts when acetyl–CoA transfers the
leftover to oxaloacetate, forming citrate. During stepwise
rearrangements, intermediates give up two carbon atoms
(which depart in CO2) and electrons and hydrogen (which
three NAD+ and one FAD accept). An ATP forms.

In total, then, the second stage of aerobic respiration
—including preparatory steps and two full turns of the
Krebs cycle—results in the formation of six CO2, two
ATP, eight NADH, and two FADH2.

Explore a mitochondrion and observe the reactions
inside with the animation on BiologyNow.

http://biology.brookscole.com/starr11
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Self-Quiz Answers in Appendix II

1. Glycolysis starts and ends in the .
a. nucleus c. plasma membrane
b. mitochondrion d. cytoplasm

2. Which of the following molecules does not form 
during glycolysis?

a. NADH b. pyruvate c. FADH2 d. ATP

3. Aerobic respiration is completed in the .
a. nucleus c. plasma membrane
b. mitochondrion d. cytoplasm

4. In the third stage of aerobic respiration, is 
the final acceptor of electrons from glucose.

a. water b. hydrogen c. oxygen d. NADH

5. Fill in the blanks in the diagram below.

6. In alcoholic fermentation, is the final acceptor 
of electrons stripped from glucose.

a. oxygen c. acetaldehyde
b. pyruvate d. sulfate

7. Fermentation makes no more ATP beyond the small
yield from glycolysis. The remaining reactions .

a. regenerate FAD c. regenerate NADH
b. regenerate NAD+ d. regenerate FADH2

8. In certain organisms and under certain conditions,
can be used as an energy alternative to glucose.

a. fatty acids c. amino acids
b. glycerol d. all of the above

9. Match the event with its most suitable description.
glycolysis a. ATP, NADH, FADH2,
fermentation CO2, and water form
Krebs cycle b. glucose to two pyruvates
electron transfer c. NAD+ regenerated, two
phosphorylation ATP net

d. H+ flows through ATP 
synthases

Additional questions are available on

Critical Thinking
1. Living cells of your body absolutely do not use their
nucleic acids as alternative energy sources. Suggest why.

2. Suppose you start a body-building program. You are
already eating plenty of carbohydrates. Now a qualified
nutritionist recommends that you start a protein-rich diet
that includes protein supplements. Speculate on how extra
dietary proteins will be put to use, and in which tissues.

3. Each year, Canada geese lift off in precise formation
from their northern breeding grounds. They head south 
to spend the winter months in warmer climates, then
make the return trip in spring. As is the case for other
migratory birds, their flight muscle cells are efficient 
at using fatty acids as an energy source. Remember, the 
carbon backbone of fatty acids can be cleaved into small
fragments that can be converted to acetyl–CoA for entry
into the Krebs cycle.

Suppose a lesser Canada goose from Alaska’s Point
Barrow has been steadily flapping along for about three
thousand kilometers and is approaching Klamath Falls,
Oregon. It looks down and notices a rabbit sprinting 
from a coyote with a taste for rabbit.

With a stunning burst of speed, the rabbit reaches 
the safety of its burrow.

Which energy-releasing pathway predominated in
muscle cells in the rabbit’s legs? Why was the Canada
goose relying on a different pathway for most of its
journey? And why wouldn’t the pathway of choice in
goose flight muscle cells be much good for a rabbit 
making a mad dash from its enemy?

4. At high altitudes, oxygen levels are low. Mountain
climbers risk altitude sickness, which is characterized by
shortness of breath, weakness, dizziness, and confusion.

Oddly, early symptoms of cyanide poisoning resemble
altitude sickness. This highly toxic poison binds tightly to
a cytochrome, the last molecule in mitochondrial electron
transfer chains. When cyanide becomes bound to it, the
cytochrome can’t transfer electrons to the next component
of the chain. Explain why cytochrome shutdown might
cause the same symptoms as altitude sickness.

5. ATP forms in mitochondria. In warm-blooded animals, 
so does a lot of heat, which is circulated in ways that help 
control body temperature. Cells of brown adipose tissue
make a protein that disrupts the formation of electron 
transfer chains in mitochondrial membranes. H+ gradients 
are affected, so fewer ATP form; electrons in the transfer 
chains give up more of their energy as heat. Because of 
this, some researchers hypothesize that brown adipose 
tissue may not be like white adipose tissue, which is an 
energy (fat) reservoir. Brown adipose tissue may function 
in thermogenesis, or heat production.

Mitochondria, recall, contain their own DNA, which
may have mutated independently in human populations
that evolved in the Arctic and in the hot tropics. If that is
so, then mitochondrial function may be adapted to climate.

How do you suppose such a mitochondrial adaptation
might affect people living where the temperature range 
no longer correlates with their ancestral heritage? Would
you expect people whose ancestors evolved in the Arctic
to be more or less likely to put on a lot of weight than
those whose ancestors lived in the tropics? See Science,
January 9, 2004: 223–226 for more information.
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Human sperm, one of
which will penetrate
this mature egg and 
so set the stage for the
development of a new
individual in the image
of its parents. This
exquisite art is based
on a scanning electron
micrograph.
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