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ATP and Reduced 
Coenzymes Are the Energy 
Currency for Biosynthesis

5.1

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.1.1  Explain what is meant when ATP is described as 
having “high-energy” phosphate bonds.

5.1.2  Describe how ATP is used to drive endergonic 
processes such as active transport.

5.1.3  Define a redox reaction and explain why oxidized 
molecules have lower chemical-bond energy 
than reduced molecules.

5.1.4  Explain how the high-energy molecules ATP and 
NADH are synthesized from the lower energy 
substrates ADP and NAD+.

Energy is stored in the chemical bonds of molecules, and it can 
be released and transformed by the metabolic pathways of living 
cells. A metabolic pathway consists of a coordinated series of 
biochemical reactions that convert molecules into different mol-
ecules. For example, you will see in this chapter that a certain 
metabolic pathway converts the six-carbon monosaccharide glu-
cose to carbon dioxide (CO2). This does not occur in a single step, 
but rather “bit by bit” in a series of chemical reactions.

Metabolic pathways have several defining characteristics:

• They consist of a series of separate, intermediate reactions.

• Each reaction is catalyzed by a specific enzyme.

• Most metabolic pathways are similar in all organisms, from 
prokaryotes to eukaryotes.

• Many metabolic pathways are compartmentalized, with cer-
tain steps occurring in certain regions of the cytosol or inside 

specific organelles (in eukaryotes) or micro- or nanocompart-
ments (in prokaryotes).

• Each metabolic pathway is controlled by one or a few key en-
zymes that can be inhibited or activated, thereby determining 
the rate at which the pathway proceeds.

Many of the processes that a cell must perform require energy. 
For many organisms, this energy is obtained from the breakdown 
of energy-rich organic molecules that they consume. The major 
exceptions are cells of the numerous photosynthetic organisms, 
including plants, algae, and cyanobacteria, that use energy from 
the Sun to produce the energy-rich molecules they need. In ad-
dition, some species obtain their energy from inorganic (non-
carbon-containing) sources, such as hydrogen sulfide released at 
hydrothermal vents in the oceans.

Recall from Key Concept 2.4 that endergonic reactions require a 
net input of energy to proceed, whereas exergonic reactions release 
energy. Within a cell, endergonic reactions can only proceed if they 
are coupled to exergonic reactions. How can the numerous different 
endergonic reactions occurring in a cell be coupled to the numerous 
different exergonic reactions? Energy for an endergonic reaction is 
required at the time the reaction occurs. This energy can be supplied 
directly by an exergonic reaction that occurs at the same time and in 
the same place. However, endergonic and exergonic reactions can 
also be coupled indirectly when they use the same form of chemical-
bond energy—we can call it their “energy currency”—such that 
energy that is released from a diverse set of exergonic reactions is 
captured and stored. This energy is then used to drive endergonic 
reactions when and where they occur. The two most widely used 
energy currencies are the coenzymes ATP and NADH.

ATP hydrolysis releases energy
Cells use adenosine triphosphate (ATP) as their main energy 
currency. Some of the energy that is released in exergonic reac-
tions is captured in chemical bonds when ATP is formed from 
adenosine diphosphate (ADP) and inorganic phosphate (Pi). The 
ATP can then be hydrolyzed at other sites in the cell, releasing free 
energy to drive endergonic reactions (FIGURE 5.1).

An active cell requires the production of millions of molecules 
of ATP per second to drive its biochemical machinery. You are 
already familiar with some of the activities in the cell that require 
free energy derived from the hydrolysis of ATP:

• Active transport across a membrane (see Key Concept 4.2)

• Condensation reactions to synthesize macromolecules (see 
Key Concept 2.4)

• Movements of vesicles and of cilia or flagella by motor pro-
teins (see Key Concept 4.4)

The hydrolysis of a molecule of ATP yields ADP and Pi and re-
leases energy (see Figure 5.1):

ATP + H2O ⃪   ADP + Pi + free energy

Under standard laboratory conditions, the change in free energy for 
this reaction (ΔG) is about –7.3 kcal/mol (–30 kJ/mol). The change 
in free energy is negative because the chemical bonds in ATP and 
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H2O are weaker than the chemical bonds in ADP and Pi. Weaker 
bonds have more chemical-bond energy, and thus ATP and H2O 
together have more chemical-bond energy than ADP and Pi. Be-
cause the P—O phosphoanhydride bond has high chemical-bond 
energy, it is often termed a “high-energy” bond. A molecule of ATP 
can also be hydrolyzed to adenosine monophosphate (AMP) and a 
pyrophosphate ion (P2O7

4–, commonly abbreviated as PPi). In this 
case, the phosphate bond between the first and second phosphates 
is broken, releasing energy. Additional energy may also be released 
by the subsequent hydrolysis of PPi to two molecules of Pi.

In some reactions, ATP is formed by substrate-level phos-
phorylation—the enzyme-mediated direct transfer of phosphate 
from another molecule (the substrate) to ADP. This is the case for 
some reactions of the metabolic pathway for glucose breakdown 
(glycolysis), as we will see in Key Concept 5.2. However, the vast 
majority of ATP in cells is formed instead by oxidative phosphory-
lation, as we will also discuss in Key Concept 5.2.

Redox reactions transfer electrons and energy
Another way of transferring energy in chemical reactions is to com-
pletely or partially transfer electrons. A reaction in which one sub-
stance transfers one or more electrons to another substance is called 
a reduction–oxidation, or redox, reaction. Oxidation is the loss 
of one or more electrons by an atom, ion, or molecule, and reduction 
is the gain of one or more electrons (remember OIL RIG). Oxidation 
and reduction always occur together: as one compound is oxidized, 
the electrons it loses are transferred to another compound, reducing 
it. Compounds that attract electrons are called oxidizing agents and 

those that donate electrons are called reducing agents (FIGURE 
5.2A). Note, however, that a compound might be an oxidizing 
agent when reacting with a strong reducing agent but could act as a 
reducing agent when reacting with a strong oxidizing agent.

Although oxidation and reduction are defined in terms of traf-
fic in electrons, it is often helpful to think in terms of the gain or 
loss of hydrogen (H) atoms. Reactions in the cell often involve 
replacement of H atoms with carbon (C), nitrogen (N), oxygen 
(O), or sulfur (S) atoms. Hydrogen has lower electronegativity (a 
weaker ability to attract electrons) than these other atoms and so 
replacement of H by C, N, O, or S in an X—H bond (X = H, C, N, 
O, or S) means that electrons will be partially transferred away 
from X —it is oxidized because it has a lesser share of electrons in 
the new covalent bond. So when a molecule in a cell loses a hydro-
gen atom, it usually becomes oxidized. The one common atom in 
cells that makes this rule imperfect is P, which has lower electro-
negativity than H: replacement of H by P in an X—H bond reduces 
X because X has a greater share of the electrons in the new bond. 
Similarly, one can think of redox reactions in terms of gains or 
losses of oxygen atoms. Oxygen has higher electronegativity than 
H, C, N, P, or S, and so replacement of O by another atom in an 
X—O bond (X = H, C, N, O, P, or S) means electrons will be par-
tially transferred towards X—it is reduced because it has a greater 
share of electrons in the new covalent bond. When a molecule in 
a cell loses an oxygen atom, it becomes reduced (FIGURE 5.2B).
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Synthesis of ATP 
from ADP and Pi 
requires energy.

Hydrolysis of ATP 
to ADP and Pi 
releases energy. 

Endergonic reaction:
(requires energy)
  • Active transport
  • Cell movements
  • Anabolism   

Exergonic reaction:
(releases energy)
  • Cell respiration
  • Catabolism

Pi

ADP

+

ATPATP

EnergyEnergy EnergyEnergy

FIGURE 5.1 Coupling of Exergonic and Endergonic 
Reactions Using ATP and ADP An exergonic reaction releases 
energy that is used to drive the endergonic condensation of ADP + 
Pi to make ATP. At a different time and location in the cell, the energy 
released by the hydrolysis of ATP to ADP + Pi can then be used to drive 
an endergonic reaction.

In a cell, the energy released from the hydrolysis of ATP is 
10 kcal/mol. If an endergonic reaction requires 15 kcal/mol, 
how many ATP hydrolyses would it require?

Activity 5.1 ATP and Coupled Reactions
PoL3e.com/ac5.1
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A is oxidized,
having lost electrons.

B is reduced,
having gained electrons.

(A)  Complete transfer of electrons in a redox reaction

(B)  Partial transfer of electrons in a redox reaction
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Reduced
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FIGURE 5.2 A Redox Reaction Involves Transfer of 
Electrons (A) Electron transfer may be complete, such that one 
or more electrons move from one molecule to another, resulting in the 
oxidized molecule becoming less negatively charged and the reduced 
molecule becoming more negatively charged. (B) Electron transfer may 
be partial, so that no electrons are lost or gained but an atom’s share of 
electrons is altered. This situation is illustrated with carbon and hydrogen 
being reduced. The C—O and O—H bonds in the molecule on the left 
side of the equation are polar, with the oxygen atom having a larger share 
and the carbon and hydrogen atoms a smaller share of the electrons, 
resulting in a slight charge difference (δ+ and δ–). Because the C—H 
bond that replaces the C—O—H is nonpolar, electrons are shared almost 
equally in the product. Thus in this reaction carbon and hydrogen have 
had a partial gain of electrons and have been reduced.
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In general, the more reduced an organic molecule is, the more 
energy is stored in its covalent bonds. Thus molecules with more 
C—H bonds store more energy than molecules with C—O and 
O—H bonds (FIGURE 5.3). One implication of this is that lip-
ids, with their high hydrocarbon content, have more chemical-
bond energy per gram than do sugars or proteins (see Chapter 3 
for structures). When carbon is fully oxidized, as it is in CO2, it 
cannot be used as a source of energy. When organic molecules 
are reduced, they end up with more stored energy in their chemi-
cal bonds, and when they are oxidized, they end up with less.

When a redox reaction occurs, a reducing agent is oxidized 
and ends up with lower chemical-bond potential energy while an 
oxidizing agent is reduced and ends up with more potential en-
ergy. Overall, some chemical-bond energy is transferred from the 
reducing agent to the reduced product, and some 
is lost to entropy (see Key Concept 2.3).

Cells use the coenzyme nicotinamide ade-
nine dinucleotide (NAD) as an electron carrier 
in redox reactions (FIGURE 5.4). NAD exists 
in two chemically distinct forms, one oxidized 
(NAD+) and the other reduced (NADH). The re-
duction reaction

NAD+ + H+ + 2 e– ⃪   NADH

involves the transfer of a proton (the hydrogen ion, 
H+) and two electrons, which are released by the 
accompanying oxidation reaction of an organic 
molecule (R):

RH2
⃪   R + 2H+ + 2 e–

If the oxidation and reduction reactions are writ-
ten as one coupled reaction, which is what actually 
happens, then we obtain:

RH2 + NAD+ ⃪   NADH + H+ + R

where R represents the rest of the molecule.
The reduced NADH molecule is readily oxidized 

within the cell. Oxygen is highly electronegative and 
readily accepts electrons from NADH. The oxidation 
of NADH by O2 (which occurs in several steps):

NADH + H+ + ½ O2
⃪   NAD+ + H2O

is highly exergonic, releasing energy with a ΔG of –52.4 kcal/mol 
(–219 kJ/mol), which is considerably more than the energy released 
by the hydrolysis of ATP. Note that the oxidizing agent appears 
here as “½ O2” instead of “O.” This notation emphasizes that it is 
molecular oxygen (O2) that acts as the oxidizing agent.

NAD is a common electron carrier in cells, but it is not the 
only one. Others include flavin adenine dinucleotide (FAD/
FADH2), which also transfers electrons during glucose metab-
olism (see Key Concept 5.2), and nicotinamide adenine di-
nucleotide phosphate (NADP+/NADPH), which is used in 
photosynthesis (see Key Concept 5.5).

How do these coenzymes participate in the flow of energy 
within cells? The release and reuse of cellular energy can be sum-
marized as follows:

• Organic molecules are oxidized during catabolism, releasing 
energy, which is mostly captured by the reduction of coen-
zymes such as NAD+ (to give NADH).

• The primary energy currency of the cell is ATP; hydrolysis of 
ATP supplies the energy for many energy-requiring processes, 
including anabolism.

Because catabolism produces NADH (and similar reduced coen-
zymes) but most of the energy-consuming reactions require ATP, 
cells need a way to transfer energy from NADH to ATP; that is, 
oxidation of NADH (to give NAD+) must be coupled to the syn-
thesis of ATP from ADP and Pi. This coupling is accomplished in 
a process called oxidative phosphorylation, which we will discuss 
in Key Concept 5.2.
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FIGURE 5.3 C—H Bonds Have Higher Free Energy (They 
Are Weaker) than C—O Bonds As its carbon atoms become 
more oxidized (less reduced), an organic molecule has lower chemical-
bond energy (its bonds are stronger).
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One proton and two electrons 
are transferred to the ring 
structure of NAD+.

This OH in NAD+/NADH is 
replaced by a phosphate 
group in NADP+/NADPH 
(see Key Concept 5.5).
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FIGURE 5.4 The Coenzyme NAD+ Can Be 
Reduced to Form NADH

Where does the “H+” in red that is used 
in the reduction of NAd+ come from?
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We have seen that both ATP and NADH function as energy-cou-
pling coenzymes, which are used by cells to store and transfer 
energy. We will now look at how cells capture energy from the 
catabolism of glucose to produce NADH, and then transfer this 
energy from NADH to ATP.

Carbohydrate Catabolism  
in the Presence of Oxygen 
Releases a Large Amount of 
Energy

5.2

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.2.1  Identify where the four stages of aerobic respi-
ration of glucose occur in a cell and how many 
ATP molecules are produced in each stage.

5.2.2  List the differences between aerobic respiration 
and fermentation of glucose with respect to  
the products, energy released, and role  
of mitochondria.

5.2.3  Describe how carbohydrate catabolism is 
regulated at the enzyme level.

Cellular respiration is the set of metabolic reactions used by 
cells to harvest energy from molecules such as carbohydrates. The 

energy can then be used to fuel endergonic reactions. Energy is 
released when organic molecules, with many C—C and C—H (re-
duced) bonds, are oxidized to CO2. We will first consider in detail 
the catabolism of the carbohydrate glucose (FIGURE 5.5).

In the cell, the complete oxidation of glucose to CO2 takes place 
in four major stages: glycolysis, pyruvate oxidation, the citric acid 
cycle, and oxidative phosphorylation. Several of these are multi-
reaction metabolic pathways. In this section we describe each 
stage in turn. When the oxidation of glucose takes place in the 
presence of oxygen in the cell, it is called aerobic respiration 
(see Figure 5.5, left). The complete oxidation of glucose releases a 
considerable amount of energy:

Glucose + 6 O2
⃪   6 CO2 + 6 H2O + energy  

(686 kcal [2,872 kJ] per mole of glucose)

This equation applies whether glucose is oxidized in cells or in a 
chemistry lab. In the lab, this energy is released as heat, and that 

When macromolecules are oxidized, they release their 
chemical-bond energy. Oxidation occurs in a series of 
steps, which allows a portion of the energy to be captured 
in ATP and other coenzymes such as NADH. Energy cap-
tured in these and other coenzymes is then used to synthe-
size additional ATP. ATP is the energy currency of the cell 
and is used to drive a variety of endergonic reactions by 
coupling them to the exergonic hydrolysis of ATP.

1. In Chapter 4 you learned about the sodium–potassium 
pump (see Figure 4.7), which transports Na+ and K+ 
ions against their concentration gradients using ATP. 
Describe how the high-energy bonds in ATP allow this 
process to occur.

2. For each of the following reactions, explain whether the 
carbon atoms in the reactants are being oxidized or 
reduced.

a.  C6H12O6 + 6 O2
⃪   6 CO2 + 6 H2O

b.  6 CO2 + 6 H2O ⃪   C6H12O6 + 6 O2

3. The energy required to reduce NAD+ to form NADH is 
substantially more than is available from the hydrolysis of 
ATP. Where does the energy come from to reduce NAD+?

REVIEW & APPLY | 5.1
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Oxidative phosphorylation 
occurs on the inner 
mitochondrial membrane.

Glycolysis and 
fermentation occur 
in the cytoplasm.

Pyruvate oxidation and 
the citric acid cycle 
occur in the matrix of 
mitochondria.

Oxidative Phosphorylation
(electron transport/

ATP synthesis)

4 CO2

Citric
Acid
Cycle

Glycolysis

2 CO2

O2 absentO2 present

2 Pyruvate (3C)

Fermentation

2 Lactate (3C) or 
2 ethanol (2C) + 2 CO2

Glucose (6C)

Pyruvate Oxidation

2 Acetyl CoA (2C)

2 Pyruvate (3C)

FIGURE 5.5 Pathways for Catabolizing Glucose  
Respiration in the presence of oxygen involves four steps: glycolysis, pyru-
vate oxidation, the citric acid cycle and oxidative phosphorylation. In the 
absence of oxygen, respiration involves glycolysis and fermentation. “2C,” 
“3C,” and “6C” indicate the number of carbon atoms in each molecule.

Activity 5.2 Glycolysis and Fermentation
PoL3e.com/ac5.2
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is where scientists get the exact number of kilocalories noted in 
the equation. In living systems, however, a significant amount of 
the released energy (234 kcal/mol; 34% of the total) is captured in 
the high-energy phosphoanhydride bonds of ATP. The efficiency of 
energy capture in aerobic respiration is impressive, on par with that 
of gasoline-powered cars, which run on the energy released from 
the oxidation of hydrocarbons to CO2, and which generally have 
efficiencies between 25 and 50 percent. One factor that contributes 
to the high energy efficiency in cells is a principle of metabolism 
noted above: glucose is oxidized in a series of steps that release the 
energy in smaller amounts that can be captured relatively easily 
in coupled endergonic reactions (especially the reduction of NAD+ 
and the phosphorylation of ADP). When molecular oxygen (O2) is 
not available, glucose can be only partially oxidized, and the total 
energy released is substantially smaller (28 kcal [118 kJ] per mole 
of glucose; 2% efficiency). Breakdown of glucose in the absence of 
oxygen is termed fermentation (see Figure 5.5, right).

Aerobic respiration and fermentation of glucose both begin 
with glycolysis, which is the series of reactions that converts the 
six-carbon monosaccharide glucose into two three-carbon mol-
ecules of pyruvate (the anion of pyruvic acid). Once pyruvate is 
formed, it has one of two fates. In the presence of oxygen, pyruvate 
enters aerobic respiration, which begins with pyruvate oxidation, 
in which two three-carbon molecules of pyruvate are oxidized to 
two two-carbon molecules of acetyl CoA and two molecules of 
CO2. Each of the acetyl CoA molecules then enters the citric acid 
cycle, which is a series of reactions that results in the complete 
oxidation of the acetyl group to CO2. In the absence of oxygen, py-
ruvate enters the fermentation pathway, resulting in the produc-
tion of either CO2 and the two-carbon molecule ethanol (in plants 
and fungi), or of the three-carbon molecule lactate (in animals).

In glycolysis, glucose is partially oxidized and 
some energy is released
Glycolysis takes place in the cytosol and involves ten enzyme-
catalyzed reactions. During glycolysis, a few of the C—H bonds in 
the glucose molecule are oxidized, releasing some stored energy. 
The final products are two molecules of pyruvate, two molecules 
of ATP, and two molecules of NADH. The ten steps in the meta-
bolic pathway of glycolysis can be divided into two stages: the 
initial energy-investing reactions that consume chemical-bond 
energy stored in ATP, and the energy-harvesting reactions that 
produce ATP and NADH (FIGURE 5.6).

In the initial stage (steps 1–5 in Figure 5.6), a molecule of glu-
cose has two phosphate groups added to it (at —OH groups on 
the first and sixth carbons) and undergoes a structural alteration 
(isomerization), producing a fructose molecule containing two 
phosphates. Each of these first two phosphorylations is an end-
ergonic condensation reaction, and both the energy and phos-
phate groups are supplied by ATP, which is hydrolyzed to ADP. 
The resulting molecule is then cleaved to produce two molecules 
of glyceraldehyde 3-phosphate.
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FIGURE 5.6 Glycolysis Converts Glucose to Pyruvate  
Overall, there is a net production of two molecules of pyruvate, two mol-
ecules of ATP (from two ADP) and two molecules of NADH (from NAD+).
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Each glyceraldehyde 3-phosphate is then phosphorylated (at the 
—H group of the first carbon) in a redox reaction (producing NADH 
from NAD+) (step 6 in Figure 5.6), and then several subsequent steps 
remove both phosphates, adding them to ADP to produce ATP in 
a process called substrate-level phosphorylation, resulting in 
the production of pyruvate (steps 7–10 in Figure 5.6).

Pyruvate is the end-product of glycolysis and is somewhat more 
oxidized than glucose (to see this, examine the number of oxygen 
atoms per carbon atom in pyruvate versus glucose). In the presence 
of O2, further oxidation occurs. In prokaryotes these subsequent 
reactions take place in the cytosol, but in eukaryotes they take place 
in the mitochondrial matrix.

Pyruvate oxidation links glycolysis 
and the citric acid cycle
After glycolysis, the next step in the aerobic catabo-
lism of glucose involves the oxidation of pyruvate to 
a two-carbon acetate molecule and CO2. The acetate 
is then bound to coenzyme A to form acetyl CoA, 
which is used in various biochemical reactions as a 
carrier of acetyl groups (FIGURE 5.7).

The formation of acetyl CoA is a multistep reac-
tion catalyzed by the pyruvate dehydrogenase com-
plex, which contains 60 individual proteins and 5 dif-
ferent coenzymes. The overall reaction is exergonic, 
and one molecule of NAD+ is reduced to NADH. The 
main role of acetyl CoA is to donate its acetyl group 
to the four-carbon compound oxaloacetate, forming 
the six-carbon molecule citrate (the anion of citric 
acid). This initiates the citric acid cycle, one of life’s 
most important energy-harvesting pathways.

The citric acid cycle completes the 
oxidation of glucose to CO2
Acetyl CoA is the starting point for the citric acid 
cycle. This pathway of eight reactions completely 
oxidizes the two-carbon acetyl group to two mol-
ecules of CO2. The free energy released from these 
reactions is used to synthesize guanosine triphos-
phate (GTP) (from guanosine diphosphate [GDP] 
and Pi), and to reduce the electron carriers NAD+ (to 
NADH) and FAD (to FADH2) (FIGURE 5.8). For 
each molecule of acetyl CoA that donates its acetate 
to the citric acid cycle, three molecules of NADH, 
one molecule of FADH2, and one molecule of GTP 
are produced. This pathway is a cycle because the 

starting material, oxaloacetate, is regenerated in the last step and is 
ready to accept another acetate group from acetyl CoA. The citric 
acid cycle operates twice for each glucose molecule that enters gly-
colysis (once for each pyruvate).

GTP can be used directly as a source of chemical-bond energy 
to drive endergonic reactions in the cell, or it can phosphorylate 
ADP to ATP, which can then be used in this role. How are the 
reduced coenzymes NADH and FADH2 used to generate ATP? 
We answer that question in the next section, and in doing so we 
explain how oxygen molecules (O2) are involved in aerobic respi-
ration. Even though glucose is fully oxidized to CO2 in the steps 
we have outlined, none of these steps require oxygen molecules.

Energy is transferred from NADH to ATP by 
oxidative phosphorylation
As we mentioned in Key Concept 5.1, energy-consuming pro-
cesses in the cell use ATP as their source of energy. In order to 
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FIGURE 5.7 Oxidation of Pyruvate Pyruvate is oxidized to 
acetyl CoA in aerobic respiration.
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FIGURE 5.8 The Citric Acid Cycle One turn through the eight steps of the citric 
acid cycle results in the complete oxidation of acetyl CoA to CO2, the production of one GTP 
(from GDP + Pi), and the reduction of three NAD+ (to NADH) and one FAD (to FADH2). “6C,” 
“5C,” and so on indicate the number of carbon atoms in each intermediate in the cycle.

Activity 5.3 The Citric Acid Cycle
PoL3e.com/ac5.3
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fully use the energy harvested in catabolism, cells transfer energy 
from NADH (and FADH2) to the phosphoanhydride bonds of ATP, 
in a process termed oxidative phosphorylation.

In eukaryotic mitochondria, oxidative phosphorylation is ac-
complished in two steps: electron transport and chemiosomosis. 
During electron transport, NADH (and FADH2) oxidation is used 
to actively transport protons (H+ ions) across the inner mitochon-
drial membrane, resulting in a proton gradient. During chemi-
osmosis, the diffusion of protons back across the membrane is 
then used to drive the synthesis of ATP. (In prokaryotes, oxidative 
phosphorylation takes place at the cell membrane.)

First let’s examine how the oxidation of NADH and FADH2 
leads to the production of the proton gradient. For example, when 
NADH is oxidized to NAD+, O2 is reduced to H2O:

NADH + H+ + ½ O2
⃪   NAD+ + H2O

This does not happen in a single step. Rather, there is a series of 
redox electron carrier proteins called the respiratory chain embed-
ded in the inner membrane of the mitochondrion (FIGURE 5.9). 
In a process termed electron transport, the electrons from the 
oxidation of NADH and FADH2 pass from one carrier to the next 
in the chain. The oxidation reactions are exergonic, and they re-
lease energy that is used to actively transport H+ ions across the 
membrane. FADH2 feeds into the chain later than NADH, and 
thus the electrons that FADH2 delivers are able to move fewer 
protons across the inner mitochondrial membrane.

An important aspect of electron transport is that an oxidation 
reaction is always coupled with a reduction. When NADH is oxi-
dized to NAD+, the corresponding reduction reaction is the forma-
tion of water from O2:

2 H+ + 2 e– + ½ O2
⃪   H2O
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FIGURE 5.9 Oxidative Phosphorylation in the Mitochondrion  
The mitochondrial electron transport chain (respiratory chain) pumps pro-
tons into the intermembrane space. The resulting proton gradient is used 
by ATP synthase to phosphorylate ADP to ATP. 

Activity 5.4 Electron Transport Simulation
PoL3e.com/ac5.4

Animation 5.1 Electron Transport and ATP Synthesis
PoL3e.com/a5.1
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So the key role of O2 in cells—the reason we breathe and have 
a blood system to deliver O2 to tissues, and the reason an enor-
mous number of species require continuous access to molecular 
oxygen—is to act as an electron acceptor and become reduced, 
forming water. This allows the respiratory chain to continue to 
move electrons from one complex to the next, and to pump pro-
tons across the membrane against their concentration gradient.
Activity 5.5 The Respiratory Chain
PoL3e.com/ac5.5

Chemiosmosis uses the proton gradient to 
generate ATP
In addition to the electron transport carriers, the inner mito-
chondrial membrane contains an enzyme called ATP synthase 
(see Figures 5.9 and 5.10). This enzyme uses the H+ gradient to 
drive the synthesis of ATP via a mechanism called chemios-
mosis—the movement of ions across a membrane from a region 
of higher concentration to a region of lower concentration. Pro-
tons (H+) cannot readily diffuse across the membrane (see Key 
Concept 4.2), but they can cross the membrane through the ATP 
synthase enzyme. ATP synthase converts the potential energy 
of the proton gradient (called the proton-motive force) into the 
chemical-bond energy in ATP.

ATP synthase is a molecular motor composed of two parts: the 
Fo unit, which is a transmembrane domain that functions as the H+ 
channel; and the F1 unit, which contains the active sites for ATP 
synthesis (FIGURE 5.10). The F1 unit consists of six subunits 
(three each of two polypeptide chains), arranged like the segments 
of an orange around a central polypeptide. The potential energy set 
up by the proton gradient drives the passage of protons through the 
ring of polypeptides that make up the Fo component. This ring ro-
tates as the protons pass through the membrane, causing part of the 
F1 unit to rotate as well. ADP and Pi bind to active sites that become 
exposed on the F1 unit as it rotates, and ATP is made.

The structure and function of the ATP synthase enzyme is 
shared by living organisms as diverse as bacteria and humans. 
The enzyme makes ATP at rates of up to 100 molecules per second. 
In all organisms, this molecular motor relies on protein gradients 
across membranes:

• In prokaryotes, the gradient is set up across the cell mem-
brane, using energy from various sources.

• In eukaryotes, chemiosmosis occurs in the mitochondria and 
the chloroplasts.

• As we have just seen, the H+ gradient in mitochondria is set 
up across the inner mitochondrial membrane, using energy 
released by the oxidation of NADH and FADH2.

• In chloroplasts, the H+ gradient is set up across the thylakoid 
membrane using energy from light (see Key Concept 5.5). In this 
case, the reduced coenzyme is NADPH, a relative of NADH.

Despite these differences in detail, the mechanism of chemiosmo-
sis is similar in almost all forms of life.
Animation 5.2 Two Experiments Demonstrate the 
Chemiosmotic Mechanism
PoL3e.com/a5.2

The proton gradient can also be used to 
produce heat
In some situations, a membrane channel is present in the inner 
mitochondrial membrane that is always open to protons. The 
presence of this channel reduces the H+ gradient, which implies 
that ATP cannot be made as efficiently. Considerable energy is 
released as protons move through the membrane channel down 
their concentration gradient. The released energy forms heat in-
stead of being used to make ATP. In newborn human infants, 
a membrane protein appropriately called uncoupling protein 1 
(UCP1) disrupts the H+ gradient in the mitochondria of cells 
in brown adipose tissue (“brown fat”), and this results in the 
release of heat. Because infants lack body hair and have high 
surface area-to-volume ratios, they cool easily; the presence of 
brown adipose tissue allows them to generate heat and helps 
keep them warm. Once they grow larger, this method of heat 
production is no longer needed and UCP1 levels drop. Mutant 
mice that continue to produce high levels of UCP1 in their brown 
fat as adults are less efficient at capturing the energy in their 
food as ATP because the proton gradient in their mitochondria 
is disrupted (INVESTIGATION FIGURE 5.11).

The role of brown adipose tissue in generating 
heat in animals is further discussed in Key 
Concept 28.3.

A popular weight-loss drug in the 1930s was the synthetic uncou-
pling molecule dinitrophenol. There were claims of dramatic weight 
loss when the drug was administered to obese patients. Unfortu-
nately, the heat that was released caused fatally high fevers, and 
the effective dose and fatal dose were quite close. The use of this 
drug was discontinued in 1938, but the general strategy of using an 
uncoupling molecule for weight loss remains a subject of research.
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FIGURE 5.10 The Structure and Mechanism of ATP 
Synthase Mitochondrial ATP synthase is a rotary motor that uses  
the potential energy stored in the proton gradient to synthesize ATP from 
ADP and Pi.

Media Clip 5.1 ATP Synthase in Motion
PoL3e.com/mc5.1
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FIGURE 5.11 Mitochondria, Genetics, and Obesity  
As people (and mice) get older, they tend to accumulate fat. In the 
course of investigating a strain of mice genetically unable to make 
the receptor for a hormone called ghrelin that is involved in control-
ling appetite, Yuxiang Sun and her team at Baylor College of Medicine 
compared these mice with normal mice as they aged.a They were 

surprised to find that the genetically altered (mutant) mice did not put 
on as much weight as their normal counterparts did. The researchers 
discovered that the genetic mutation in these mice caused uncoupling 
of oxidative phosphorylation and burning of body fat. Their experiment 
investigated whether levels of mitochondrial uncoupling protein 1 
(UCP1) were different in the mutant and normal mice.

INVESTIGATION

HYPOTHESIS
Mice that make more UCP1 burn more body fat.

CONCLUSION
Increased UCP1 correlates with less fat and a lower body weight.

ANALYZE THE DATA
In an effort to determine whether weight gain in normal (wild-type) mice 
might be due to inactivity or to eating too much (two of the well-known 
causes of weight gain), as opposed to a biochemical abnormality (such 
as unusual UCP1 levels), Sun and her team examined younger (3–4 
months old) and older (10–12 months old) mice of both strains. They 
measured weight and body composition in terms of fat and lean body 
tissues. The results are shown in the two graphs below. Error bars indi-
cate ± one standard error of the mean.

1. Did the mutant mice and wild-type mice gain weight as they aged?

2. The researchers wondered whether the difference in weight of 
normal and mutant older mice noted in the lower left graphs was 
due to changes in eating patterns or exercising. So they measured 
how much food the mice ate per day and measured their move-
ments over time in a special chamber. The results are shown in 
the two graphs below. What can you conclude about the role of 
food intake and exercise on the weight differences between the 
two strains of mice?

3. The UCP1 found in the inner mitochondrial membrane of brown fat 
cells uncouples mitochondrial electron transport (oxidation) and ATP 
production (phosphorylation), so that instead of being trapped as 
chemical energy in the formation of ATP, the energy released by oxi-
dation is released as heat. Sun and her team measured UCP1 levels 
in brown fat mitochondria in older individuals of the two strains of 
mice. The results are shown in the graph below. What can you con-
clude about the role of UCP1 in the weight differences between the 
two strains of mice?

aX. Ma et al. 2011. PLoS ONE 6: e16391. © 2011 Ma et al.; CC BY 4.0.

A similar Analyze the Data exercise may be assigned in LaunchPad.
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Oxidative phosphorylation and chemiosmosis 
yield a large amount of ATP
For each NADH that is produced in the mitochondrial matrix and 
gives electrons to the respiratory chain, about 2.5 ATP molecules are 
formed. For FADH2, the value is about 1.5 ATP molecules. Thus the 
three molecules of NADH and one molecule of FADH2 produced by 
each turn of the citric acid cycle yield about nine [(3 × 2.5) + (1 × 1.5)] 
molecules of ATP. Two molecules of acetyl CoA are produced from 
each glucose molecule, so the total is about 18 ATPs per molecule of 
glucose. The two NADH molecules produced by oxidation of two 
pyruvate molecules, which also occurs in the mitochondrial matrix, 
give another five ATPs. Since the two molecules of NADH produced 
in glycolysis have to be actively transported into the mitochondrial 
matrix, the net gain is less, about 1.5 molecules of ATP per molecule 
of NADH, giving another three ATP molecules. Add to this the two 
GTP molecules (which can phosphorylate ADP to ATP) formed by 
oxidation of two acetyl CoA molecules in the citric acid cycle and the 
net of two additional ATP molecules formed by substrate-level phos-
phorylation during glycolysis, and the total is about 30 molecules of 
ATP produced per fully oxidized glucose molecule.

The vital role of O2 is now clear: most of the ATP produced in 
cellular respiration is formed by oxidative phosphorylation—the 
process of transferring electrons from NADH to O2, resulting 
in the oxidation of NADH to NAD+. The accumulation of atmo-
spheric O2 as a result of photosynthesis by ancient microorgan-
isms (see Key Concept 17.2) set the stage for the evolution of oxi-
dative phosphorylation; organisms that could exploit the O2 as a 
terminal electron receptor would have had a selective advantage.

Nevertheless, many microorganisms still thrive where O2 is 
scarce. Rather than employing fermentation, which captures rela-
tively little energy from glucose (as we will see shortly), these bacteria 
and archaea employ anaerobic respiration, using alternative ter-
minal electron acceptors present in their natural environments. Ter-
minal electron receptors vary depending on the species and the en-
vironment, and include nitrates (NO3

–), sulfates (SO4
2–), sulfur, and 

various metal ions. For example, the bacterium Geobacter metallire-
ducens typically lives in sediments at the bottom of streams or ponds 
and uses metal ions, including iron, as terminal electron acceptors:

Fe3+ + e– (from electron transport) ⃪   Fe2+

This bacterium can also use radioactive uranium ions as electron 
acceptors. In the process, the uranium is converted from a soluble 
to an insoluble form, making Geobacter of potential use in environ-
mental cleanup. The bacterium can convert uranium in contami-
nated water into a form that accumulates in the sediment and can 
be more readily removed.

Respiration is regulated
Metabolic pathways are subject to regulation. Since it is enzymes that 
control the speed of chemical reactions in cells, regulation of a path-
way usually involves control of enzyme abundance and/or activity. 
Regulation of enzyme activity often involves feedback inhibition, 
in which the product of a pathway binds to and inhibits an enzyme 
that catalyzes an early step of the pathway. Binding occurs at the ac-
tive site or at an allosteric site, which is a regulatory site elsewhere on 
the protein (see Key Concept 3.5).

Aerobic respiration is highly regulated. For example, high 
concentrations of ATP, the main product of glucose catabolism, 
or of citrate, a compound in the citric acid cycle, inhibit an early 
enzyme in glycolysis. ATP also inhibits pyruvate dehydrogenase, 
which oxidizes pyruvate, and a few enzymes in the citric acid cycle 
(FIGURE 5.12). When levels of ATP in the cell are high, aerobic 
respiration slows. Sometimes feedback involves the product of one 
pathway speeding up reactions in another pathway. For example, 
citrate not only inhibits an early step in glycolysis, but also ac-
tivates an enzyme that is early in the pathway for synthesizing 
glycogen, which is a large glucose polymer. Feedback regulation 
generally occurs rapidly, affecting a pathway within minutes.
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FIGURE 5.12 Regulation of Aerobic Respiration Allosteric 
regulation of glycolysis and the citric acid cycle occurs at several steps. 
Green arrows indicate activation of an enzyme. Red blunt-ended lines 
indicate inhibition.

Activity 5.6 Regulation of Energy Pathways
PoL3e.com/ac5.6
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The rate of a biochemical reaction can also be controlled by 
reducing or increasing the number of enzyme molecules present 
relative to the substrate. This can be done by altering the tran-
scription of the genes that encode the enzymes. These events take 
time, and typically the effects on metabolism will take many hours 
to days to appear. For example, excess levels of glucose and other 
dietary factors can lead to increased transcription of the gene for 
fatty acid synthase, a key enzyme in the synthesis of fatty acids. 
Excess citrate produced by the citric acid cycle is broken down to 
acetyl CoA, which in turn is used in fatty acid synthesis. This is 

one reason why people accumulate fat after 
eating too much. The fatty acids may be ca-
tabolized later to produce acetyl CoA.

The regulation of gene 
transcription to produce 
more of a protein is 
described in Chapter 11.

Fermentation of glucose 
releases a small amount  
of energy
In the absence of molecular oxygen (O2), the re-
spiratory chain cannot operate. (The exceptions, 
as we noted earlier, are the respiratory chains 
of anaerobic microbes adapted to use termi-
nal electron acceptors other than oxygen.) The 
immediate consequence is that chemiosmosis 
cannot be used to generate ATP. However, 
there is another implication. During aerobic 
respiration, NADH is oxidized to NAD+ when 
it donates its electrons to the respiratory chain. 
Without an alternative, the NADH produced by 
glycolysis would not be oxidized to NAD+ and 
glycolysis would stop because there would be 
no NAD+ to reduce, meaning that no energy 
could be obtained from glucose. To solve this 
problem, organisms use fermentation to oxidize 
the NADH and produce NAD+, thus allowing 
glycolysis to continue (FIGURE 5.13).

Like glycolysis, fermentation pathways 
occur in the cytoplasm. There are many dif-
ferent types of fermentation used by differ-
ent organisms, but all operate to regenerate 
NAD+. During fermentation, the NADH made 
during glycolysis is not used by the respiratory 
chain to form ATP. Therefore the overall yield 
of ATP from fermentation is restricted to the 
ATP made in glycolysis (two ATP molecules 
per glucose molecule).

Two fermentation pathways are found in a 
wide variety of organisms:

1. Lactic acid fermentation, the end-product 
of which is lactic acid (lactate)

2. Alcoholic fermentation, the end-product 
of which is ethyl alcohol (ethanol)

In lactic acid fermentation, pyruvate serves as the electron ac-
ceptor and lactate is the product (see Figure 5.13A). This process 
takes place in many microorganisms and multicellular organisms, 
including plants and vertebrates. A notable example of lactic acid 
fermentation occurs in vertebrate muscle tissue. Usually, vertebrates 
get their energy for muscle contractions aerobically, with the cir-
culatory system supplying O2 to muscles. The O2 supply is almost 
always adequate for small vertebrates, which explains why birds 
can fly long distances without resting. But in larger vertebrates such 
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Summary of reactants and products:
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FIGURE 5.13 Fermentation (A) In lactic acid fermentation, each molecule of glucose 
is converted to two molecules of lactate, and two molecules of ATP are synthesized from ADP 
+ Pi. (B) In alcoholic fermentation, each molecule of glucose is converted to two molecules of 
ethanol and two molecules of CO2 and two molecules of ATP are synthesized from ADP + Pi. 
Note that many of the steps in the pathway can operate essentially in reverse.
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as humans, the circulatory system is unable to deliver enough O2 
when the need is great, such as during a long sprint. At this point, 
the muscle cells break down glycogen (a stored polysaccharide) and 
undergo lactic acid fermentation. The process is reversible; lactate is 
converted back to pyruvate once O2 is available again.

Alcoholic fermentation takes place in certain yeasts (eukary-
otic microbes) and some plant cells under anaerobic conditions. In 
this process, pyruvate is converted to ethanol (see Figure 5.13B). As 
with lactic acid fermentation, the reactions are essentially reversible.

By recycling NAD+, fermentation allows glycolysis to con-
tinue, thus producing small amounts of ATP through substrate-
level phosphorylation: a net yield of two ATPs per glucose mol-
ecule, which is much lower than the energy yield from oxidative 
phosphorylation. For this reason, most organisms that rely on 
fermentation instead of respiration are microbes that grow rela-
tively slowly.

Although the yield of ATP per molecule of glucose is generally 
low with cellular anaerobic metabolism, in some circumstances it 
can produce an adequate supply of ATP if the enzymatic reactions 
in the pathway are speeded up. Indeed, this occurs in vertebrate 
muscle cells (see Key Concept 33.2) and in some cancer cells where 
O2 is in low supply.
Activity 5.7 Energy Pathways in Cells
PoL3e.com/ac5.7

Activity 5.8 Energy Levels
PoL3e.com/ac5.8

Now that we have discussed how cells harvest chemical-bond en-
ergy from glucose in cellular respiration, we will briefly turn our 
attention to how energy is harvested from other molecules.

Catabolic Pathways  
for Carbohydrates, Lipids, and 
Proteins Are Interconnected

5.3

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.3.1  Describe how glycolysis and the citric acid  
cycle play a central role in the catabolism of  
carbohydrates, lipids, and proteins.

5.3.2  List the steps involved in the β-oxidation  
of a triglyceride.

5.3.3  Explain the following: The occurrence of steps 
identical to the citric acid cycle across essen-
tially all organisms implies that this pathway  
is ancient.

Glucose is not the only molecule that can be catabolized to syn-
thesize ATP. ATP can be synthesized using chemical-bond energy 
contained in all macromolecules. Fats in particular, being more 

reduced than other macromolecules, contain 
more chemical-bond energy than other mol-
ecules. A hallmark of catabolism is that break-
down products eventually enter the aerobic res-
piration pathways described in Key Concept 5.2.  
FIGURE 5.14 outlines various metabolic 
pathways, including several catabolic pathways.

CArbOHYdrATES It is most straightforward 
to predict what happens with the breakdown 
of polysaccharides. These macromolecules are 
hydrolyzed to monosaccharides, as are disac-
charides. In many cases the monosaccharides 
are glucose and can enter glycolysis at the first 
step. Other monosaccharides, such as fructose 
or galactose, are converted into a molecule that 
enters glycolysis at a slightly later step.

lIPIdS Lipids vary considerably in their chemi-
cal composition (see Key Concept 3.1), and the 
steps in their breakdown differ as well. The main 
lipids used in energy storage are triglycerides, 
which are first hydrolyzed in the cytoplasm to 
their constituents—glycerol and three fatty ac-
ids. Glycerol is converted into dihydroxyacetone 
phosphate, which is a three-carbon intermediate 
in glycolysis. Fatty acids are highly reduced mol-
ecules that are converted to acetyl CoA in a pro-
cess called β-oxidation, catalyzed by enzymes 

The complete oxidation of glucose, forming CO2, occurs in four stages: gly-
colysis, pyruvate oxidation, the citric acid cycle, and oxidative phosphoryla-
tion. Oxidative phosphorylation allows energy captured in NADH and FADH2 
to generate a proton gradient across the inner mitochondrial membrane 
using electron transport. The potential energy stored in this proton gradient 
is then used by ATP synthase to generate ATP. In the absence of oxygen, 
pyruvate undergoes partial oxidation to produce either lactic acid or ethanol 
(depending on the organism), yielding much less energy stored as ATP. The 
metabolic pathways of glycolysis and the citric acid cycle are regulated via 
enzyme activity at critical steps.

1. Assuming that each NADH and FADH2 produced in the mitochondrial ma-
trix can be used to synthesize about 2.5 and 1.5 molecules of ATP respec-
tively, and that each NADH produced in the cytoplasm can be used to syn-
thesize about 1.5 molecules of ATP, compare the energy yields (in terms of 
ATP per glucose molecule) from fermentation and from aerobic respiration.

2. Cyanide is a deadly toxin. It acts by binding to a heme prosthetic group 
that is present in the last protein complex of the respiratory chain, pre-
venting electrons from being transferred to oxygen. What happens to 
aerobic respiration when cyanide is present in sufficient concentrations 
to block electron transport? How could a cell still generate ATP from glu-
cose when cyanide is present?

3. Why is replenishing NAD+ crucial to cellular metabolism? Do you think 
high levels of NAD+ would activate or inhibit early glycolysis enzymes?
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inside the mitochondrial matrix. For example, the β-oxidation of a 
16- carbon (C16) fatty acid occurs in several steps:

C16 fatty acid + CoA ⃪   C16 fatty acyl CoA
C16 fatty acyl CoA + CoA ⃪   C14 fatty acyl CoA + acetyl CoA

(Repeat last step 6 more times) ⃪   8 acetyl CoA

With each removal of a two-carbon acetyl group during 
β-oxidation, the remaining fatty acid chain—now two carbons 
shorter—is left with a CoA group attached to its end (see second 
reaction above). The oxidation process is repeated using this fatty 
acyl CoA, releasing another acetyl CoA and again leaving a fatty 
acyl CoA, once again two carbons shorter. The acetyl CoA mol-
ecules produced by β-oxidation enter the citric acid cycle and the 
acetyl groups are fully oxidized to CO2.

PrOTEINS Proteins are hydrolyzed to their amino acid build-
ing blocks in a process called proteolysis. Proteolysis requires a 
small initial input of energy in the form of ATP to overcome bonds 

involved in protein folding, but the hydrolysis of the peptide bonds 
is exergonic, though no energy is captured in the form of ATP. 
Degradation of the resulting amino acid building blocks results 
in molecules that feed into glycolysis or the citric acid cycle at dif-
ferent points. For example, the amino acid glutamate is converted 
into α-ketoglutarate, an intermediate in the citric acid cycle.

Animals need chemical-bond energy to live. 
Key Concept 28.1 discusses how animals  
use the chemical-bond energy in 
carbohydrates, lipids, and proteins. 

NuClEIC ACIdS Nucleic acids constitute a relatively small per-
centage of the molecules consumed in food, and are thus seldom 
used as an energy source. Nevertheless, nucleic acids can be hy-
drolyzed to their nucleotide monomers, which can then be further 
catabolized into inorganic phosphate groups, bases, and ribose 
or deoxyribose. The latter two components of nucleic acids enter 
aerobic respiration in glycolysis (ribose or deoxyribose) or in the 
citric acid cycle (bases).

The way in which glucose and other macromolecules are oxi-
dized is very similar across cells that respire aerobically. Even in spe-
cies that live in anaerobic conditions, components of the citric acid 
cycle have been found. These commonalities suggest that the citric 
acid cycle may represent one of the earliest metabolic pathways.
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FIGURE 5.14 Metabolic Relationships The catabolic pathways 
of glycolysis and the citric acid cycle are central to many other metabolic 
pathways.

Many macromolecules can be oxidized and the released 
energy used to produce ATP. Catabolism of molecules 
other than glucose produces products that enter the meta-
bolic pathways of aerobic respiration at different points. 
Carbohydrates, some amino acids, and glycerol (from tri-
glycerides) enter at various steps in glycolysis; fatty acids 
enter at the acetyl CoA step, and several amino acids and 
nucleic acids enter at different steps in the citric acid cycle.

1. Proteins and triglycerides can be used as an energy 
source. Briefly describe where the building blocks of 
these macromolecules enter aerobic respiration.

2. Write the equation for the full oxidation of a triglyceride 
molecule that has three identical fatty acids, each con-
taining eight carbon atoms. (Hint: See Key Concept 3.1.)

3. A newly discovered species of bacteria is found living 
in sediments in lakes. Oxygen levels in these sediments 
are essentially zero because aerobic bacteria that break 
down organic material from dead plants, algae, and 
insects use it up. The newly discovered species is living 
on the macromolecules that are not used by the aerobic 
bacteria. Where does the oxygen used by the aerobic 
bacteria end up? Since the new species lives where 
oxygen is absent, do you think it is likely that it is still 
oxidizing carbon using the steps of aerobic respiration? 
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You have seen how cells harvest chemical-bond energy in cel-
lular respiration. Now we will see how that energy can be used 
in anabolism.

Anabolic Pathways Use 
Large Amounts of ATP5.4

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.4.1  Explain why anabolism involves a series of 
small energetic steps involving coupled ATP 
hydrolysis.

5.4.2  Give an example of how intermediates of  
catabolic pathways can be diverted into anabolic 
pathways, and vice versa.

5.4.3  Describe how anabolic pathways can be  
regulated at both the enzyme and gene- 
expression levels.

The pathways we have seen thus far in the chapter illustrate the 
central role of glycolysis, pyruvate oxidation, the citric acid cycle, 
and oxidative phosphorylation in the aerobic metabolism of mac-
romolecules. These pathways generate large quantities of ATP. 
Energy captured as ATP is readily available to perform various 
functions in the cell. One important function is anabolism.

Anabolism can generate macromolecules and 
their subunits
As mentioned in Chapter 3, macromolecules are synthesized from 
their building blocks in condensation reactions. These reactions 
are catalyzed by various enzymes and require energy input. Gly-
cogen, starch, and cellulose are synthesized from glucose mono-
mers present in the cell. Triglycerides are synthesized from fatty 
acids and glycerol, especially in adipocytes (fat cells). Nucleic ac-
ids are synthesized from nucleotide building blocks, as we will 
discuss in Chapter 9. Protein synthesis from amino acids will be 
discussed in Chapter 10. In all cases, the synthesis is performed 
in steps that individually do not require large energy inputs. For 
example, while a large amount of energy is used to synthesize gly-
cogen from glucose monomers, its stepwise synthesis, one mono-
mer at a time, is manageable, and the energy for each step can be 
supplied by ATP. Likewise, the synthesis of other macromolecules 
involves steps that are small enough that ATP, or NADH, can sup-
ply sufficient energy.

In addition to synthesizing macromolecules from their sub-
units, cells often need to synthesize the subunits themselves. This 
need can be caused either by insufficient intake of a particular 
building block, or by differences in the stability or relative usage 
of various macromolecular monomers. All organisms can synthe-
size some of the monomers they need from other compounds. 
Those that cannot be synthesized are said to be essential nutri-
ents, meaning they must be obtained from the environment. For 

example, in humans, 9 of the 20 amino acids cannot be synthe-
sized from other compounds and are thus essential. These same 
amino acids can be synthesized by many bacteria and are thus not 
essential nutrients for them.

Anabolic pathways that synthesize various subunits are strik-
ingly similar to the catabolic pathways that degrade those same sub-
units, and in many cases can be considered as simple reversals of the 
enzymatic steps. We saw such a reversal after fermentation stops, 
where lactate converts back to pyruvate in the presence of O2. The 
relationships among the anabolic (and catabolic) pathways for the 
main subunits of macromolecules are summarized in Figure 5.14.

Glycolytic and citric acid cycle intermediates, instead of being 
oxidized to form CO2, can be reduced and used to form glucose 
in a process called gluconeogenesis (which means “new for-
mation of glucose”). Pyruvate is often the starting point and is 
obtained from the catabolism of amino acids. Some of the steps 
are exact reversals of glycolysis steps and use the same enzymes. 
However, other steps differ because the energy that would be re-
quired to reverse the particular glycolysis step is too large. As we 
would expect from the second law of thermodynamics (see Key 
Concept 2.3), glucose synthesis requires substantially more energy 
input than is obtained during oxidation: it takes the hydrolysis of 
six ATP molecules to synthesize one glucose molecule from two 
pyruvate molecules (compared with two ATP molecules obtained 
by oxidizing glucose to pyruvate).

Acetyl CoA can be used to form fatty acids in a reversal of fatty 
acid catabolism. The most common fatty acids have even numbers 
of carbons: 14, 16, or 18. These are formed by the addition of two-
carbon acetyl CoA “units” one at a time until the appropriate chain 
length is reached.

Some intermediates in the citric acid cycle are reactants in 
pathways that synthesize important components of nucleic acids. 
For example, α-ketoglutarate and oxaloacetate are starting points 
for the synthesis of purines and pyrimidines, respectively. Some 
intermediates of glycolysis and the citric acid cycle can be used for 
amino acid synthesis.

Catabolism and anabolism are integrated  
into a system
A carbon atom from a protein in your burger can end up in DNA, 
fat, or CO2, among other fates. How does the organism “decide” 
which metabolic pathways to follow, in which cells? With hundreds 
of enzymes and all of the possible interconversions, you might ex-
pect that the cellular concentrations of various biochemical mol-
ecules would fluctuate widely. Remarkably, the levels of these sub-
stances in what is called the metabolic pool—the sum total of all 
the biochemical molecules in a cell—are usually quite constant. This 
constancy implies that cells carefully regulate both the synthesis 
and breakdown of macromolecules and their subunits.

Consider what happens to the starch in your burger bun. In the 
digestive system, starch is hydrolyzed to glucose, which enters the 
blood. If it is needed, such as during physical activity, the glucose 
is distributed to and absorbed by cells in the rest of the body. But 
if there is already enough glucose in the blood to meet the body’s 
needs, the excess glucose is converted into glycogen and stored 
in the liver. If insufficient glucose is supplied by food, glycogen is 
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broken down, or if glycogen stores are exhausted, other molecules 
are used to make glucose by gluconeogenesis. The end result is 
that the level of glucose in the blood is remarkably constant.

regulation of glucose levels in the blood is 
described in Key Concept 28.4.

The interconnected nature of catabolism and anabolism im-
plies that imbalances in nutrient uptake can be overcome quite 
effectively. Thus diets that are low in sugar will promote gluconeo-
genesis, whereas diets that are low in fat will promote fatty acid 
synthesis. This balancing can involve activation or inhibition of 
enzymes on short time scales, such as might occur following the 
consumption of a meal, or changes in enzyme expression over lon-
ger time scales, such as during prolonged changes in diet. How-
ever, in some cases, imbalances cannot be overcome by modifying 
enzyme activity or expression, such as when an essential amino 
acid is missing from the diet.

We have seen how cellular respiration allows organisms to har-
vest chemical-bond energy from organic molecules and how this 
energy can be used to perform the anabolic and other energy-
requiring activities of the cell. For the rest of the chapter, we’ll 
look at how plants and other photosynthetic organisms produce 
organic molecules using energy from light.

Life Is Supported by the 
Sun: Light Energy Captured 
during Photosynthesis Converts 
Carbon Dioxide to Carbohydrates

5.5

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.5.1  Describe the structure of the chloroplast  
and assign function to the various parts.

5.5.2  Explain how the Sun provides energy for carbon 
fixation and outline the sequence of reactions in 
the Calvin cycle showing where energy is used.

5.5.3  Describe the wavelengths of light energy  
used for photosynthesis.

5.5.4  Explain why the world is green.

The energy released by catabolic pathways in almost all organ-
isms, including animals, plants, and prokaryotes, ultimately comes 
from the Sun. Photosynthesis (literally, “synthesis from light”) 
is an anabolic process by which the energy of sunlight is cap-
tured and used to convert carbon dioxide (CO2) and water (H2O) 
into carbohydrates (which we represent as a six-carbon sugar, 
C6H12O6) and oxygen gas (O2):

6 CO2 + 12 H2O ⃪   C6H12O6 + 6 O2 + 6 H2O

Animation 5.3 The Source of the Oxygen Produced  
by Photosynthesis
PoL3e.com/a5.3

Ponder for a moment this highly endergonic reaction. All that a 
photosynthetic organism requires is water, carbon dioxide, and 
sunlight and it can synthesize carbohydrates. This implies that 
photosynthetic organisms have an inexhaustible supply of chem-
ical-bond energy that they capture as light energy from the Sun! 
The equation above is essentially the reverse of the general equa-
tion for aerobic catabolism of glucose that we discussed in Key 
Concept 5.2. The difference is that in the equation above there 
are 12 H2O molecules on the left side, not 6 as would be expected 
from the equation for aerobic catabolism of glucose. The reason, 
as we will soon discuss in detail, is that in photosynthesis the 
oxygen atoms in O2 all come from water—6 O2 molecules thus 
come from 12 H2O molecules. Some of the general molecular 
processes of photosynthesis are similar to those in glucose ca-
tabolism. For example, both processes involve redox reactions, 
electron transport, and chemiosmosis. However, the details of 
photosynthesis are quite different.

Photosynthesis involves two pathways (FIGURE 5.15):

1. The light reactions convert light energy into chemical-
bond energy in the form of ATP and the reduced electron 
carrier NADPH. NADPH is similar to NADH but with an 
additional phosphate group attached to the sugar of its  
adenosine (see Figure 5.4).

LINK

Anabolic pathways are, to a large degree, simple re-
versals of catabolic pathways. Differences arise when 
steps of catabolism are highly endergonic, implying that 
it would be difficult to pay the energy cost of reversing 
that step using ATP or NADH. Anabolism and catabolism 
are integrated, and overall synthesis versus breakdown 
of macromolecules is often controlled by energy levels in 
cells: high ATP and NADH promote anabolism, resulting 
in the production of glycogen (or starch) and triglycer-
ides. The manner in which anabolic and catabolic path-
ways are intertwined allows imbalances in nutrient up-
take of different macromolecules to be readily overcome.

1. Gluconeogenesis uses many of the same enzymes as 
glycolysis. However, for a few steps of glycolysis that 
are highly exergonic, alternate enzymes are used. Why 
is this necessary?

2. Trace the biochemical pathway by which a carbon 
atom from a starch molecule in rice eaten today can 
end up in a muscle protein tomorrow.

3. The Atkins diet is high in protein and fat and very low 
in carbohydrates. How might this diet affect the rates 
of glycolysis and gluconeogenesis? Do you expect 
changes in enzyme expression?
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2. The carbon-fixation reactions (also termed the light-
independent, or dark, reactions) do not use light 
directly, but instead use the ATP and NADPH 
made by the light reactions, along with CO2, to 
produce carbohydrates.

Both the light reactions and the carbon-fixation re-
actions stop in the dark because, in photosynthetic 
organisms, carbon-fixation requires both ATP and 
NADPH that are synthesized in the light reactions. 
In photosynthetic prokaryotes (e.g., cyanobacteria; 
see Figure 4.21B), the light reactions take place on in-
ternal membranes and the carbon-fixation reactions 
occur in the cytosol. In eukaryotic plants (and algae), 
which will be our focus here, both pathways proceed 
within the chloroplast, but they occur in different 
parts of that organelle (see Figure 5.15).

The endosymbiotic origins 
hypothesis for chloroplasts is 
supported by their similarity to 
cyanobacteria and will be 
discussed in Key Concept 19.1.

Light energy is absorbed by chlorophyll and 
other pigments
Light is a form of energy that can be converted to other forms, such 
as thermal or chemical-bond energy. Earth would be a very cold 
place without the conversion of light energy to the thermal energy 
that warms the planet. Light comes in individual packets of energy 
termed photons. The amount of energy contained in a single 
photon depends on its electromagnetic wavelength—the shorter 
the wavelength, the higher the energy in the photon. Differences 
in wavelength are also what we perceive as color differences.

The visible portion of the electromagnetic spectrum (FIGURE 
5.16) encompasses a fairly narrow range of wavelengths and en-
ergy levels. In order for a photon of a particular wavelength to be de-
tected or used by an organism, that organism must have molecules 
that are able to absorb the photon’s energy without breaking. Pho-
tons with very short wavelengths break covalent bonds when they 
are absorbed and thus cannot be easily captured, since molecules 
in the capturing system would be damaged. In contrast, long-wave-
length photons have less energy, making them less useful for form-
ing chemical-bond energy. The visible spectrum represents photons 
with enough energy to excite electrons to high-energy states in at-
oms, but not enough energy to break most organic covalent bonds.

In plants and other photosynthetic organisms, certain receptive 
molecules absorb photons in order to harvest their energy for bio-
logical processes. Molecules that absorb photons in the visible spec-
trum are termed pigments. Pigments absorb only specific wave-
lengths of light—photons with specific amounts of energy. When a 
photon meets a pigment molecule, one of three things can happen:

1. The photon may bounce off the molecule—it may be scattered 
or reflected.

2. The photon may pass through the molecule—it may be 
transmitted.

3. The photon may be absorbed by the molecule, adding energy 
to the molecule.
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FIGURE 5.15 An Overview of Photosynthesis  
Photosynthesis consists of two pathways, the light reactions and the 
carbon-fixation reactions. In eukaryotic plants (and algae), these path-
ways occur in different parts of the chloroplast—the light reactions in the 
thylakoids, and the carbon-fixation reactions in the stroma.

Where in the cell does the reduction of CO2 occur, and 
what is the reducing agent?
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FIGURE 5.16 The Electromagnetic Spectrum The portion of the electro-
magnetic spectrum that is visible to humans as light is shown in detail at the top. (After 
S. Giannakis et al. 2016. Appl Catal B: Environ 199: 199–223.)

The wavelengths of photons absorbed by biological pigment molecules 
represent a small part of the electromagnetic spectrum. In terms of 
energy transfer, why don’t pigment molecules absorb at wavelengths 
much shorter or longer than those found in the visible spectrum?
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Neither of the first two outcomes causes any change in the mole-
cule. However, in the case of absorption, the photon disappears and 
its energy is absorbed by the molecule. The photon’s energy cannot 
disappear, because according to the first law of thermodynamics, 
energy is neither created nor destroyed (see Key Concept 2.3). When 
the molecule acquires the energy of the photon, one of the electrons 
in one of its atoms becomes “excited” and moves outward from its 
normal electron shell to the next electron shell. As you may recall 
from Chapter 2, electrons in more distant shells have higher energy. 
The pigment molecule has moved from its lower energy ground 
state to its excited, higher energy state (FIGURE 5.17).

The difference in free energy between the molecule’s excited 
state and its ground state is approximately equal to the energy of 
the absorbed photon (a small amount is lost to entropy). A pig-
ment molecule is unstable and more chemically reactive when it 
is excited than when it is in the ground state.

Two main pigments are involved in photosynthesis: chlorophyll 
a and chlorophyll b. Each of these molecules is able to absorb pho-
tons of light with particular wavelengths, as shown in their ab-
sorption spectra (FIGURE 5.18A). Not surprisingly, the rate 
of photosynthesis as a function of supplied light, which is plotted 
as an action spectrum, has peaks that roughly correspond to 
the peak absorbances for these pigments (FIGURE 5.18B).

Both chlorophyll a and chlorophyll b have a very similar, com-
plex ring structure, with a magnesium ion at the center (FIGURE 
5.19). A long hydrocarbon “tail” helps anchor the chlorophyll 
molecule to proteins in the thylakoid membrane of the chloroplast.

The chlorophylls absorb blue and red light, which are near the 
two ends of the visible spectrum (see Figure 5.18). In addition, 
plants possess accessory pigments that absorb photons intermedi-
ate in energy between the red and the blue wavelengths, and then 
transfer a portion of that energy to the chlorophylls. Among these 
accessory pigments are carotenoids such as β-carotene, which ab-
sorb photons in the blue and blue-green wavelengths and appear 
deep yellow (see Figure 5.18). The phycobilins, which are found 
in red algae and in cyanobacteria, absorb various yellow-green, 
yellow, and orange wavelengths.

Some plant pigments act as sensors that 
regulate growth and development; see Key 
Concept 25.3.

Light absorption results in reduction of 
electron acceptors by chlorophyll a in the 
reaction center
The pigments in photosynthetic organisms are bound to mem-
brane proteins that are arranged into light-harvesting com-
plexes. For example, light-harvesting complex II consists of three 
copies of a transmembrane protein, each of which binds 12 chloro-
phyll and 2 carotenoid pigment molecules. Thus this single com-
plex contains 36 chlorophyll and 6 carotenoid molecules. Several 
light-harvesting complexes together make up the antenna com-
plex, the role of which is to capture photons of light and deliver 
the energy to the reaction center, where the energy is used to 
excite electrons that are then used to reduce electron acceptors 
(FIGURE 5.20). The antenna complex forms a ring around the 
reaction center. The antenna complex and reaction center together 
make up a photosystem, which is the structure that captures 
light energy and converts it into chemical-bond energy.

When chlorophyll absorbs a photon of light, it enters an excited 
state. This is an unstable situation, and the chlorophyll rapidly re-
turns to its ground state, releasing most of the absorbed energy. 
This is an extremely rapid process—measured in picoseconds (tril-
lionths of a second)! For most chlorophyll molecules embedded in 
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When a molecule in the ground state absorbs a photon, it 
is raised to an excited state and possesses more energy.
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FIGURE 5.17 Excitation in a Pigment Molecule An electron 
in a pigment molecule absorbs a photon of light energy and is excited to 
a higher energy state.
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(A)  The absorption spectra of Anacharis

(B)  The action spectrum for Anacharis
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FIGURE 5.18 Absorption and Action Spectra (A) The three 
common photosynthetic pigments in plants have characteristic absorp-
tion spectra, which represent the wavelengths of light they will absorb. 
The absorption spectra shown here are for Anacharis, a common 
aquatic plant. (B) The action spectrum for Anacharis, measured by the 
relative photosynthetic rate of the intact plant, corresponds to the peaks 
in the absorption spectra of the plant’s pigment molecules.
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the thylakoid membrane, the released energy is absorbed by other, 
adjacent chlorophyll molecules. The energy eventually arrives at a 
ground-state chlorophyll a molecule at the reaction center (symbol-
ized by Chl; see Figure 5.21), which absorbs the energy and becomes 
excited (Chl*). Instead of transferring the absorbed 
energy to another chlorophyll, the reaction center 
chlorophyll transfers its energy to an electron, which 
is then transferred to an electron acceptor:

Chl* + acceptor ⃪   Chl+ + acceptor–

This, then, is the first consequence of light absorp-
tion by chlorophyll: the excited reaction center 
chlorophyll (Chl*) donates its excited electron in 
a redox reaction and becomes positively charged 
(Chl+). As a result of this transfer of an electron, 
the chlorophyll gets oxidized, while the acceptor 
molecule is reduced.

Reduction leads to ATP and NADPH 
formation
The electron acceptor that is reduced by Chl* is the 
first of a chain of electron carriers in the thylakoid 
membrane. Electrons are passed from one carrier 
to another in an energetically “downhill” series 
of reductions and oxidations. Thus the thylakoid 
membrane has an electron transport chain similar 
to the respiratory chain of mitochondria that we 
discussed in Key Concept 5.2.

Two photosystems are used during photo- 
synthesis:

1. Photosystem I (containing “P700” chloro-
phyll at its reaction center) has reaction center 
chlorophyll a that shows highest absorbance 

of light at 700 nanometers (nm). This photosystem passes an 
excited electron to an electron transport chain, where it is 
used to reduce NADP+, forming NADPH:

NADP+ + H+ + 2 e– ⃪   NADPH

2. Photosystem II (with “P680” chlorophyll at its reaction 
center) has reaction center chlorophyll a that shows highest 
absorbance of light at 680 nm. This photosystem passes an 
excited electron to a second electron transport chain, where 
it is eventually used to reduce chlorophyll a in photosystem 
I. Photosystem II replenishes its electron supply by oxidizing 
(splitting) water, releasing oxygen:

H2O ⃪   ½ O2 + 2 H+ + 2 e–

The energetic electrons from both photosystems are passed 
through a series of thylakoid membrane–bound electron carriers 
to a final acceptor at a lower energy level. As in the mitochondrion, 
a proton gradient is generated by proton transfer during electron 
transport, with lower pH (more H+) in the thylakoid interior than 
in the stroma. The proton gradient is used by ATP synthase to 
phosphorylate ADP to produce ATP—a process called photo-
phosphorylation. FIGURE 5.21 shows the series of electron 
transport reactions that use the energy from light to generate 
NADPH and ATP. The pathway is noncyclic in that the energy 
and electrons start in one molecule (chlorophyll) and end up in 
another (NADPH). The term “Z scheme” is used to describe the 
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FIGURE 5.20 The Photosystem Captures Light Energy to Excite Electrons  
In each photosystem, multiple chlorophyll and carotenoid molecules are embedded side by 
side in antenna complexes that surround a specific central pair of chlorophyll a molecules in 
the reaction center. A pigment molecule absorbs a photon of light and the energy is subse-
quently transferred in multiple steps to a reaction center chlorophyll a molecule. The excited 
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shape of the pathway when it is arranged as in Figure 5.21. You 
may have noticed that the order of the photosystems, in terms of 
electron movement, is photosystem II then I. This reflects the fact 
that photosystem I was the first one to be discovered.

Let’s look in more detail at these photosystems, beginning with 
photosystem II.

PHOTOSYSTEM II After an excited chlorophyll a molecule in 
the reaction center (Chl*) gives up its energetic electron to reduce 
a chemical acceptor molecule, the chlorophyll lacks an electron 
and is very unstable. It has a strong tendency to “grab” an elec-
tron from another molecule to replace the one it lost—it is now 
a strong oxidizing agent. The replenishing electrons come from 
water, breaking the two O—H bonds:

Oxidation of water: H2O ⃪   ½ O2 + 2 H+ + 2 e–

Reduction of chlorophyll a: 2 e– + 2 Chl+ ⃪   2 Chl
Overall: 2 Chl+ + H2O ⃪   2 Chl + 2 H+ + ½ O2

The source of the O2 produced by photosynthesis is H2O.

PHOTOSYSTEM I In photosystem I, an excited electron from 
the Chl* at the reaction center reduces an acceptor. The oxidized 
chlorophyll (Chl+) now “grabs” an electron, but in this case the 
electron comes from photosystem II, by way of the last carrier in 
the electron transport system. This links the two photosystems 
chemically. They are also linked spatially, with both photosystems 
present in the thylakoid membrane. The energetic electrons from 

photosystem I pass through several molecules in another electron 
transport system and end up reducing NADP+ to NADPH.

Next in the process of harvesting light energy to produce car-
bohydrates is the series of carbon-fixation reactions. These re-
actions require more ATP than NADPH. If the pathway we just 
described, the noncyclic or Z-scheme pathway, were the only set 
of light reactions operating, there might not be sufficient ATP for 
carbon fixation. Cyclic photophosphorylation makes up for this 
imbalance. This pathway uses only photosystem I and produces 
ATP but not NADPH; it is cyclic because the electrons flow from 
the reaction center of photosystem I, through the electron trans-
port system that delivers electrons to photosystem I, and then back 
to photosystem I (see Figure 5.21).
Animation 5.4 Photophosphorylation
PoL3e.com/a5.4

We have seen how photosystems I and II absorb light energy, 
which ultimately ends up as chemical-bond energy in ATP and 
NADPH. Let’s look now at how these two energy-rich molecules 
are used in the carbon-fixation reactions to reduce CO2 and 
thereby form carbohydrates.

The chemical-bond energy generated by  
the light reactions is used to convert CO2  
to carbohydrates
The energy in ATP and NADPH is used in the carbon-fixation reac-
tions to produce carbohydrates from CO2. During this process, the 
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FIGURE 5.21 Electron Transport during the Light Reactions 
of Photosynthesis Electron transport may involve the noncyclic, or 
Z-scheme pathway, or the cyclic pathway. In the noncyclic pathway (solid 
blue lines), electrons obtained by the reaction center chlorophyll a from the 
oxidation of water are excited by photosystem II and then transferred to 
an electron acceptor. After passing through an electron transport chain, 

electrons are used to reduce chlorophyll a of the photosystem I reaction 
center. Electrons are then excited again and used to reduce another electron 
acceptor. They then travel down the second electron transport chain and are 
finally used to reduce NADP+, forming NADPH. In the cyclic pathway (dashed 
blue lines), electrons flow from the reaction center of photosystem I, back to 
the first electron transport chain and then back to photosystem I.
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carbon atoms are reduced. Most carbon fixation occurs only in the 
light, when ATP and NADPH are being generated. The metabolic 
pathway occurs in the stroma, or central region, of the chloroplast 
(see Figure 5.15) and is called the Calvin cycle after one of its 
discoverers, Melvin Calvin. As in all biochemical pathways, each 
reaction in the Calvin cycle is catalyzed by a specific enzyme. The 
cycle is composed of three distinct processes (FIGURE 5.22):

1. Fixation of CO2. The initial reaction of the Calvin cycle adds 
the one-carbon CO2 to an acceptor molecule, the five-carbon 
ribulose 1,5-bisphosphate (RuBP). The immediate product is 
a six-carbon molecule, which quickly breaks down into two 
three-carbon molecules called 3-phosphoglycerate (3PG; see 
Figure 5.22). The enzyme that catalyzes this reaction, ribu-
lose bisphosphate carboxylase/oxygenase (rubis-
co), is rather sluggish as enzymes go. It typically catalyzes 
two to three fixation reactions per second. Because of this, 
plants need a lot of rubisco to perform enough photosynthe-
sis to satisfy the needs of growth and metabolism. Rubisco 

constitutes about half of all the protein in a leaf, and it is 
probably the most abundant protein on Earth.

2. Reduction of 3PG to form glyceraldehyde 3-phosphate. This series 
of reactions involves a phosphorylation (using the high-ener-
gy phosphate from an ATP made in the light reactions) and a 
reduction (using an NADPH made in the light reactions). The 
product is glyceraldehyde 3-phosphate (G3P), which is 
a three-carbon sugar phosphate.

3. Regeneration of the CO2 acceptor, RuBP. Most of the G3P ends 
up as ribulose monophosphate (RuMP), and ATP is used to 
convert this compound into RuBP. So for every “turn” of 
the Calvin cycle, one CO2 is fixed and the CO2 acceptor is 
regenerated.

Animation 5.5 Tracing the Pathway of CO2
PoL3e.com/a5.5

What happens to the extra G3P made by the Calvin cycle that does 
not go on to produce RuMP (see Figure 5.22)? About one-sixth of 
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The Calvin Cycle The Calvin 
cycle synthesizes glyceraldehyde 
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Activity 5.9 The Calvin Cycle
PoL3e.com/ac5.9
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the G3P produced in the Calvin cycle is exported out of the chlo-
roplast to the cytosol, where it is converted to hexoses (glucose and 
fructose) (see step 3 of Figure 5.22). These are the hexoses that are 
represented as C6H12O6 in the general equation for photosynthe-
sis. These molecules may be catabolized for energy in mitochon-
dria as part of cellular respiration; used as carbon skeletons for the 
synthesis of amino acids and other molecules; or converted to the 
disaccharide sucrose, which is transported out of the leaf to other 
organs in the plant.

Late in the day when glucose has accumulated inside the chloro-
plast, the glucose units are linked to form the polysaccharide starch. 
This storage carbohydrate can then be drawn on during the night 
so that the photosynthetic tissues can continue to export sucrose to 
the rest of the plant even when photosynthesis is not taking place. 
In addition, starch is abundant in nonphotosynthetic organs such 
as roots, underground stems, and seeds, where it provides a ready 
supply of glucose to fuel cellular activities, including plant growth.

The products of the Calvin cycle are of crucial importance to 
Earth’s entire biosphere. The C—H covalent bonds generated by this 

cycle store almost all of the energy for life on Earth. Photosynthetic 
organisms, which are also called autotrophs (“self-feeders”), re-
lease most of this energy in cellular respiration, and use it to support 
their own growth, development, and reproduction. However, pho-
tosynthetic organisms are also the source of energy for other organ-
isms that consume them, the heterotrophs (“other-feeders”) that 
cannot photosynthesize. Heterotrophs depend on autotrophs for 
chemical-bond energy, which they harvest via cellular respiration. 
Even when a heterotroph is consuming another heterotroph, such 
as when we eat a fish for dinner, the chemical-bond energy in that 
fish ultimately comes from the Sun: the fish could be one that fed 
on photosynthetic organisms (such as algae), or it might have fed 
on another heterotroph that fed on photosynthetic organisms, or it 
might have fed on a heterotroph that fed on a heterotroph that fed 
on photosynthetic organisms…you get the idea!

Key Concept 40.3 describes how the energy 
captured by autotrophs flows through ecological 
communities.

LINK

The green Earth
Why (ultimately) are photosynthetic organisms green? 
There are actually several other questions contained 
within this one:

1.  Why don’t plants have pigments that absorb light 
in the ultraviolet (UV) end of the spectrum? We 
already answered this question (see Key Concept 
5.5): UV and shorter wavelengths have so much 
energy per photon that they would damage 
the pigments that absorbed them.

2.  Why does peak absorbance, and peak  
photosynthetic rate, occur for photons with 
wavelengths around 400 nm?

3.  Why don’t plants have pigments that absorb photons with 
longer wavelengths—greater than 800 nm, for example?

4.  Finally, why don’t photosynthetic organisms use the middle 
of the visible light spectrum? In other words, why are  
photosynthetic organisms green and not black?

One way to make progress on answering these questions is 
to determine what wavelengths are available to photosynthetic 
organisms. FIGURE 5.23 shows how much solar irradiance 
reaches the top of Earth’s atmosphere, Earth’s surface at sea 
level, and 10 meters below the ocean surface. Another useful 
piece of information is that the amount of energy contained in 
light is about 124,000/λ kJ/mol, where λ is the wavelength in 
nanometers.

Using Figure 5.23, construct a table that shows approximately 
how much energy, relative to 400-nm-wavelength light, is avail-
able for light with wavelengths of 400, 550, 650, 1,000, and 

1,600 nm at Earths’ surface (sea level) and 10 meters below the 
ocean surface. Using the values from your table, go back and an-
swer Questions 2, 3, and 4. Do the answers to those questions 
suggest anything regarding whether photosynthesis evolved on land 
or in a marine environment?

THINK LIKE A SCIENTIST 

Quantitative
Reasoning

y=f (x )

Process of
Science

FIGURE 5.23 Solar Radiation Reaching Earth Curves show 
the solar irradiance, which is the amount of energy per unit time (Watts 
[W]) per square meter, for different wavelengths at different locations. 
(After R. Milo and R. Phillips. 2015. Cell Biology by the Numbers. Garland 
Science: New York. Adapted from National Renewable Energy Laboratory.)
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Rubisco can use O2 instead of CO2  
as a substrate
Rubisco fixes carbon from the atmosphere in the reaction between 
ribulose bisphosphate and CO2. However, rubisco also catalyzes 
the reaction between ribulose bisphosphate and O2, although 
at a lower rate. This reaction produces a five-carbon compound 
that then splits into a three-carbon compound and a two-carbon 
compound. The two-carbon compound is recycled in a series of 
steps and reenters the Calvin cycle. However, there is a cost, both 
in terms of energy (hydrolysis of ATP and oxidation of NADPH) 
and in terms of carbon: one carbon atom is fully oxidized to CO2. 
Thus the reaction of rubisco with O2, and the subsequent steps 
to return the product to the Calvin cycle, which are collectively 
termed photorespiration, result in the release of carbon into 
the atmosphere, rather than its fixation. How often rubisco reacts 
with O2 rather than CO2 determines the efficiency of the Calvin 
cycle. A higher relative concentration of O2 to CO2 and a higher 
temperature, which increases the affinity of rubisco for O2, both 
increase inefficiency.

When leaves are freely exchanging gases with their environ-
ment, the relative concentrations are such that the loss of efficiency 
due to photorespiration is small. However, on a hot day, when 
leaves close off pores called stomata to reduce water loss, the ratio 
of O2 to CO2 inside the leaf increases as photosynthesis produces 
O2 and uses up CO2; as a result, photorespiration increases and 
the efficiency of photosynthesis declines.

Such is the dilemma for plants carrying out photosynthesis as 
we have described it so far. This type of photosynthesis and the 
plants that use it are called C3 because the first detectable product 
of CO2 fixation, 3-phosphoglycerate, has three carbon atoms. In 
C4 and CAM (crassulacean acid metabolism) plants, however, the 
initial carbon-fixing reaction is different. This reaction combines 
a three-carbon compound and CO2 to form a four-carbon com-
pound as the initial product (hence “C4”). The reaction is catalyzed 
by an enzyme that, unlike rubisco, does not react with oxygen. 
Subsequently the four-carbon compound releases CO2, which is 
then fixed as usual by rubisco in the Calvin cycle.

In C4 plants, the initial fixation of CO2 and the second fixation of 
CO2 occur in separate cells (FIGURE 5.24A). The release of CO2 
from the four-carbon compound maintains a locally high concen-
tration of CO2 around rubisco, reducing photorespiration consider-
ably. In CAM plants, the initial fixation and second fixation of CO2 
are separated in time rather than space. In CAM plants, the initial 
fixation occurs at night, when leaves can more freely exchange gases 
with their environment without losing much water. Then, during 
the day, the four-carbon compound releases CO2 near rubisco, and 
carbohydrate synthesis proceeds (FIGURE 5.24B).

Key Concept 23.2 and Figure 23.7 provide 
greater detail on leaf anatomy and the different 
types of cells involved in photosynthesis.

LINK
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FIGURE 5.24 C4 and CAM Plants Fix Carbon Dioxide Twice (A) C4 
plants initially fix carbon into a four-carbon (4C) compound in mesophyll cells of the leaf. 
This compound then releases CO2 in the bundle sheath cells, which have high amounts 
of rubisco, to fix carbon in the first step of the Calvin cycle. (B) At night, CAM plants fix 
carbon into a four-carbon compound, which is then stored in the vacuole. This com-
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Regents/ASU Ask A Biologist; CC BY-SA 3.0. https://askabiologist.asu.edu/cam-plants)
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Answer: One answer is, of course, 
that photosynthetic organisms are 
abundant and they use pigments, such 
as chlorophyll, to absorb photons of 
light that are blue or red. Photons in 
the green part of the spectrum are thus 
reflected off photosynthetic organisms 
(or pass straight through), making them 
appear green.

While this explanation is correct, it is 
a proximate explanation, meaning it 
explains how photosynthetic organisms 

are green. However, it is not an ultimate 
explanation for why photosynthetic 
pigments are green as opposed to  
blue or red or some other color (see 
THINK LIKE A SCIENTIST on p. 123  
for the answer to this question). 
Biologists can be interested in both 
answers: a cell biologist might be  
most interested in how cells are green, 
while an evolutionary biologist might 
want to know why cells evolved to be 
green and not another color.

Why is Earth green?

We might expect that C4 and CAM plants would have an ad-
vantage in hotter climates, where photorespiration is more likely 
to be a burden. That is what we find. Most plant species are C3 
plants, which initially fix CO2 using rubisco and thus have no 
way to avoid photorespiration. C3 plants, such as rice and wheat, 

perform best in temperate areas. C4 plants, such as corn and sug-
arcane, and CAM plants, which include succulents such as cacti, 
perform well in hotter environments.
Media Clip 5.2 Why Are Leaves Green?
PoL3e.com/mc5.2

Photosynthesis captures energy from light and uses that  
energy to synthesize carbohydrates from CO2 fixed from the 
atmosphere. Some of the reactions require light, which is 
used to excite electrons. These electrons are then used in 
electron transport to set up a proton gradient (like mitochon-
drial electron transport) and to reduce NADP+ to NADPH. The 
proton gradient is then used to synthesize ATP. The ATP and 
NADPH provide the energy needed by the carbon-fixation 
reactions that fix CO2 in the Calvin cycle. With few exceptions, 
all of the chemical-bond energy that is used by living organ-
isms can be traced back to photosynthesis.

1. What are the reactants and products of the light-depen-
dent and carbon-fixation reactions of photosynthesis, and 
where are the reactions located in the chloroplast?

2. When a photon of light is absorbed by photosystems, how 
is the energy used?

3. Explain why on a hot, dry day the rate of carbon fixation 
by photosynthesis in a C3 plant becomes very low but the 
plant continues to synthesize ATP.

4. Write equations for the production of the following in  
photosynthesis, and indicate whether they are oxidations, 
reductions, or neither: Chl+, O2, ATP, NADPH.

5. If green plant cells are incubated in the presence of CO2 
molecules containing radioactive carbon atoms, the fate 
of the carbon atoms can be followed. In an experiment, 
radioactive CO2 was provided for 1 minute to plant cells, 
and then the cells were examined after 1, 5, 10, 20, and 30 
minutes. The following molecules were labeled with radio-
active carbon at some point(s): glucose, glyceraldehyde 
3-phosphate (G3P), 3-phosphoglycerate (3PG), ribulose 
1,5-bisphosphate (RuBP), and sucrose. List these mol-
ecules in the order in which they became labeled.
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• The oxidative breakdown of carbohydrates takes place in four stages with many steps, 
each catalyzed by an enzyme or carrier protein. Some steps release energy, which is 
captured by reduction of a coenzyme or phosphorylation of ADP.

• Catabolism in the presence of O2 (AEROBIC RESPIRATION) releases much more 
energy than does catabolism in the absence of O2 (FERMENTATION) (FIGURE 5.5).

• Some of the stages of carbohydrate catabolism, including electron transport and ATP 
production by chemiosmosis, occur in mitochondria (FIGURE 5.9).

1. The formation of ATP from 
ADP + Pi is endergonic. 
How is a cell able to make 
this reaction occur?

2. What does it mean to say 
that ATP is the “energy 
currency” of the cell?

3. In a redox reaction, what 
does it mean to say that a 
compound is reduced or 
oxidized?

1. The degradation of glucose 
to release energy occurs 
in numerous steps, each 
of which has a reasonably 
small change in free energy. 
Why is this advantageous?

2. In the absence of oxygen, 
cells will switch to 
fermentation. The goal of 
respiration is to generate 
chemical-bond energy, but 
in fermentation the step 
from pyruvate to ethanol 
or lactate requires energy. 
Why don’t cells just stop 
the pathway at pyruvate, or 
acetyl CoA, in the absence 
of oxygen?

3. How is the chemical-bond 
energy in NADH and FADH2 
converted to chemical-
bond energy in ATP?

• The high-energy phosphate bonds of ADENOSINE TRIPHOSPHATE (ATP) release 
energy when hydrolyzed and store energy when formed (FIGURE 5.1).

• The hydrolysis of ATP is an exergonic reaction that releases energy. Endergonic 
reactions in a cell are coupled to exergonic reactions.

• During catabolism, molecules such as 
carbohydrates and lipids, which contain many 
C—C and C—H bonds, become oxidized, releasing 
energy. Oxidation is coupled to the energy-requiring 
reduction of coenzymes such as NAD+, which 
in the process produces NADH. Such REDOX 
REACTIONS are common in metabolic pathways.

FIGURE 5.5

FIGURE 5.1

Carbohydrate Catabolism in  
the Presence of Oxygen releases  
a large Amount of Energy

5.2
go to ACTIVITIES 5.2–5.8 and 
ANIMATIONS 5.1 and 5.2
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5 VISUAL SUMMARY

QUESTIONSATP and Reduced 
Coenzymes Are the Energy 
Currency for biosynthesis
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1. When you go on a diet, your body 
switches to breaking down fat stores 
in adipose tissue. Describe where 
triglycerides enter aerobic respiration 
and what happens to the hydrogen and 
carbon atoms contained in them.

2. How many ATP molecules will be 
generated from one molecule of a 
16-carbon fatty acid?

3. The respiratory chain in mitochondria 
ends up donating electrons to oxygen. 
However, electron transport is thought to 
have evolved before oxygen was present 
in the atmosphere. What does this 
indicate about early electron transport 
chains?

• The pathways for catabolism 
of carbohydrates, including 
glycolysis and the citric acid 
cycle, are central to the 
pathways for catabolism  
of lipids and proteins  
(FIGURE 5.14).

• Triglycerides are an important 
energy-storage molecule and 
are broken down to produce 
acetyl CoA by β-oxidation, 
which then enters the citric  
acid cycle.

FIGURE 5.14
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• Anabolic pathways involve many endergonic steps, and are thus often 
linked to the hydrolysis of ATP to provide energy.

• Both catabolic and anabolic pathways are regulated by enzymes.

• Anabolic pathways are often the reverse of catabolic pathways, involving 
the same molecules and enzymes.

1. The synthesis of macromolecule 
subunits, and of macromolecules 
themselves, occurs in numerous steps, 
none of which has a large change in free 
energy. Why are steps involving small 
changes in free energy advantageous?

2. When we switch to a low-carbohydrate 
diet, glucose levels do not drop to zero in 
our blood stream. Where might glucose 
be coming from in the short term (over 
the first few hours to a day or two) and 
long term (days to weeks)?

3. When a single-celled organism finds itself 
in a situation in which levels of glucose 
are very high for a long period of time, 
what kinds of metabolic enzymes might 
be expressed at higher levels?

FIGURE 5.15

QUESTIONS

Anabolic Pathways use 
large Amounts of ATP5.4

Life Is Supported by the Sun:  
light Energy Captured during 
Photosynthesis Converts Carbon 
dioxide to Carbohydrates

5.5
1. In what way are chloroplasts and 

mitochondria similar in their function?

2. Plant cell walls are composed mostly of 
cellulose. Why might this be the case? 
(Hint: Examine the structure of cellulose 
in Key Concept 3.2.)

3. In what kinds of environments do you 
expect C4 and CAM plants to do better 
than C3 plants? Explain your answer.

go to LaunchPad for the ebook, learningCurve, animations, activities, flashcards, and additional resources and assignments.

• PHOTOSYNTHESIS occurs in the 
chloroplast in eukaryotic plants and 
algae and on membranes in the 
cytosol in prokaryotes.

• There are two phases of 
photosynthesis: one phase captures 
light energy and converts it into 
chemical-bond energy, and the 
other phase uses this chemical-bond 
energy to synthesize carbohydrates 
from CO2 (FIGURE 5.15).

go to ACTIVITY 5.9 and 
ANIMATIONS 5.3–5.5

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_VS 05.5.ai          Date 07-23-18

H2O

Pi

ATPATP

ADP
+

NADP+

NADPHNADPH
Calvin
cycle

Electron
transport

NADPH
cycle

ATP cycle
Chlorophyll

Light
(photon) Chloroplast

Stroma

Thylakoid

O2 Sugars

CO2

Catabolic Pathways for 
Carbohydrates, lipids, and 
Proteins Are Interconnected

5.3

VISUAL SUMMARY 5

POL3E_Chapter 5.indd   127 12/13/18   1:37 PM


	Watermark PDF.pdf
	Hillis PoL3e Chapter 5.pdf



