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CHAPTER THIRTEEN

How Cells Obtain Energy
From Food

As we discussed in Chapter 3, cells require a constant supply of energy
to generate and maintain the biological order that allows them to grow,
divide, and carry out their day-to-day activities. This energy comes from
the chemical-bond energy in food molecules, which thereby serve as fuel
for cells.

Perhaps the most important fuel molecules are the sugars. Plants make
their own sugars from CO, by photosynthesis. Animals obtain sugars—
and other organic molecules that can be chemically transformed into
sugars—by eating plants and other organisms. Nevertheless, the process
whereby all these sugars are broken down to generate energy is very
similar in both animals and plants. In both cases, the organism'’s cells
harvest useful energy from the chemical-bond energy locked in sugars as
the sugar molecule is broken down and oxidized to carbon dioxide (COy)
and water (H,O)—a process called cell respiration. The energy released
during these reactions is captured in the form of “high-energy” chemi-
cal bonds—covalent bonds that release large amounts of energy when
hydrolyzed—in activated carriers such as ATP and NADH. These carriers
in turn serve as portable sources of the chemical groups and electrons
needed for biosynthesis (discussed in Chapter 3).

In this chapter, we trace the major steps in the breakdown of sugars and
show how ATP, NADH, and other activated carriers are produced along
the way. We concentrate on the breakdown of glucose because it gener-
ates most of the energy produced in the majority of animal cells. A very
similar pathway operates in plants, fungi, and many bacteria. Other mol-
ecules, such as fatty acids and proteins, can also serve as energy sources
if they are funneled through appropriate enzymatic pathways. We will

THE BREAKDOWN AND
UTILIZATION OF SUGARS
AND FATS

REGULATION OF METABOLISM
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(A) DIRECT BURNING OF SUGAR
IN NONLIVING SYSTEM

CHAPTER 13 How Cells Obtain Energy From Food

(B) STEPWISE OXIDATION OF SUGAR IN CELLS

large activation

energy overcome
by the heat from

a fire
SUGAR + O, 7

free energy

O, + H,0

Figure 13-1 The controlled, stepwise
oxidation of sugar in cells captures useful
energy, unlike the simple burning of

the same fuel molecule. (A) The direct
burning of sugar in nonliving systems
generates more energy than can be stored
by any carrier molecule. This energy is thus
released as heat. (B) In a cell, enzymes
catalyze the breakdown of sugars via a
series of small steps, in which a portion of
the free energy released is captured by the
formation of activated carriers—most often
ATP and NADH. Each step is catalyzed

by an enzyme that lowers the activation
energy barrier that must be surmounted by
the random collision of molecules at the
temperature of cells (body temperature),

so as to allow the reaction to occur. The
total free energy released by the oxidative
breakdown of glucose—686 kcal/mole (2880
kJ/mole)—is exactly the same in (A) and (B).

outer mitochondrial membrane

/

1 I
intermembrane inner mitochondrial
space membrane

all free energy is
released as heat;
none is stored

small activation energies
overcome by enzymes that
J/ work at body temperature

SUGAR + O, ] -

some free
energy stored in
activated carrier
molecules

see how cells use many of the molecules generated from the breakdown
of sugars and fats as starting points to make other organic molecules.

Finally, we examine how cells regulate their metabolism and how they
store food molecules for their future metabolic needs. We will save our
discussion of the elaborate mechanism cells use to produce the bulk of
their ATP for Chapter 14.

THE BREAKDOWN AND UTILIZATION OF
SUGARS AND FATS

If a fuel molecule such as glucose were oxidized to CO, and HzO in a sin-
gle step—by, for example, the direct application of fire—it would release
an amount of energy many times larger than any carrier molecule could
capture (Figure 13-1A). Instead, cells use enzymes to carry out the oxi-
dation of sugars in a tightly controlled series of reactions. Thanks to
the action of enzymes—which operate at temperatures typical of living
things—cells degrade each glucose molecule step by step, paying out
energy in small packets to activated carriers by means of coupled reac-
tions (Figure 13-1B). In this way, much of the energy released by the
breakdown of glucose is saved in the high-energy bonds of ATP and other
activated carriers, which can then be made available to do useful work
for the cell.

Animal cells make ATP in two ways. First, certain energetically favora-
ble, enzyme-catalyzed reactions involved in the breakdown of foods are
directly coupled to the energetically unfavorable reaction ADP + P; —
ATP. Thus the oxidation of food molecules can provide energy for the
immediate production of ATP. Most ATP synthesis, however, requires an
intermediary. In this second pathway to making ATP, the energy from
other activated carriers is used to drive ATP production. This process,
called oxidative phosphorylation, takes place on the inner mitochondrial
membrane (Figure 13-2), and it is described in detail in Chapter 14. In this
chapter, we focus on the first sequence of reactions by which food mol-
ecules are oxidized—both in the cytosol and in the mitochondrial matrix
(see Figure 13-2). These reactions produce both ATP and the additional

Figure 13-2 A mitochondrion has two membranes and a large
internal space called the matrix. Most of the energy from food
molecules is harvested in mitochondria—both in the matrix and in the
inner mitochondrial membrane.
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activated carriers that will subsequently help drive the production of

much larger amounts of ATP by oxidative phosphorylation.

Food Molecules Are Broken Down in Three Stages

The proteins, fats, and polysaccharides that make up most of the food we
eat must be broken down into smaller molecules before our cells can use
them—either as a source of energy or as building blocks for making other
organic molecules. This breakdown process—in which enzymes degrade
complex organic molecules into simpler ones—is called catabolism. The
process takes place in three stages, as illustrated in Figure 13-3.

(A)

STAGE 1:

BREAKDOWN
OF FOODS
TO SIMPLE
SUBUNITS

STAGE 2:
BREAKDOWN OF
SIMPLE SUBUNITS
TO ACETYL CoA;
LIMITED AMOUNTS
OF ATP AND NADH
PRODUCED

STAGE 3:
COMPLETE
OXIDATION

OF ACETYL
CoATO H0

AND CO»; LARGE
AMOUNTS OF ATP

pyruvate
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Figure 13-3 The breakdown of food
molecules occurs in three stages.

(A) Stage 1 mostly occurs outside cells

in the mouth and the gut—although
intracellular lysosomes can also digest
large organic molecules. Stage 2 occurs
mainly in the cytosol, except for the final
step of conversion of pyruvate to acetyl
groups on acetyl CoA, which occurs in the
mitochondrial matrix. Stage 3 begins with
the citric acid cycle in the mitochondrial
matrix and concludes with oxidative
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phosphorylation on the mitochondrial inner

membrane. The NADH generated in stage
2—during glycolysis and the conversion

of pyruvate to acetyl CoA—adds to the
NADH produced by the citric acid cycle to
drive the production of ATP by oxidative
phosphorylation.

(B) The net products of the complete
oxidation of food include ATP, NADH, CO»,
and H2O. The ATP and NADH provide
the energy and electrons needed for
biosynthesis; the CO, and HyO are waste
products.

___plasma
membrane
of eukaryotic
cell

__ mitochondrial
matrix

__ outer mitochondrial
membrane

__ inner mitochondrial
membrane

PRODUCED IN
MITOCHONDRION
(B) NET RESULT:
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CHAPTER 13 How Cells Obtain Energy From Food

In stage 1 of catabolism, enzymes convert the large polymeric molecules
in food into simpler monomeric subunits: proteins into amino acids,
polysaccharides into sugars, and fats into fatty acids and glycerol. This
stage—also called digestion—occurs either outside cells (in the intestine)
or in specialized organelles within cells called lysosomes (discussed in
Chapter 15). After digestion, the small organic molecules derived from
food enter the cytosol of a cell, where their gradual oxidative breakdown
begins.

In stage 2 of catabolism, a chain of reactions called glycolysis splits each
molecule of glucose into two smaller molecules of pyruvate. Sugars other
than glucose can also be used, after first being converted into one of the
intermediates in this sugar-splitting pathway. Glycolysis takes place in
the cytosol and, in addition to producing pyruvate, it generates two types
of activated carriers: ATP and NADH. The pyruvate is transported from
the cytosol into the mitochondrion’s large, internal compartment called
the matrix. There, a giant enzyme complex converts each pyruvate mol-
ecule into CO» plus acetyl CoA, another of the activated carriers discussed
in Chapter 3 (see Figure 3-36). In the same compartment, large amounts
of acetyl CoA are also produced by the stepwise oxidative breakdown of
fatty acids derived from fats (see Figure 13-3).

Stage 3 of catabolism takes place entirely in mitochondria. The acetyl
group in acetyl CoA is transferred to an oxaloacetate molecule to form
citrate, which enters a series of reactions called the citric acid cycle. In
these reactions, the transferred acetyl group is oxidized to CO> with the
production of large amounts of NADH. Finally, the high-energy electrons
from NADH are passed along a series of enzymes within the mitochon-
drial inner membrane called an electron-transport chain, where the energy
released by their transfer is used to drive oxidative phosphorylation—a
process that produces ATP and consumes molecular oxygen (Oz gas). It is
in these final steps of catabolism that the majority of the energy released
by oxidation is harnessed to produce most of the cell’'s ATP.

Through the production of ATP, the energy derived from the breakdown
of sugars and fats is redistributed into packets of chemical energy in a
form convenient for use in the cell. In total, nearly half of the energy that
could, in theory, be derived from the breakdown of glucose or fatty acids
to H,O and CO; is captured and used to drive the energetically unfavora-
ble reaction ADP + P; — ATP. By contrast, a modern combustion engine,
such as a car engine, can convert no more than 20% of the available
energy in its fuel into useful work. In both cases, the remaining energy is
released as heat, which in animals helps to keep the body warm.

Roughly 10 molecules of ATP are in solution in a typical cell at any
instant. In many cells, all of this ATP is turned over (that is, consumed and
replaced) every 1-2 minutes. An average person at rest will hydrolyze his
or her weight in ATP molecules every 24 hours.

Glycolysis Extracts Energy from the Splitting of Sugar

The central process in stage 2 of catabolism is the oxidative breakdown
of glucose in the sequence of reactions known as glycolysis. Glycolysis
produces ATP without the involvement of oxygen. It occurs in the cytosol
of most cells, including many anaerobic microorganisms that thrive in
the absence of oxygen. Glycolysis probably evolved early in the history
of life on Earth, before photosynthetic organisms introduced oxygen into
the atmosphere.

The term “glycolysis” comes from the Greek glykys, “sweet,” and lysis,
“splitting.” 1t is an appropriate name, as glycolysis splits a molecule of
glucose, which has six carbon atoms, to form two molecules of pyru-
vate, each of which contains three carbon atoms. The series of chemical
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CH,OH |

OH [NADH | ATP ATP Hs
HO OH \ -
O O
9 w w w \

C
ATe [ ATP |
ATP ATP
mm @@ G Lo
CH,
two molecules
glucose NET RESULT: GLUCOSE —» 2 PYRUVATE + 2 ATP + 2 NADH of pyruvate
rearrangements that ultimately generate pyruvate release energy because Figure 13-4 Glycolysis splits a molecule

the electrons in a molecule of pyruvate are, overall, at a lower energy of glucose to form two molecules of
pyruvate. The process requires an input of

state than those in a molecule of glucose. Nevertheless, for each mol- energy, in the form of ATP, at the start. This
ecule of glucose that enters glycolysis, two molecules of ATP are initially energy investment is later recouped by the
consumed to provide the energy needed to prepare the sugar to be split. production of two NADHs and four ATPs.
This investment of energy is more than recouped in the later steps of

glycolysis, when four molecules of ATP are produced. Energy is also cap-

tured in this “payoff phase” in the form of NADH. Thus, at the end of

glycolysis, there is a net gain of two molecules of ATP and two molecules

of NADH for each glucose molecule broken down (Figure 13-4).

Glycolysis Produces Both ATP and NADH

Piecing together the complete glycolytic pathway in the 1930s was a
major triumph of biochemistry, as the pathway consists of a sequence
of 10 separate reactions, each producing a different sugar intermediate
and each catalyzed by a different enzyme. Like most enzymes, those that
catalyze glycolysis all have names ending in -ase—like isomerase and
dehydrogenase—which specify the type of reaction they catalyze (Table
13-1). The reactions of the glycolytic pathway are presented in outline in
Figure 13-5 and in detail in Panel 13-1 (pp. 428-429).

TABLE 13-1 SOME TYPES OF ENZYMES INVOLVED IN GLYCOLYSIS

Enzyme type Role in glycolysis

Kinase catalyzes the addition of a kinase transfers a
a phosphate group to phosphate group from ATP
molecules to a substrate in steps 1 and
3; other kinases transfer a
phosphate to ADP to form
ATP in steps 7 and 10
Isomerase catalyzes the isomerases in steps 2 and 5
rearrangement of bonds prepare molecules for the
within a single molecule chemical alterations to come
Dehydrogenase catalyzes the oxidation of the enzyme glyceraldehyde
a molecule by removing 3-phosphate dehydrogenase
a hydrogen atom plus an generates NADH in step 6
electron (a hydride ion, H7)
Mutase catalyzes the shifting of a the movement of
chemical group from one a phosphate by
position to another withina  phosphoglycerate mutase
molecule in step 8 helps prepare the

substrate to transfer this
group to ADP to make ATP
in step 10
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Figure 13-5 The stepwise breakdown

of sugars begins with glycolysis. Each of
the 10 steps of glycolysis is catalyzed by a
different enzyme. Note that step 4 cleaves
a six-carbon sugar into two three-carbon
sugars, so that the number of molecules at
every stage after this doubles. Note also
that one of the products of step 4 needs to
be modified (isomerized) in step 5 before
it can proceed to step 6 (see Panel 13-1).
As indicated, step 6 begins the energy-
generation phase of glycolysis, which results
in the net synthesis of ATP and NADH

(see also Figure 13-4). Glycolysis is also
sometimes referred to as the Embden—
Meyerhof pathway, named for the chemists
who first described it. All the steps of
glycolysis are reviewed in Movie 13.1.

CHAPTER 13 How Cells Obtain Energy From Food

CH,OH
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Much of the energy released by the breakdown of glucose is used to
drive the synthesis of ATP molecules from ADP and P;. This form of ATP
synthesis, which takes place in steps 7 and 10 in glycolysis, is known
as substrate-level phosphorylation because it occurs by the transfer of a
phosphate group directly from a substrate molecule—one of the sugar
intermediates—to ADP. By contrast, most phosphorylations in cells occur
by the transfer of phosphate from ATP to a substrate molecule.

The remainder of the energy released during glycolysis is stored in the
electrons in the NADH molecule produced in step 6 by an oxidation
reaction. As discussed in Chapter 3, oxidation does not always involve
oxygen; it occurs in any reaction in which electrons are lost from one
atom and transferred to another. So, although no molecular oxygen is
involved in glycolysis, oxidation does occur: in step 6, a hydrogen atom
plus an electron is removed from the sugar intermediate, glyceraldehyde
3-phosphate, and transferred to NAD*, producing NADH (see Panel 13-1,
p. 428).

Over the course of glycolysis, two molecules of NADH are formed per
molecule of glucose. In aerobic organisms, these NADH molecules donate
their electrons to the electron-transport chain in the inner mitochondrial
membrane, as described in detail in Chapter 14. Such electron transfers
release energy as the electrons fall from a state of higher energy to a
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lower one. The electrons that are passed along the electron-transport
chain are ultimately passed on to Oy, forming water.

In giving up its electrons, NADH is converted back into NAD*, which is
then available to be used again for glycolysis. In the absence of oxygen,
NAD* can be regenerated by an alternate type of energy-yielding reaction
called a fermentation, as we discuss next.

Fermentations Can Produce ATP in the Absence of
Oxygen

For most animal and plant cells, glycolysis is only a prelude to the third
and final stage of the breakdown of food molecules, in which large
amounts of ATP are generated in mitochondria by oxidative phospho-
rylation, a process that requires the consumption of oxygen. However,
for many anaerobic microorganisms, which can grow and divide in the
absence of oxygen, glycolysis is the principal source of ATP. The same
is true for certain animal cells, such as skeletal muscle cells, which can
continue to function at low levels of oxygen.

In these anaerobic conditions, the pyruvate and NADH made by gly-
colysis remain in the cytosol. The pyruvate is converted into products
that are excreted from the cell: lactate in muscle cells, for example, or
ethanol and CO; in the yeast cells used in brewing and breadmaking.
The NADH gives up its electrons in the cytosol, and is converted back to
the NAD* required to maintain the reactions of glycolysis (Figure 13-6).
Such energy-yielding pathways that break down sugar in the absence of
oxygen are called fermentations. Scientific studies of the commercially
important fermentations carried out by yeasts laid the foundations for
early biochemistry.

(A) FERMENTATION IN AN ACTIVE MUSCLE CELL

glucose

NAD*

o )

bl >
B :
glycolysis

N S NAD" N/

C regeneration C

P

CH, CH,
pyruvate lactate

H—Cl—OH

(B) FERMENTATION IN YEAST

glucose

NAD*

;’mﬂ'ﬁ NAD+_>

Ny B
H:
glycolysis

NAD"
regeneration

—o \ H2C|—OH
I CH;

pyruvate ethanol

QUESTION 13-1

At first glance, the final steps

in fermentation appear to be
unnecessary: the generation of
lactate or ethanol does not produce
any additional energy for the cell.
Explain why cells growing in the
absence of oxygen could not simply
discard pyruvate as a waste product.
Which products derived from
glucose would accumulate in cells
unable to generate either lactate or
ethanol by fermentation?

Figure 13-6 Pyruvate is broken down in
the absence of oxygen by fermentation.
(A) When inadequate oxygen is present,
for example, in a muscle cell undergoing
vigorous contraction, the pyruvate produced
by glycolysis is converted to lactate in the
cytosol. This reaction restores the NAD*
consumed in step 6 of glycolysis, but the
whole pathway yields much less energy
overall than if the pyruvate were oxidized

in mitochondria. (B) In microorganisms

that can grow anaerobically, pyruvate is
converted into carbon dioxide and ethanol.
Again, this pathway regenerates NAD™ from
NADH, as required to enable glycolysis to
continue. Both (A) and (B) are examples

of fermentations. Note that in both cases,
for each molecule of glucose that enters
glycolysis, two molecules of pyruvate are
generated (only a single pyruvate is shown
here). Fermentation of these two pyruvates
subsequently yields two molecules of
lactate—or two molecules of CO» and
ethanol—plus two molecules of NAD™.
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Figure 13-7 A pair of coupled reactions
drives the energetically unfavorable
formation of ATP in steps 6 and 7 of
glycolysis. In this diagram, energetically
favorable reactions are represented by blue
arrows; energetically costly reactions by red
arrows. In step 6, the energy released by
the energetically favorable oxidation of a
C-H bond in glyceraldehyde 3-phosphate
(blue arrow) is large enough to drive

two energetically costly reactions: the
formation of both NADH and a high-energy
phosphate bond in 1,3-bisphosphoglycerate
(red arrows). The subsequent energetically
favorable hydrolysis of that high-energy
phosphate bond in step 7 then drives the
formation of ATP.

phosphoenolpyruvate 15
(-14.8)
1,3-bisphosphoglycerate
11.7) 2
- O
<

ATP — ADP (-7.3) —

glucose 6-phosphate —_
(-3.3)

AG°® FOR HYDROLYSIS OF PHOSPH
I
&

-0

Figure 13-8 Differences in the energies
of different phosphate bonds allow the
formation of ATP by substrate-level
phosphorylation. Examples of molecules
containing different types of phosphate
bonds are shown, along with the free-
energy change for hydrolysis of those bonds
in kcal/mole (1 kcal = 4.184 kJ). The transfer
of a phosphate group from one molecule
to another is energetically favorable if

the standard free-energy change (AG®)

for hydrolysis of the phosphate bond is
more negative for the donor molecule
than for the acceptor. (The hydrolysis
reactions can be thought of as the transfer
of the phosphate group to water.) Thus,

a phosphate group is readily transferred
from 1,3-bisphosphoglycerate to ADP to
form ATP. Transfer reactions involving the
phosphate groups in these molecules are
detailed in Panel 13-1 (pp. 428-429).
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Many bacteria and archaea can also generate ATP in the absence of oxy-
gen by anaerobic respiration, a process that uses a molecule other than
oxygen as a final electron acceptor. Anaerobic respiration differs from
fermentation in that it involves an electron-transport chain embedded in
a membrane—in this case, the plasma membrane of the microbe.

Glycolytic Enzymes Couple Oxidation to Energy Storage in
Activated Carriers

The “paddle wheel” analogy in Chapter 3 explained how cells harvest
useful energy from the oxidation of organic molecules by coupling an
energetically unfavorable reaction to an energetically favorable one
(see Figure 3-30). Here, we take a closer look at a key pair of glycolytic
reactions that demonstrate how enzymes—the paddle wheel in our anal-
ogy—allow coupled reactions to facilitate the transfer of chemical energy
to ATP and NADH.

The reactions in question—steps 6 and 7 in Panel 13-1—convert the
three-carbon sugar intermediate glyceraldehyde 3-phosphate (an alde-
hyde) into 3-phosphoglycerate (a carboxylic acid). This conversion,
which entails the oxidation of an aldehyde group to a carboxylic acid
group, occurs in two steps. The overall reaction releases enough free
energy to transfer two electrons from the aldehyde to NAD* to form
NADH and to transfer a phosphate group to a molecule of ADP to form
ATP. It also releases enough heat to the environment to make the overall
reaction energetically favorable: the AG® for step 6 followed by step 7 is
-3.0 kcal/mole (Figure 13-7).

The energy contained in any phosphate bond can be determined by meas-
uring the standard free-energy change (AG°) when that bond is broken
by hydrolysis. Molecules that contain phosphate bonds that have more
energy than those found in ATP—including the high-energy 1,3-bisphos-
phoglycerate generated in step 6 of glycolysis—readily transfer their
phosphate group to ADP to form ATP. Figure 13-8 compares the high-
energy phosphoanhydride bond in ATP with a few of the other phosphate
bonds that are generated during glycolysis. As explained in Panel 13-1,
we describe these bonds as “high energy” only in that their hydrolysis is
particularly energetically favorable.
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The reaction in step 6 is the only one in glycolysis that creates a high-
energy phosphate linkage directly from inorganic phosphate—an example
of the substrate-level phosphorylation mentioned earlier. How this high-
energy linkage is generated in step 6—and then consumed in step 7 to

produce ATP—is detailed in Figure 13-9.

(A) STEPS 6 AND 7 OF GYCOLYSIS

A short-lived covalent bond is
formed between glyceraldehyde
3-phosphate and the -SH group of
a cysteine side chain of the enzyme
glyceraldehyde 3-phosphate
dehydrogenase. The enzyme also
binds noncovalently to NAD*.

Glyceraldehyde 3-phosphate is
oxidized as the enzyme removes a
hydrogen atom (yellow) and
transfers it, along with an electron,
to NAD*, forming NADH (see
Figure 3.34). Part of the energy
released by the oxidation of the
aldehyde is thus stored in NADH,
and part is stored in the high-
energy thioester bond that links
glyceraldehyde 3-phosphate to the
enzyme.

A molecule of inorganic phosphate
displaces the high-energy thioester
bond to create 1,3-bisphospho-
glycerate, which contains a
high-energy phosphate bond.

The high-energy phosphate group
is transferred to ADP to form ATP.

The oxidation of an aldehyde to a
carboxylic acid releases energy,
much of which is captured in the
activated carriers ATP and NADH.
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QUESTION 13-2

Arsenate (AsO43) is chemically very
similar to phosphate (PO4*) and is
used as an alternative substrate by
many phosphate-requiring enzymes.
In contrast to phosphate, however,
an anhydride bond between
arsenate and carbon is very quickly
hydrolyzed nonenzymatically in
water. Knowing this, suggest why
arsenate is a compound of choice
for murderers but not for cells.
Formulate your explanation in the
context of Figure 13-7.

Figure 13-9 The oxidation of
glyceraldehyde 3-phosphate is coupled
to the formation of ATP and NADH in
steps 6 and 7 of glycolysis. (A) In step 6,
the enzyme glyceraldehyde 3-phosphate
dehydrogenase couples the energetically
favorable oxidation of an aldehyde to

the energetically unfavorable formation

of a high-energy phosphate bond. At

the same time, it enables energy to be
stored in NADH. The formation of the
high-energy phosphate bond is driven by
the oxidation reaction, and the enzyme
thereby acts like the “paddle wheel”
coupler in Figure 3-30B. In step 7, the
newly formed high-energy phosphate bond
in 1,3-bisphosphoglycerate is transferred

to ADP, forming a molecule of ATP and
leaving a free carboxylic acid group on the
oxidized sugar. The part of the molecule
that undergoes a change is shaded in blue;
the rest of the molecule remains unchanged
throughout all these reactions. (B) Summary
of the overall chemical change produced by
the reactions of steps 6 and 7.



s PANEL 13—=1 DETAILS OF THE 10 STEPS OF GLYCOLYSIS

For each step, the part of the molecule that undergoes a change is shadowed in - and the name of the enzyme that catalyzes the
reaction is in a yellow box. To watch a video of the reactions of glycolysis, see Movie 13.1.

I_Step ! Glucose is

phosphorylated by ATP to
form a sugar phosphate.
The negative charge of the
phosphate prevents passage
of the sugar

phosphate through the
plasma membrane,
trapping glucose inside

the cell glucose

Step 2 A readily

reversible
rearrangement of
the chemical
structure
(isomerization)
moves the
carbonyl oxygen
from carbon 1 to
carbon 2, forming a
ketose from an
aldose sugar.

(See Panel 2-3,
pp. 70-71.)

6 CH,0—P)
5 0

4
HO

OH
3

OH

(ring form)

glucose 6-phosphate

I& The new hydroxyl

group on carbon 1 is
phosphorylated by ATP, in
preparation for the formation
of two three-carbon sugar
phosphates. The entry of sugars
into glycolysis is controlled at
this step, through regulation

of the enzyme
phosphofructokinase.

O. CH,OH

HO

®—OH,C

OH
OH

fructose 6-phosphate

I Step 4 The

six-carbon sugar is
cleaved to produce
two three-carbon
molecules. Only the
glyceraldehyde
3-phosphate can
proceed immediately
through glycolysis.

(P—OH,C CH,0—P)

@)
HO
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(ring form)

fructose 1,6-bisphosphate

I& The other

product of step 4,
dihydroxyacetone

(open-chain form)

CH,O0—P.
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HO
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phosphoglucose
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?
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(open-chain form)

dihydroxyacetone
phosphate

glyceraldehyde
3-phosphate
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I
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I& The two molecules glyceraldehyde 3-phosphate o O—®
of glyceraldehyde 3-phosphate dehydrogenase N\ S
are oxidized. The
energy-generation phase of [ + NAD* + | + m + H*
glycolysis begins, as NADH and H—C—OH H—C—OH
a new high-energy anhydride

linkage to phosphate are
formed (see Figure 13-5). CHO0~®) CH,0—P)

glyceraldehyde 1,3-bisphosphoglycerate
3-phosphate

Iﬂ The transfer O\ /O_® phosphoglycerate kinase
to ADP of the C
high-energy phosphate | + -
group that was H—C—OH H—C—OH
generated in step 6

forms ATP. CH,O _® CH,O _®
1,3-bisphosphoglycerate 3-phosphoglycerate

Step 8 The remaining

phosphate ester linkage in phosphoglycerate mutase

3-phosphoglycerate,

which has a relatively low C— C— (:)
free energy of hydrolysis, H ZC Ol H—C@

is moved from carbon 3

to carbon 2 to form 3CH2O_® CH, .

2-phosphoglycerate. 3-phosphoglycerate 2-phosphoglycerate

I& The removal of O\ /O_

water from 2-phosphoglycerate C
creates a high-energy enol

phosphate linkage. H—C—O—® <

CH,OH
2-phosphoglycerate

enolase

Step 10 The transfer to

ADP of the high-energy C pyruvate kinase
phosphate group that was

generated in step 9 forms

ATP, completing

glycolysis. CH,

phosphoenolpyruvate pyruvate

J NET RESULT OF GLYCOLYSIS

CH,OH
Q

In addition to the pyruvate, the net products are two molecules
glucose two molecules of ATP and two molecules of NADH. of pyruvate
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(A) pyruvate
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pyruvate

@ dehydrogenase
complex

Figure 13-10 Pyruvate is converted into acetyl CoA and CO; by
the pyruvate dehydrogenase complex in the mitochondrial matrix.
(A) The pyruvate dehydrogenase complex, which contains multiple
copies of three different enzymes—pyruvate dehydrogenase (1),
dihydrolipoyl transacetylase (2), and dihydrolipoyl dehydrogenase (3)—
converts pyruvate to acetyl CoA; NADH and CO; are also produced in
this reaction. Pyruvate and its products are shown in red lettering.

(B) In this large multienzyme complex, reaction intermediates are
passed directly from one enzyme to another via flexible tethers. Only
one-tenth of the subunits labeled 1 and 3, attached to the core formed
by subunit 2, are shown here. To get a sense of scale, the pyruvate
dehydrogenase complex is larger than a ribosome.

Several Organic Molecules Are Converted to Acetyl CoA
in the Mitochondrial Matrix

In aerobic metabolism in eukaryotic cells, the pyruvate produced by
glycolysis is actively pumped into the mitochondrial matrix (see Figure
13-3). There, it is rapidly decarboxylated by a giant complex of three
enzymes, called the pyruvate dehydrogenase complex. The products of
pyruvate decarboxylation are CO; (a waste product), NADH, and acetyl
CoA (Figure 13-10).

In addition to sugar, which is broken down during glycolysis, fat is a
major source of energy for most nonphotosynthetic organisms, includ-
ing humans. Like the pyruvate derived from glycolysis, the fatty acids
derived from fat are also converted into acetyl CoA in the mitochondrial
matrix (see Figure 13-3). Fatty acids are first activated by covalent link-
age to CoA and are then broken down completely by a cycle of reactions
that trims two carbons at a time from their carboxyl end, generating one
molecule of acetyl CoA for each turn of the cycle. Two activated carri-
ers—NADH and another high-energy electron carrier, FADH,—are also
produced in this process (Figure 13-11).

In addition to pyruvate and fatty acids, some amino acids are transported
from the cytosol into the mitochondrial matrix, where they are also con-
verted into acetyl CoA or one of the other intermediates of the citric acid
cycle (see Figure 13-3). Thus, in the eukaryotic cell, the mitochondrion
is the center toward which all energy-yielding catabolic processes lead,
whether they begin with sugars, fats, or proteins. In aerobic bacteria—
which have no mitochondria—glycolysis and acetyl CoA production, as
well as the citric acid cycle, take place in the cytosol.

Catabolism does not end with the production of acetyl CoA. In the proc-
ess of converting food molecules to acetyl CoA, only a small part of their
stored energy is extracted and converted into ATP, NADH, or FADH,. Most
of that energy is still locked up in acetyl CoA. The next stage in cell res-
piration is the citric acid cycle, in which the acetyl group in acetyl CoA is
oxidized to CO; and HO in the mitochondrial matrix, as we now discuss.

The Citric Acid Cycle Generates NADH by Oxidizing
Acetyl Groups to CO>

The citric acid cycle accounts for about two-thirds of the total oxidation
of carbon compounds in most cells, and its major end products are CO,
and high-energy electrons in the form of NADH. The CO; is released as
a waste product, while the high-energy electrons from NADH are passed
to the electron-transport chain in the inner mitochondrial membrane. At
the end of the chain, these electrons combine with O3 to produce H,O.

The citric acid cycle, which takes place in the mitochondrial matrix,
does not itself use O,. However, it requires O to proceed because the
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Figure 13-11 Fatty acids derived from fats are also converted to acetyl CoA in the mitochondrial matrix.

(A) Fats are insoluble in water and spontaneously form large lipid droplets in specialized fat cells called adipocytes.

This electron micrograph shows a lipid droplet in the cytoplasm of an adipocyte. (B) Fats are stored in the form of

triacylglycerol. The glycerol portion, to which three fatty acid chains (shaded in red) are linked through ester bonds,

is shown in blue. Enzymes called lipases can cleave the ester bonds that link the fatty acid chains to glycerol when
fatty acids are needed for energy. (C) Fatty acids are first coupled to coenzyme A in a reaction requiring ATP (not

shown). The activated fatty acid chains (fatty acyl CoA) are then oxidized in a cycle containing four enzymes. Each
turn of the cycle shortens a fatty acyl CoA molecule by two carbons (red) and generates one molecule of acetyl CoA
and one molecule each of NADH and FADHj. (A, courtesy of Daniel S. Friend.)

electron-transport chain—which uses O, as its final acceptor—allows
NADH to get rid of its electrons and thus regenerate the NAD* needed
to keep the cycle going. Although living organisms have inhabited Earth
for the past 3.5 billion years, the planet is thought to have developed an
atmosphere containing O, gas only some 1 to 2 billion years ago (see
Figure 14-45). Many of the energy-generating reactions of the citric acid
cycle—also called the tricarboxylic acid cycle or the Krebs cycle—are there-
fore likely to be of relatively recent origin.

The citric acid cycle catalyzes the complete oxidation of the carbon atoms
of the acetyl groups in acetyl CoA, converting them into CO;. The acetyl
group is not oxidized directly, however. Instead, it is transferred from
acetyl CoA to a larger four-carbon molecule, oxaloacetate, to form the
six-carbon tricarboxylic acid, citric acid, for which the subsequent cycle
of reactions is named. The citric acid molecule (also called citrate) is then
progressively oxidized, and the energy of this oxidation is harnessed to
produce activated carriers in much the same manner as we described for
glycolysis. The chain of eight reactions forms a cycle, because the oxaloa-
cetate that began the process is regenerated at the end (Figure 13-12).
The citric acid cycle is presented in detail in Panel 13-2 (pp. 434-435),
and the experiments that first revealed the cyclic nature of this series of
oxidative reactions are described in How We Know, pp. 436-437.

QUESTION 13-3

Many catabolic and anabolic
reactions are based on reactions
that are similar but work in opposite
directions, such as the hydrolysis
and condensation reactions
described in Figure 3-38. This is true
for fatty acid breakdown and fatty
acid synthesis. From what you know
about the mechanism of fatty acid
breakdown outlined in Figure 13-11,
would you expect the fatty acids
found in cells to most commonly
have an even or an odd number of
carbon atoms?
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Figure 13-12 The citric acid cycle
catalyzes the complete oxidation of
acetyl groups derived from food. The
cycle begins with the reaction of acetyl CoA
(derived from pyruvate as shown in Figure
13-10) with oxaloacetate to produce citrate
(citric acid). The number of carbon atoms in
each intermediate is shaded in yellow.

(See also Panel 13-2, pp. 434-435.) The
steps of the citric acid cycle are reviewed

in Movie 13.2.
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NET RESULT: ONE TURN OF THE CYCLE PRODUCES THREE NADH, ONE GTP, AND
ONE FADH;, AND RELEASES TWO MOLECULES OF CO,

Thus far, we have discussed only one of the three types of activated
carriers that are produced by the citric acid cycle—NADH. In addition
to three molecules of NADH, each turn of the cycle also produces one
molecule of FADH;, (reduced flavin adenine dinucleotide) from FAD
and one molecule of the ribonucleoside triphosphate GTP (guanosine
triphosphate) from GDP (see Figure 13-12). The structures of these two
activated carriers are illustrated in Figure 13-13. GTP is a close relative
of ATP, and the transfer of its terminal phosphate group to ADP produces
one ATP molecule in each cycle. Like NADH, FADH; is a carrier of high-
energy electrons and hydrogen. As we discuss shortly, the energy stored
in the readily transferred high-energy electrons of NADH and FADH; is

B)

2H" 2e”
guanine || t t
A cl:l N FAD [FADH,|
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(¢} N _C C
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Figure 13-13 Each turn of the citric acid cycle produces one molecule of GTP and H—C—OH
one molecule of FADH,, whose structures are shown here. (A) GTP and GDP are
close relatives of ATP and ADP, respectively, the only difference being the substitution H—C—OH

of the base guanine for adenine. (B) Despite its very different structure, FADHj, like
NADH and NADPH (see Figure 3-34), is a carrier of hydrogen atoms and high-energy
electrons. It is shown here in its oxidized form (FAD), with the hydrogen-carrying atoms
highlighted in yellow. FAD can accept two hydrogen atoms, along with their electrons,
to form the reduced FADH,. The atoms involved are shown in their reduced form in
the excerpt to the right.

|
H,C —O—PP—0—CH, %

FAD
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subsequently used to produce ATP through oxidative phosphorylation on
the inner mitochondrial membrane, the only step in the oxidative catabo-
lism of foodstuffs that directly requires O, from the atmosphere.

A common misconception about the citric acid cycle is that the atmos-

pheric O; required for the process to proceed is converted into the CO,

that is released as a waste product. In fact, the oxygen atoms required QUESTION 13-4

to make CO; from the acetyl groups entering the citric acid cycle are

supplied not by O, but by water. As illustrated in Panel 13-2, three mol- Looking at the chemistry detailed in

ecules of water are split in each cycle, and the oxygen atoms of some of Panel 13-2 (pp. 434-435), why do

them are ultimately used to make CO,. As we see shortly, the O, that we you suppose it is useful to link the

breathe is actually reduced to water by the electron-transport chain; it is acetyl group first to another, larger

not incorporated directly into the CO, we exhale. carbon skeleton, oxaloacetate,
before completely oxidizing both

Many Biosynthetic Pathways Begin with Glycolysis or the carbons to CO2?

Citric Acid Cycle

Catabolic reactions, such as those of glycolysis and the citric acid cycle,
produce both energy for the cell and the building blocks from which many
other organic molecules are made. So far, we have emphasized energy
production rather than the provision of starting materials for biosyn-
thesis. But many of the intermediates formed in glycolysis and the citric
acid cycle are siphoned off by such anabolic pathways, in which they
are converted by series of enzyme-catalyzed reactions into amino acids,
nucleotides, lipids, and other small organic molecules that the cell needs.
Oxaloacetate and a-ketoglutarate from the citric acid cycle, for example,
are transferred from the mitochondrial matrix back to the cytosol, where
they serve as precursors for the production of many essential molecules,
such as the amino acids aspartate and glutamate, respectively. An idea of
the complexity of this process can be gathered from Figure 13-14, which
illustrates some of the branches leading from the central catabolic reac-
tions to biosyntheses.

GLUCOSE

‘ / nucleotides
glucose 6-phosphate

amino sugars

fructose 6-phosphate ——— > glycolip!ds
‘ glycoproteins

GLYCOLYSIS Q dihydroxyacetone ——» lipids
phosphate
) amino acids
serine <«——————— 3-phosphoglycerate pyrimidines
phosphoenolpyruvate
alanine \ ‘
pyruvate
‘ cholesterol
/ fatty acids
2iﬁ2:t:§ino .y k_\ A Figure 13-14 Glycolysis and the citric
purines ~—— oxaloacetate \ acid cycle provide the precursors needed
pyrimidines for cells to synthesize many important

organic molecules. The amino acids,
f CITRIC nucleotides, lipids, sugars, and other
t &CCIII?E molecules—shown here as products—in
turn serve as the precursors for many of the
\ o-ketoglutarate cell's macromolecules. Each black arrow

; \ in this diagram denotes a single enzyme-
succinyl CoA glutamate | d ion: th d I
heme / other amino acids catalyzed reaction; the red arrows generally
chlorophyll purines represent pathways with many steps that are

required to produce the indicated products.
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(O + HY coenzyme A

(@) Overview of the complete citric acid cycle.
v HS-CoA
[CH; ‘( \ / The two carbons from acetyl CoA that
COO™ enter this turn of the cycle (shadowed in
pyruvate o acetyl CoA  (20) [red|) will be converted to CO, in
—ﬁ subsequent turns of the cycle: it is the two
€H,-IC-5-CoA carbons shadowed in blue that are
HS - CoA converted to CO, in this cycle.
coo” H,O
c=0 coo”
H, z
COO™ [step1  HO-C-COO~
.OO_ oxaloacetate (4C) !
*=o ' ¢elen
Step 8 CIHZ citrate (6C) #‘lz isocitrate (6C)

.OO_ COO_ HC - COO_
H-*—OH oxaloacetate (4C) HO—CIH
|

next cycle

H late (4C _
CI , malate (4C) V" COO

COO CITRIC ACID CYCLE

H,O L2 Step 3

coo A [
fumarate (4C) a-ketoglutarate (5C) *_‘
2

NAD*

Coo™
H succinyl CoA (4Q) CH,
succinate (4C) .OO_ Step 4 (IZ=O
CH Sice coo~ H,0 *H i
COO™ Step 5 2

co,

ik

FAD

Details of these eight steps are shown below. In this part of the panel, for each step, the part of the molecule that undergoes
a change is shadowed in BIlig, and the name of the enzyme that catalyzes the reaction is in a yellow box.
To watch a video of the reactions of the citric acid cycle, see Movie 13.2.

Iﬂ After the _ O=C—S-CoA
enzyme removes a proton COO citrate
from the CH; group on | synthase
acetyl CoA, the negatively O=—C—S-CoA C=0 .
charged CH,™ forms a + . — + HS-CoA + H
bond to a carbonyl carbon éH3 | HO (|: o0
of oxaloacetate. The
subsequent loss by
hydrolysis of the coenzyme
A (HS-CoA) drives the
reaction strongly forward.

acetyl CoA oxaloacetate S-citryl-CoA citrate
intermediate

Step 2 An isomerization

reaction, in which water is
first removed and then |
added back, moves the H—C—H
hydroxyl group from one _
carbon atom to its neighbor. H—C —COO

HO—Cl—H

COO

citrate cis-aconitate isocitrate
intermediate




The Breakdown and Utilization of Sugars and Fats 435

Iﬂ In the first of co0o

four oxidation steps in the | isocitrate |
cycle, the carbon carrying H—C—H dehydrogenase H—C—H

the hydroxyl group is | _ | _
converted to a carbonyl H—C—COO H—C—COO
group. The immediate | |

product is unstable, losing HO—C—H C=0

CO, while still bound to | _ NAD* + H*

the enzyme. COO

isocitrate oxalosuccinate
intermediate

I Step 4
The a-ketoglutarate

dehydrogenase complex closely
resembles the large enzyme

complex that converts pyruvate -
to acetyl CoA, the pyruvate
dehydrogenase complex in

Figure 13-10. It likewise

catalyzes an oxidation that NADH +H"
produces NADH, CO,, and a

high-energy thioester bond to

coenzyme A (CoA).

o-ketoglutarate dehydrogenase complex

I& A phosphate

molecule from solution H
displaces the CoA, forming a
H

high-energy phosphate —C—

linkage to succinate. This

phosphate is then passed to .

GDP to form GTP. (In bacteria (l: -
S

—C— succinyl-CoA synthetase

and plants, ATP is formed H,O - GTP

instead.) —CoA

succinyl-CoA succinate

Step 6 In the third oxidation

step in the cycle, FAD accepts two | succinate dehydrogenase
hydrogen atoms from succinate.

fumarate

Step7 The addition of fumarase

water to fumarate places a

hydroxyl group next to a
carbonyl carbon. L (

COO™ H,O

fumarate

Step 8 B
I_p In the last of four malate dehydrogenase
oxidation steps in the cycle, the

carbon carrying the hydroxyl o | o
group is converted
to a carbonyl group,

regenerating the oxaloacetate

needed for step 1. NADH +H'

oxaloacetate




¢ HOW WE KNOW

UNRAVELING THE CITRIC ACID CYCLE

“I have often been asked how the work on the citric
acid cycle arose and developed,” stated biochemist
Hans Krebs in a lecture and review article in which he
described his Nobel Prize-winning discovery of the cycle
of reactions that lies at the center of cell metabolism.
Did the concept stem from a sudden inspiration, a rev-
elatory vision? “It was nothing of the kind,” answered
Krebs. Instead, his realization that these reactions occur
in a cycle—rather than a set of linear pathways, as in
glycolysis—arose from a “very slow evolutionary proc-
ess” that occurred over a five-year period, during which
Krebs coupled insight and reasoning to careful experi-
mentation to discover one of the central pathways that
underlies energy metabolism.

Minced tissues, curious catalysis

By the early 1930s, Krebs and other investigators had
discovered that a select set of small organic molecules
are oxidized extraordinarily rapidly in various types of
tissue preparations—slices of kidney or liver, or suspen-
sions of minced pigeon muscle. Because these reactions
were seen to depend on the presence of oxygen, the
researchers surmised that this set of molecules might
include intermediates that are important in cell respira-
tion—the consumption of O, and production of CO; that
occurs when tissues break down foodstuffs.

Using the minced-tissue preparations, Krebs and others
made the following observations. First, in the presence
of oxygen, certain organic acids—citrate, succinate,
fumarate, and malate—were readily oxidized to CO;.
These reactions depended on a continuous supply of
oxygen.

Second, the oxidation of these acids occurred in two lin-
ear, sequential pathways:

citrate — a-ketoglutarate — succinate
and

succinate — fumarate — malate — oxaloacetate

Third, the addition of small amounts of several of these
compounds to the minced-muscle suspensions stimu-
lated an unusually large uptake of O,—far greater than
that needed to oxidize only the added molecules. To
explain this surprising observation, Albert Szent-Gyorgyi
(the Nobel laureate who worked out the second path-
way above) suggested that a single molecule of each
compound must somehow act catalytically to stimulate
the oxidation of many molecules of some endogenous
substance in the muscle.

At this point, most of the reactions central to the citric
acid cycle were known. What was not yet clear—and
caused great confusion, even to future Nobel laure-
ates—was how these apparently linear reactions could

drive such a catalytic consumption of oxygen, where
each molecule of metabolite fuels the oxidation of many
more molecules. To simplify the discussion of how Krebs
ultimately solved this puzzle—by linking these linear
reactions together into a circle—we will now refer to the
molecules involved by a sequence of letters, A through
H (Figure 13-15).

PYRUVATE

A citrate

B isocitrate
CO, <—/ “—> NADH +H* —>\

C a-ketoglutarate

CO, <——/ “—> NADH + H*

D succinyl CoA

A .

succinate

02
%» H,0

—> FADH, —»—J ATP

F fumarate

G malate

—>> NADH + H, -PJ

H oxaloacetate

\___/

Figure 13-15 In this simplified representation of the citric
acid cycle, Oz is consumed and COj3 is liberated as the
molecular intermediates become oxidized. Krebs and others
did not initially realize that these oxidation reactions occur in a
cycle, as shown here.

A poison suggests a cycle

Many of the clues that Krebs used to work out the citric
acid cycle came from experiments using malonate—
a poisonous compound that specifically inhibits the
enzyme succinate dehydrogenase, which converts E to F.
Malonate closely resembles succinate (E) in its structure
(Figure 13-16), and it serves as a competitive inhibitor of

?OO_ $OO_
I
COO™ CH,
éOO* Figure 13-16 The structure of
malonate closely resembles that
malonate succinate

of succinate.
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the enzyme. Because the addition of malonate poisons
cell respiration in tissues, Krebs concluded that succi-
nate dehydrogenase (and the entire pathway linked to it)
must play a critical role in the respiration process.

Krebs then discovered that when A, B, or C was added
to malonate-poisoned tissue suspensions, E accumu-
lated (Figure 13-17A). This observation reinforced the
importance of succinate dehydrogenase for successful
cell respiration. However, he found that E also accumu-
lated when F, G, or H was added to malonate-poisoned
muscle (Figure 13-17B). The latter result suggested that
an additional set of reactions must exist that can con-
vert F, G, and H molecules into E, since E was previously
shown to be a precursor for F, G, and H, rather than a
product of their reactions.

feed A E accumulates
¥ *
(A) A—»B—»C—»D—»E—I—»F—»G—»H
\
malonate
block

E accumulates feed F

* g, ¥

(B) A—>B—C— D—E F—G—H

malonate
block

Figure 13-17 Poisoning muscle preparations with malonate
provided clues to the cyclic nature of these oxidative
reactions. (A) Adding A (or B or C—not shown) to malonate-
poisoned muscle causes an accumulation of E. (B) Addition of F
(or G or H—not shown) to a malonate-poisoned preparation also
causes an accumulation of E, suggesting that enzymatic reactions
can convert these molecules into E. The discovery that citrate (A)
can be formed from oxaloacetate (H) and pyruvate allowed Krebs
to join these two reaction pathways into a complete circle.

E— pyruvate

A LARGE
™ AMOUNT

H B OF ANY H
/‘ \ INTERMEDIATE ' ‘
ADDED

At about this time, Krebs also determined that when
muscle suspensions were incubated with pyruvate and
oxaloacetate, citrate formed: pyruvate + H — A.

This observation led Krebs to postulate that when oxy-
gen is present, pyruvate and H condense to form A,
converting the previously delineated string of linear
reactions into a cyclic sequence (see Figure 13-15).

Explaining the mysterious stimulatory effects

The cycle of reactions that Krebs proposed clearly
explained how the addition of small amounts of any
of the intermediates A through H could cause the large
increase in the uptake of O, that had been observed.
Pyruvate is abundant in minced tissues, being readily
produced by glycolysis (see Figure 13-4), using glucose
derived from stored glycogen. Its oxidation requires a
functioning citric acid cycle, in which each turn of the
cycle results in the oxidation of one molecule of pyru-
vate. If the intermediates A through H are in small
enough supply, the rate at which the entire cycle turns
will be restricted. Adding a supply of any one of these
intermediates will then have a dramatic effect on the
rate at which the entire cycle operates. Thus, it is easy
to see how a large number of pyruvate molecules can
be oxidized, and a great deal of oxygen consumed, for
every molecule of a citric acid cycle intermediate that is
added (Figure 13-18).

Krebs went on to demonstrate that all of the individual
enzymatic reactions in his postulated cycle took place
in tissue preparations. Furthermore, they occured at
rates high enough to account for the rate of pyruvate
and oxygen consumption in these tissues. Krebs there-
fore concluded that this series of reactions is the major,
if not the sole, pathway for the oxidation of pyruvate—at
least in muscle. By fitting together pieces of information
like a jigsaw puzzle, he arrived at a coherent picture of
the intricate metabolic processes that underlie the oxi-
dation—and took home a share of the 1953 Nobel Prize
in Physiology or Medicine.

Figure 13-18 Replenishing the supply of any single
intermediate has a dramatic effect on the rate at which the
entire citric acid cycle operates. When the concentrations

of intermediates are limiting, the cycle turns slowly and

little pyruvate is used. Oy uptake is low because only small
amounts of NADH and FADH; are produced to feed oxidative
phosphorylation (see Figure 13-19). But when a large amount of
any one intermediate is added, the cycle turns rapidly; more of all
the intermediates is made, and Oy uptake is high.
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Electron Transport Drives the Synthesis of the Majority of
the ATP in Most Cells

We now return briefly to the final stage in the oxidation of food mol-
ecules: oxidative phosphorylation. It is in this stage that the chemical
energy captured by the activated carriers produced during glycolysis and
the citric acid cycle is used to generate ATP. During oxidative phospho-
rylation, NADH and FADH, transfer their high-energy electrons to the
electron-transport chain—a series of electron carriers embedded in the
inner mitochondrial membrane in eukaryotic cells (and in the plasma
membrane of aerobic bacteria). As the electrons pass through the series
of electron acceptor and donor molecules that form the chain, they fall to
successively lower energy states. At specific sites in the chain, the energy
released is used to drive H* (protons) across the inner membrane, from
the mitochondrial matrix to the intermembrane space (see Figure 13-2).
This movement generates a proton gradient across the inner membrane,
which serves as a source of energy (like a battery) that can be tapped to
drive a variety of energy-requiring reactions (discussed in Chapter 12).
The most prominent of these reactions is the phosphorylation of ADP to
generate ATP on the matrix side of the inner membrane (Figure 13-19).

At the end of the transport chain, the electrons are added to molecules of

QUESTION 13-5 O, that have diffused into the mitochondrion, and the resulting reduced

oxygen molecules immediately combine with protons (H*) from the sur-
Wheat, if anything, is wrong with the rounding solution to produce water (see Figure 13-19). The electrons
following statement: “The oxygen have now reached their lowest energy level, with all the available energy
consumed during the oxidation of extracted from the food molecule being oxidized. In total, the complete

glucose in animal cells is returned
as part of CO3 to the atmosphere.”
How could you support your answer
experimentally?

oxidation of a molecule of glucose to H,O and CO; can produce about 30
molecules of ATP. In contrast, only two molecules of ATP are produced
per molecule of glucose by glycolysis alone.

Oxidative phosphorylation occurs in both eukaryotic cells and in aerobic
bacteria. It represents a remarkable evolutionary achievement, and the
ability to extract energy from food with such great efficiency has shaped
the entire character of life on Earth. In the next chapter, we describe the
mechanisms behind this game-changing molecular process and discuss
how it likely arose.

pyruvate from
glycolysis CO; m from glycolysis

Figure 13-19 Oxidative phosphorylation

completes the catabolism of food electron

molecules and generates the bulk of pyruvate transport ATP synthesis
the ATP made by the cell. Electron-

bearing activated carriers produced by ACETYL

the citric acid cycle and glycolysis donate CoA

their high-energy electrons to an electron-

transport chain in the inner mitochondrial CoA

membrane (or in the plasma membrane

of aerobic bacteria). This electron transfer
pumps protons across the inner membrane
(redarrows). The resulting proton gradient
is then used to drive the synthesis of

ATP through the process of oxidative mitochondrial mitochondrial OXIDATIVE PHOSPHORYLATION
phosphorylation. membrane membrane

inner outer L |




A cell is an intricate chemical machine, and our discussion of metabo-
lism—with a focus on glycolysis and the citric acid cycle—has considered
only a tiny fraction of the many enzymatic reactions that can take place in
a cell at any time (Figure 13-20). For all these pathways to work together
smoothly, as is required to allow the cell to survive and to respond to its
environment, the choice of which pathway each metabolite will follow
must be carefully regulated at every branch point.

Many sets of reactions need to be coordinated and controlled. For exam-
ple, to maintain order within their cells, all organisms need to replenish
their ATP pools continuously through the oxidation of sugars or fats.
Yet animals have only periodic access to food, and plants need to sur-
vive without sunlight overnight, when they are unable to produce sugar
through photosynthesis. Animals and plants have evolved several ways
to cope with this problem. One is to synthesize food reserves in times of
plenty that can be later consumed when other energy sources are scarce.
Thus, depending on conditions, a cell must decide whether to route
key metabolites into anabolic or catabolic pathways—in other words,
whether to use them to build other molecules or burn them to provide

=

pyruvate
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QUESTION 13-6

A cyclic reaction pathway requires
that the starting material be
regenerated and available at the
end of each cycle. If compounds of
the citric acid cycle are siphoned off
as building blocks to make other
organic molecules via a variety of
metabolic reactions, why does the
citric acid cycle not quickly grind to
a halt?

Figure 13-20 Glycolysis and the citric
acid cycle constitute a small fraction

of the reactions that occur in a cell. In
this diagram, the filled circles represent
molecules in various metabolic pathways,
and the lines that connect them represent
the enzymatic reactions that convert one
metabolite to another. The reactions of
glycolysis and the citric acid cycle are shown
in red. Many other reactions either lead
into these two central catabolic pathways—
delivering small organic molecules to be
oxidized for energy—or lead outward to
the anabolic pathways that supply carbon
compounds for biosynthesis.
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immediate energy. In this section, we discuss how a cell regulates its
intricate web of interconnected metabolic pathways to best serve both its
immediate and long-term needs.

Catabolic and Anabolic Reactions Are Organized and
Regulated

All the reactions shown in Figure 13-20 occur in a cell that is less than
0.1 mm in diameter, and each step requires a different enzyme. To add
to the complexity, the same substrate is often a part of many different
pathways. Pyruvate, for example, is a substrate for half a dozen or more
different enzymes, each of which modifies it chemically in a different
way. We have already seen that the pyruvate dehydrogenase complex
converts pyruvate to acetyl CoA, and that, during fermentation, lactate
dehydrogenase converts it to lactate. A third enzyme converts pyruvate
to oxaloacetate, a fourth to the amino acid alanine, and so on. All these
pathways compete for pyruvate molecules, and similar competitions for
thousands of other small molecules go on at the same time.

To balance the activities of these interrelated reactions—and to allow
organisms to adapt swiftly to changes in food availability or energy
expenditure—an elaborate network of control mechanisms regulates and
coordinates the activity of the enzymes that catalyze the myriad met-
abolic reactions that go on in a cell. As we discuss in Chapter 4, the
activity of enzymes can be controlled by covalent modification—such
as the addition or removal of a phosphate group (see Figure 4-41)—and
by the binding of small regulatory molecules, often a metabolite (see
pp. 150-151). Such regulation can either enhance the activity of the
enzyme or inhibit it. As we see next, both types of regulation—positive
and negative—control the activity of key enzymes involved in the break-
down and synthesis of glucose.

Feedback Regulation Allows Cells to Switch from Glucose
Breakdown to Glucose Synthesis

Animals need an ample supply of glucose. Active muscles need glucose
to power their contraction, and brain cells depend almost completely on
glucose for energy. During periods of fasting or intense physical exercise,
the body’s glucose reserves get used up faster than they can be replen-
ished from food. One way to increase available glucose is to synthesize it
from pyruvate by a process called gluconeogenesis.

Gluconeogenesis is, in many ways, a reversal of glycolysis: it builds
glucose from pyruvate, whereas glycolysis does the opposite. Indeed,
gluconeogenesis makes use of many of the same enzymes as glycolysis;
it simply runs them in reverse. For example, the isomerase that converts
glucose 6-phosphate to fructose 6-phosphate in step 2 of glycolysis (see
Panel 13-1, pp. 428-429) will readily catalyze the reverse reaction. There
are, however, three steps in glycolysis that so strongly favor the direction
of glucose breakdown that they are effectively irreversible. To get around
these one-way steps, gluconeogenesis uses a special set of enzymes to
catalyze a set of bypass reactions. In step 3 of glycolysis, for example,
the enzyme phosphofructokinase catalyzes the phosphorylation of fruc-
tose 6-phosphate to produce the intermediate fructose 1, 6-bisphosphate.
In gluconeogenesis, the enzyme fructose 1,6-bisphosphatase removes
a phosphate from this intermediate to produce fructose 6-phosphate
(Figure 13-21).

How does a cell decide whether to synthesize glucose or to degrade it?
Part of the decision centers on the reactions shown in Figure 13-21. The
activity of the enzyme phosphofructokinase is allosterically regulated by
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the binding of a variety of metabolites, which provide both positive and
negative feedback regulation. The enzyme is activated by byproducts of
ATP hydrolysis—including ADP, AMP, and inorganic phosphate—and it is
inhibited by ATP. Thus, when ATP is depleted and its metabolic byproducts
accumulate, phosphofructokinase is turned on and glycolysis proceeds
to generate ATP; when ATP is abundant, the enzyme is turned off and
glycolysis shuts down. The enzyme that catalyzes the reverse reaction,
fructose 1, 6-bisphosphatase (see Figure 13-21), is regulated by the same
molecules but in the opposite direction. Thus this enzyme is activated
when phosphofructokinase is turned off, allowing gluconeogenesis to
proceed. Many such coordinated regulatory mechanisms enable a cell
to respond rapidly to changing conditions and to adjust its metabolism
accordingly.

Some of the biosynthetic bypass reactions required for gluconeogenesis
are energetically costly. Production of a single molecule of glucose by
gluconeogenesis consumes four molecules of ATP and two molecules of
GTP. Thus a cell must tightly regulate the balance between glycolysis and
gluconeogenesis. If both processes were to proceed simultaneously, they
would shuttle metabolites back and forth in a futile cycle that would con-
sume large amounts of energy and generate heat for no purpose.

Cells Store Food Molecules in Special Reservoirs to
Prepare for Periods of Need

As we have seen, gluconeogenesis is a costly process, requiring sub-
stantial amounts of energy from the hydrolysis of ATP and GTP. During
periods when food is scarce, this expensive way of producing glucose
is suppressed if alternatives are available. Thus fasting cells can mobi-
lize glucose that has been stored in the form of glycogen, a branched
polymer of glucose (Figure 13-22A and see Panel 2-3, pp. 70-71). This
large polysaccharide is stored as small granules in the cytoplasm of many
animal cells, but mainly in liver and muscle cells (Figure 13-22B). The
synthesis and degradation of glycogen occur by separate metabolic path-
ways, which can be rapidly and coordinately regulated according to need.
When more ATP is needed than can be generated from food molecules
taken in from the bloodstream, cells break down glycogen in a reaction
that is catalyzed by the enzyme glycogen phosphorylase. This enzyme
produces glucose 1-phosphate, which is then converted to the glucose
6-phosphate that feeds into the glycolytic pathway (Figure 13-22C).

The glycogen synthetic and degradative pathways are coordinated by
feedback regulation. Enzymes in each pathway are allosterically regulated
by glucose 6-phosphate, but in opposite directions: glycogen synthetase in
the synthetic pathway is activated by glucose 6-phosphate, whereas gly-
cogen phosphorylase, which breaks down glycogen (see Figure 13-22C),
is inhibited by glucose 6-phosphate, as well as by ATP. This regulation

Regulation of Metabolism 441

Figure 13-21 Gluconeogenesis uses
specific enzymes to bypass those steps in
glycolysis that are essentially irreversible.
The enzyme phosphofructokinase

catalyzes the phosphorylation of

fructose 6-phosphate to form fructose

1, 6-bisphosphate in step 3 of glycolysis.
This reaction is so energetically favorable
that the enzyme will not work in reverse.

To produce fructose 6-phosphate in
gluconeogenesis, the enzyme fructose
1,6-bisphosphatase removes the

phosphate from fructose 1,6-bisphosphate.
Coordinated feedback regulation of these
two enzymes helps control the flow of
metabolites toward glucose synthesis or
glucose breakdown.
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Figure 13-22 Animal cells store glucose  (A)
in the form of glycogen to provide
energy in times of need. (A) The
structure of glycogen (starch in plants is a
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helps to prevent glycogen breakdown when ATP is plentiful and to favor
glycogen synthesis when glucose 6-phosphate concentration is high. The
balance between glycogen synthesis and breakdown is further regulated
by intracellular signaling pathways that are controlled by the hormones
insulin, adrenaline, and glucagon (see Table 16-1, p. 529 and Figure
16-25, p. 546).

Quantitatively, fat is a far more important storage material than glyco-
gen, in part because the oxidation of a gram of fat releases about twice
as much energy as the oxidation of a gram of glycogen. Moreover, gly-
cogen binds a great deal of water, producing a sixfold difference in the
actual mass of glycogen required to store the same amount of energy as
fat. An average adult human stores enough glycogen for only about a
day of normal activity, but enough fat to last nearly a month. If our main
fuel reserves had to be carried as glycogen instead of fat, body weight
would need to be increased by an average of about 60 pounds (nearly 30
kilograms).

Most of our fat is stored as droplets of water-insoluble triacylglycerols in
specialized fat cells called adipocytes (Figure 13-23 and see Figure 13-11
A and B). In response to hormonal signals, fatty acids can be released
from these depots into the bloodstream for other cells to use as required.

50 um

Figure 13-23 Fats are stored in the form Such a need arises after a period of not eating. Even a normal overnight
of fat d’°|°'?ts in animal cells. The fa.t fast results in the mobilization of fat: in the morning, most of the acetyl
droplets (stained red) shown here are in . . . . .

. , CoA that enters the citric acid cycle is derived from fatty acids rather than
the cytoplasm of developing adipocytes. ;
(Courtesy of Peter Tontonoz and from glucose. After a meal, however, most of the acetyl CoA entering the

Ronald M. Evans.) citric acid cycle comes from glucose derived from food, and any excess



glucose is used to make glycogen or fat. (Although animal cells can read-
ily convert sugars to fats, they cannot convert fatty acids to sugars.)

The food reserves in both animals and plants form a vital part of the
human diet. Plants convert some of the sugars they make through pho-
tosynthesis during daylight into fats and into starch, a branched polymer
of glucose very similar to animal glycogen. The fats in plants are triacyl-
glycerols, as they are in animals, and they differ only in the types of fatty
acids that predominate (see Figures 2-19 and 2-20).

The embryo inside a plant seed must live on stored food reserves for a
long time, until the seed germinates to produce a plant with leaves that
can harvest the energy in sunlight. The embryo uses these food stores as
sources of energy and of small molecules to build cell walls and to syn-
thesize many other biological molecules as it develops. For this reason,
plant seeds often contain especially large amounts of fats and starch—
which make them a major food source for animals, including ourselves
(Figure 13-24). Germinating seeds convert the stored fat and starch into
glucose as needed.

In plant cells, fats and starch are both stored in chloroplasts—specialized
organelles that carry out photosynthesis (Figure 13-25). These energy-
rich molecules serve as food reservoirs that are mobilized by the cell
to produce ATP in mitochondria during periods of darkness. In the next
chapter, we take a closer look at chloroplasts and mitochondria, and
review the elaborate mechanisms by which they harvest energy from
sunlight and from food.

lipid droplet starch granule chloroplast envelope

VACUOLE

EXTERIOR

|
cell wall

Figure 13-25 Plant cells store both starch and fats in their chloroplasts.
An electron micrograph of a single chloroplast in a plant cell shows the starch
granules and lipid droplets (fats) that have been synthesized in the organelle.
(Courtesy of K. Plaskitt.)
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Figure 13-24 Some plant seeds serve as
important foods for humans. Corn, nuts,
and peas all contain rich stores of starch and
fats, which provide the plant embryo in the
seed with energy and building blocks for
biosynthesis. (Courtesy of the John Innes
Foundation.)

QUESTION 13-7

After looking at the structures of
sugars and fatty acids (discussed

in Chapter 2), give an intuitive
explanation as to why oxidation of

a sugar yields only about half as
much energy as the oxidation of an
equivalent dry weight of a fatty acid.
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ESSENTIAL CONCEPTS

Food molecules are broken down in successive steps, in which energy
is captured in the form of activated carriers such as ATP and NADH.

In plants and animals, these catabolic reactions occur in different
cell compartments: glycolysis in the cytosol, the citric acid cycle in
the mitochondrial matrix, and oxidative phosphorylation on the inner
mitochondrial membrane.

During glycolysis, the six-carbon sugar glucose is split to form two
molecules of the three-carbon sugar pyruvate, producing small
amounts of ATP and NADH.

In the presence of oxygen, eukaryotic cells convert pyruvate into
acetyl CoA plus CO; in the mitochondrial matrix. The citric acid cycle
then converts the acetyl group in acetyl CoA to CO, and H,O, cap-
turing much of the energy released as high-energy electrons in the
activated carriers NADH and FADH,.

Fatty acids produced from the digestion of fats are also imported into
mitochondria and converted to acetyl CoA molecules, which are then
further oxidized through the citric acid cycle.

In the mitochondrial matrix, NADH and FADH, pass their high-energy
electrons to an electron-transport chain in the inner mitochondrial
membrane, where a series of electron transfers is used to drive the
formation of ATP. Most of the energy captured during the breakdown
of food molecules is harvested during this process of oxidative phos-
phorylation (described in detail in Chapter 14).

Many intermediates of glycolysis and the citric acid cycle are start-
ing points for the anabolic pathways that lead to the synthesis of
proteins, nucleic acids, and the many other organic molecules of the
cell.

The thousands of different reactions carried out simultaneously by a
cell are regulated and coordinated by positive and negative feedback,
enabling the cell to adapt to changing conditions; for example, such
feedback allows a cell to switch from glucose breakdown to glucose
synthesis when food is scarce.

Cells store food molecules in special reserves. Glucose subunits are
stored as glycogen in animal cells and as starch in plant cells; both
animal and plant cells store fatty acids as fats. The food reserves
stored by plants are major sources of food for animals, including
humans.

KEY TERMS

acetyl CoA GDP, GTP

ADP, ATP gluconeogenesis

anabolic pathways glucose

catabolism glycogen

cell respiration glycolysis

citric acid cycle NAD*, NADH
electron-transport chain oxidative phosphorylation
FAD, FADH» pyruvate

fat starch

fermentation




QUESTION 13-8

The oxidation of sugar molecules by the cell takes place
according to the general reaction C¢H120¢ (glucose) +
602 — 6CO2 + 6H20 + energy. Which of the following
statements are correct? Explain your answers.

A. All of the energy produced is in the form of heat.
B. None of the produced energy is in the form of heat.

C. The energy is produced by a process that involves the
oxidation of carbon atoms.

D. The reaction supplies the cell with essential water.
E. In cells, the reaction takes place in more than one step.

F. Many steps in the oxidation of sugar molecules involve
reaction with oxygen gas.

G. Some organisms carry out the reverse reaction.

H. Some cells that grow in the absence of O produce CO,.

QUESTION 13-9

An exceedingly sensitive instrument (yet to be devised)
shows that one of the carbon atoms in Charles Darwin’s last
breath is resident in your bloodstream, where it forms part
of a hemoglobin molecule. Suggest how this carbon atom
might have traveled from Darwin to you, and list some of
the molecules it could have entered en route.

QUESTION 13-10

Yeast cells can grow both in the presence of O, (aerobically)
and in its absence (anaerobically). Under which of the two
conditions could you expect the cells to grow better?
Explain your answer.

QUESTION 13-11

During movement, muscle cells require large amounts of
ATP to fuel their contractile apparatus. These cells contain
high levels of creatine phosphate (Figure Q13-11), which
has a standard free-energy change (AG®) for hydrolysis of
its phosphate bond of -10.3 kcal/mole. Why is this a useful
compound to store energy? Justify your answer with the
information shown in Figure 13-8.

o H NH, O
N Il |
C—C—N—C—N—P—O"
o [
H CH, H O

Figure Q13-11

creatine phosphate

QUESTION 13-12

Identical pathways that make up the complicated sequence
of reactions of glycolysis, shown in Panel 13-1 (pp. 428-
429), are found in most living cells, from bacteria to humans.
One could envision, however, countless alternative chemical
reaction mechanisms that would allow the oxidation of
sugar molecules and that could, in principle, have evolved to
take the place of glycolysis. Discuss this fact in the context
of evolution.

Chapter 13 End-of-Chapter Questions

QUESTION 13-13

An animal cell, roughly cubical in shape with side length

of 10 um, uses 107 ATP molecules every minute. Assume
that the cell replaces this ATP by the oxidation of glucose
according to the overall reaction 603 + C¢H1204 —

6CO; + 6H,0 and that complete oxidation of each glucose
molecule produces 30 ATP molecules. How much oxygen
does the cell consume every minute? How long will it take
before the cell has used up an amount of oxygen gas equal
to its own volume? (Recall that one mole of a gas has a
volume of 22.4 liter.)

QUESTION 13-14

Under the conditions existing in the cell, the free energies
of the first few reactions in glycolysis (in Panel 13-1,
pp. 428-429) are:

step 1 AG = -8.0 kcal/mole
step 2 AG = -0.6 kcal/mole
step 3 AG = -5.3 kcal/mole
step 4 AG = -0.3 kcal/mole

Are these reactions energetically favorable? Using these
values, draw to scale an energy diagram (A) for the overall
reaction and (B) for the pathway composed of the four
individual reactions.

QUESTION 13-15

The chemistry of most metabolic reactions was deciphered
by synthesizing metabolites containing atoms that are
different isotopes from those occurring naturally. The
products of reactions starting with isotopically labeled
metabolites can be analyzed to determine precisely which
atoms in the products are derived from which atoms in
the starting material. The methods of detection exploit,
for example, the fact that different isotopes have different
masses that can be distinguished using biophysical
techniques such as mass spectrometry. Moreover, some
isotopes are radioactive and can therefore be readily
recognized with electronic counters or photographic film
that becomes exposed by radiation.

A. Assume that pyruvate containing radioactive '4C

in its carboxyl group is added to a cell extract that can
support oxidative phosphorylation. Which of the molecules
produced should contain the vast majority of the '4C that
was added?

B. Assume that oxaloacetate containing radioactive 4C in
its keto group (refer to Panel 13-2, pp. 434-435) is added
to the extract. Where should the 'C atom be located after
precisely one turn of the cycle?

QUESTION 13-16

In cells that can grow both aerobically and anaerobically,
fermentation is inhibited in the presence of Oz. Suggest a
reason for this observation.

445



	Copyright
	Preface
	Acknowledgments
	Resources for Instructors and Students
	Contents and Special Features
	Detailed Contents
	Chapter 1: Cells: The Fundamental Units of Life
	Unity and Diversity of Cells
	Cells Vary Enormously in Appearance and Function
	Living Cells All Have a Similar Basic Chemistry
	All Present-Day Cells Have Apparently Evolved from the Same Ancestral Cell
	Genes Provide the Instructions for Cell Form, Function, and Complex Behavior

	Cells Under the Microscope
	The Invention of the Light Microscope Led to the Discovery of Cells
	Light Microscopes Allow Examination of Cells and Some of Their Components
	The Fine Structure of a Cell Is Revealed by Electron Microscopy

	The Prokaryotic Cell
	Prokaryotes Are the Most Diverse and Numerous Cells on Earth
	The World of Prokaryotes Is Divided into Two Domains: Bacteria and Archaea

	The Eukaryotic Cell
	The Nucleus Is the Information Store of the Cell
	Mitochondria Generate Usable Energy from Food to Power the Cell
	Chloroplasts Capture Energy from Sunlight
	Internal Membranes Create Intracellular Compartments with Different Functions
	The Cytosol Is a Concentrated Aqueous Gel of Large and Small Molecules
	The Cytoskeleton Is Responsible for Directed Cell Movements
	The Cytoplasm Is Far from Static
	Eukaryotic Cells May Have Originated as Predators

	Model Organisms
	Molecular Biologists Have Focused on E. coli
	Brewer’s Yeast Is a Simple Eukaryotic Cell
	Arabidopsis Has Been Chosen as a Model Plant
	Model Animals Include Flies, Fish, Worms, and Mice
	Biologists Also Directly Study Human Beings and Their Cells
	Comparing Genome Sequences Reveals Life’s Common Heritage
	Genomes Contain More Than Just Genes

	Essential Concepts
	Key Terms
	Questions

	Chapter 2: Chemical Components of Cells
	Chemical Bonds
	Cells Are Made of Relatively Few Types of Atoms
	The Outermost Electrons Determine How Atoms Interact
	Covalent Bonds Form by the Sharing of Electrons
	There Are Different Types of Covalent Bonds
	Covalent Bonds Vary in Strength
	Ionic Bonds Form by the Gain and Loss of Electrons
	Noncovalent Bonds Help Bring Molecules Together in Cells
	Hydrogen Bonds Are Important Noncovalent Bonds For Many Biological Molecules
	Some Polar Molecules Form Acids and Bases in Water

	Small Molecules in Cells
	A Cell Is Formed from Carbon Compounds
	Cells Contain Four Major Families of Small Organic Molecules
	Sugars Are Both Energy Sources and Subunits of Polysaccharides
	Fatty Acid Chains Are Components of Cell Membranes
	Amino Acids Are the Subunits of Proteins
	Nucleotides Are the Subunits of DNA and RNA

	Macromolecules in Cells
	Each Macromolecule Contains a Specific Sequence of Subunits
	Noncovalent Bonds Specify the Precise Shape of a Macromolecule
	Noncovalent Bonds Allow a Macromolecule to Bind Other Selected Molecules

	Essential Concepts
	Key Terms
	Questions

	Chapter 3: Energy, Catalysis, and Biosynthesis
	The Use of Energy by Cells
	Biological Order Is Made Possible by the Release of Heat Energy from Cells
	Cells Can Convert Energy from One Form to Another
	Photosynthetic Organisms Use Sunlight to Synthesize Organic Molecules
	Cells Obtain Energy by the Oxidation of Organic Molecules
	Oxidation and Reduction Involve Electron Transfers

	Free Energy and Catalysis
	Chemical Reactions Proceed in the Direction that Causes a Loss of Free Energy
	Enzymes Reduce the Energy Needed to Initiate Spontaneous Reactions 
	The Free-Energy Change for a Reaction Determines Whether It Can Occur
	ΔG Changes As a Reaction Proceeds Toward Equilibrium
	The Standard Free-Energy Change, ΔG°, Makes it Possible to Compare the Energetics of Different Reactions
	The Equilibrium Constant Is Directly Proportional to ΔG°
	In Complex Reactions, the Equilibrium Constant Includes the Concentrations of All Reactants and Products
	The Equilibrium Constant Indicates the Strength of Molecular Interactions
	For Sequential Reactions, the Changes in Free Energy Are Additive
	Thermal Motion Allows Enzymes to Find Their Substrates 
	Vmax and KM Measure Enzyme Performance 

	Activated Carriers and Biosynthesis
	The Formation of an Activated Carrier Is Coupled to an Energetically Favorable Reaction 
	ATP Is the Most Widely Used Activated Carrier 
	Energy Stored in ATP Is Often Harnessed to Join Two Molecules Together
	NADH and NADPH Are Both Activated Carriers of Electrons
	NADPH and NADH Have Different Roles in Cells
	Cells Make Use of Many Other Activated Carriers 
	The Synthesis of Biological Polymers Requires an Energy Input

	Essential Concepts
	Key Terms
	Questions

	Chapter 4: Protein Structure and Function
	The Shape and Structure of Proteins
	The Shape of a Protein Is Specified by Its Amino Acid Sequence
	Proteins Fold into a Conformation of Lowest Energy
	Proteins Come in a Wide Variety of Complicated Shapes
	The α Helix and the β Sheet Are Common Folding Patterns
	Helices Form Readily in Biological Structures 
	β Sheets Form Rigid Structures at the Core of Many Proteins
	Proteins Have Several Levels of Organization
	Many Proteins Also Contain Unstructured Regions
	Few of the Many Possible Polypeptide Chains Will Be Useful
	Proteins Can Be Classified into Families
	Large Protein Molecules Often Contain More Than One Polypeptide Chain
	Proteins Can Assemble into Filaments, Sheets, or Spheres
	Some Types of Proteins Have Elongated Fibrous Shapes
	Extracellular Proteins Are Often Stabilized by Covalent Cross-Linkages

	How Proteins Work
	All Proteins Bind to Other Molecules
	There Are Billions of Different Antibodies, Each with a Different Binding Site
	Enzymes Are Powerful and Highly Specific Catalysts
	Lysozyme Illustrates How an Enzyme Works
	Many Drugs Inhibit Enzymes
	Tightly Bound Small Molecules Add Extra Functions to Proteins

	How Proteins Are Controlled
	The Catalytic Activities of Enzymes Are Often Regulated by Other Molecules
	Allosteric Enzymes Have Two or More Binding Sites That Influence One Another
	Phosphorylation Can Control Protein Activity by Causing a Conformational Change
	Covalent Modifications Also Control the Location and Interaction of Proteins 
	GTP-Binding Proteins Are Also Regulated by the Cyclic Gain and Loss of a Phosphate Group
	ATP Hydrolysis Allows Motor Proteins to Produce Directed Movements in Cells 
	Proteins Often Form Large Complexes That Function as Protein Machines

	How Proteins Are Studied
	Proteins Can be Purified from Cells or Tissues
	Determining a Protein’s Structure Begins with Determining Its Amino Acid Sequence 
	Genetic Engineering Techniques Permit the Large-Scale Production, Design, and Analysis of Almost Any Protein
	The Relatedness of Proteins Aids the Prediction of Protein Structure and Function 

	Essential Concepts 
	Key Terms
	Questions

	Chapter 5: DNA and Chromosomes
	The Structure of DNA
	A DNA Molecule Consists of Two Complementary Chains of Nucleotides
	The Structure of DNA Provides a Mechanism for Heredity

	The Structure of Eukaryotic Chromosomes 
	Eukaryotic DNA Is Packaged into Multiple Chromosomes
	Chromosomes Contain Long Strings of Genes
	Specialized DNA Sequences Are Required for DNA Replication and Chromosome Segregation
	Interphase Chromosomes Are Not Randomly Distributed Within the Nucleus
	The DNA in Chromosomes Is Always Highly Condensed
	Nucleosomes Are the Basic Units of Eukaryotic Chromosome Structure
	Chromosome Packing Occurs on Multiple Levels

	The Regulation of Chromosome Structure
	Changes in Nucleosome Structure Allow Access to DNA 
	Interphase Chromosomes Contain Both Condensed and More Extended Forms of Chromatin

	Essential Concepts
	Key Terms
	Questions

	Chapter 6: DNA Replication, Repair, and Recombination
	DNA Replication
	Base-Pairing Enables DNA Replication
	DNA Synthesis Begins at Replication Origins
	Two Replication Forks Form at Each Replication Origin
	DNA Polymerase Synthesizes DNA Using a Parental Strand as Template
	The Replication Fork Is Asymmetrical
	DNA Polymerase Is Self-correcting
	Short Lengths of RNA Act as Primers for DNA Synthesis
	Proteins at a Replication Fork Cooperate to Form a Replication Machine
	Telomerase Replicates the Ends of Eukaryotic Chromosomes

	DNA Repair
	DNA Damage Occurs Continually in Cells
	Cells Possess a Variety of Mechanisms for Repairing DNA
	A DNA Mismatch Repair System Removes Replication Errors That Escape Proofreading
	Double-Strand DNA Breaks Require a Different Strategy for Repair
	Homologous Recombination Can Flawlessly Repair DNA Double-Strand Breaks 
	Failure to Repair DNA Damage Can Have Severe Consequences for a Cell or Organism 
	A Record of the Fidelity of DNA Replication and Repair Is Preserved in Genome Sequences

	Essential Concepts
	Key Terms
	Questions

	Chapter 7: From DNA to Protein: How Cells Read the Genome
	From DNA to RNA
	Portions of DNA Sequence Are Transcribed into RNA
	Transcription Produces RNA That Is Complementary to One Strand of DNA
	Cells Produce Various Types of RNA 
	Signals in DNA Tell RNA Polymerase Where to Start and Finish Transcription
	Initiation of Eukaryotic Gene Transcription Is a Complex Process
	Eukaryotic RNA Polymerase Requires General Transcription Factors
	Eukaryotic mRNAs Are Processed in the Nucleus
	In Eukaryotes, Protein-Coding Genes Are Interrupted by Noncoding Sequences Called Introns
	Introns Are Removed From Pre-mRNAs by RNA Splicing
	Mature Eukaryotic mRNAs Are Exported from the Nucleus
	mRNA Molecules Are Eventually Degraded in the Cytosol
	The Earliest Cells May Have Had Introns in Their Genes

	From RNA to Protein
	An mRNA Sequence Is Decoded in Sets of Three Nucleotides
	tRNA Molecules Match Amino Acids to Codons in mRNA
	Specific Enzymes Couple tRNAs to the Correct Amino Acid
	The mRNA Message Is Decoded by Ribosomes
	The Ribosome Is a Ribozyme
	Specific Codons in mRNA Signal the Ribosome Where to Start and to Stop Protein Synthesis
	Proteins Are Made on Polyribosomes
	Inhibitors of Prokaryotic Protein Synthesis Are Used as Antibiotics
	Controlled Protein Breakdown Helps Regulate the Amount of Each Protein in a Cell
	There Are Many Steps Between DNA and Protein

	RNA and the Origins of Life
	Life Requires Autocatalysis 
	RNA Can Both Store Information and Catalyze Chemical Reactions
	RNA Is Thought to Predate DNA in Evolution 

	Essential Concepts
	Key Terms
	Questions

	Chapter 8: Control of Gene Expression
	An Overview of Gene Expression
	The Different Cell Types of a Multicellular Organism Contain the Same DNA
	Different Cell Types Produce Different Sets of Proteins
	A Cell Can Change the Expression of Its Genes in Response to External Signals
	Gene Expression Can Be Regulated at Various Steps from DNA to RNA to Protein

	How Transcriptional Switches Work
	Transcription Regulators Bind to Regulatory DNA Sequences
	Transcriptional Switches Allow Cells to Respond to Changes in Their Environment 
	Repressors Turn Genes Off and Activators Turn Them On
	An Activator and a Repressor Control the Lac Operon
	Eukaryotic Transcription Regulators Control Gene Expression from a Distance
	Eukaryotic Transcription Regulators Help Initiate Transcription by Recruiting Chromatin-Modifying Proteins

	The Molecular Mechanisms That Create Specialized Cell Types
	Eukaryotic Genes Are Controlled by Combinations of Transcription Regulators
	The Expression of Different Genes Can Be Coordinated by a Single Protein
	Combinatorial Control Can Also Generate Different Cell Types
	Specialized Cell Types Can Be Experimentally Reprogrammed to Become Pluripotent Stem Cells
	The Formation of an Entire Organ Can Be Triggered by a Single Transcription Regulator
	Epigenetic Mechanisms Allow Differentiated Cells to Maintain Their Identity

	Post-Transcriptional Controls
	Each mRNA Controls Its Own Degradation and Translation
	Regulatory RNAs Control the Expression of Thousands of Genes
	MicroRNAs Direct the Destruction of Target mRNAs
	Small Interfering RNAs Are Produced From Double-Stranded, Foreign RNAs to Protect Cells From Infections
	Thousands of Long Noncoding RNAs May Also Regulate Mammalian Gene Activity

	Essential Concepts
	Key Terms
	Questions

	Chapter 9: How Genes and Genomes Evolve
	Generating Genetic Variation
	In Sexually Reproducing Organisms, Only Changes to the Germ Line Are Passed On To Progeny
	Point Mutations Are Caused by Failures of the Normal Mechanisms for Copying and Repairing DNA
	Point Mutations Can Change the Regulation of a Gene
	DNA Duplications Give Rise to Families of Related Genes 
	The Evolution of the Globin Gene Family Shows How Gene Duplication and Divergence Can Produce New Proteins 
	Whole-Genome Duplications Have Shaped the Evolutionary History of Many Species 
	Novel Genes Can Be Created by Exon Shuffling 
	The Evolution of Genomes Has Been Profoundly Influenced by the Movement of Mobile Genetic Elements 
	Genes Can Be Exchanged Between Organisms by Horizontal Gene Transfer

	Reconstructing Life’s Family Tree
	Genetic Changes That Provide a Selective Advantage Are Likely to Be Preserved
	Closely Related Organisms Have Genomes That Are Similar in Organization As Well As Sequence 
	Functionally Important Genome Regions Show Up As Islands of Conserved DNA Sequence 
	Genome Comparisons Show That Vertebrate Genomes Gain and Lose DNA Rapidly
	Sequence Conservation Allows Us to Trace Even the Most Distant Evolutionary Relationships

	Transposons and Viruses 
	Mobile Genetic Elements Encode the Components They Need for Movement 
	The Human Genome Contains Two Major Families of Transposable Sequences
	Viruses Can Move Between Cells and Organisms
	Retroviruses Reverse the Normal Flow of Genetic Information

	Examining the Human Genome
	The Nucleotide Sequences of Human Genomes Show How Our Genes Are Arranged
	Accelerated Changes in Conserved Genome Sequences Help Reveal What Makes Us Human
	Genome Variation Contributes to Our Individuality—But How?
	Differences in Gene Regulation May Help Explain How Animals With Similar Genomes Can Be So Different

	Essential Concepts
	Key Terms
	Questions

	Chapter 10: Modern Recombinant DNA Technology
	Manipulating and Analyzing DNA Molecules 
	Restriction Nucleases Cut DNA Molecules at Specific Sites
	Gel Electrophoresis Separates DNA Fragments of Different Sizes
	Bands of DNA in a Gel Can Be Visualized Using Fluorescent Dyes or Radioisotopes 
	Hybridization Provides a Sensitive Way to Detect Specific Nucleotide Sequences 

	DNA Cloning in Bacteria
	DNA Cloning Begins with Genome Fragmentation and Production of Recombinant DNAs
	Recombinant DNA Can Be Inserted Into Plasmid Vectors 
	Recombinant DNA Can Be Copied Inside Bacterial Cells
	Genes Can Be Isolated from a DNA Library 
	cDNA Libraries Represent the mRNAs Produced by Particular Cells

	DNA Cloning by PCR
	PCR Uses a DNA Polymerase to Amplify Selected DNA Sequences in a Test Tube
	Multiple Cycles of Amplification In Vitro Generate Billions of Copies of the Desired Nucleotide Sequence
	PCR is Also Used for Diagnostic and Forensic Applications

	Exploring and Exploiting Gene function 
	Whole Genomes Can Be Sequenced Rapidly
	Next-Generation Sequencing Techniques Make Genome Sequencing Faster and Cheaper
	Comparative Genome Analyses Can Identify Genes and Predict Their Function 
	Analysis of mRNAs By Microarray or RNA-Seq Provides a Snapshot of Gene Expression 
	In Situ Hybridization Can Reveal When and Where a Gene Is Expressed 
	Reporter Genes Allow Specific Proteins to be Tracked in Living Cells
	The Study of Mutants Can Help Reveal the Function of a Gene
	RNA Interference (RNAi) Inhibits the Activity of Specific Genes
	A Known Gene Can Be Deleted or Replaced With an Altered Version
	Mutant Organisms Provide Useful Models of Human Disease 
	Transgenic Plants Are Important for Both Cell Biology and Agriculture
	Even Rare Proteins Can Be Made in Large Amounts Using Cloned DNA

	Essential Concepts
	Key terms
	Questions

	Chapter 11: Membrane Structure
	The Lipid Bilayer
	Membrane Lipids Form Bilayers in Water
	The Lipid Bilayer Is a Flexible Two-dimensional Fluid
	The Fluidity of a Lipid Bilayer Depends on Its Composition
	Membrane Assembly Begins in the ER
	Certain Phospholipids Are Confined to One Side of the Membrane

	Membrane Proteins
	Membrane Proteins Associate with the Lipid Bilayer in Different Ways
	A Polypeptide Chain Usually Crosses the Lipid Bilayer as an α Helix
	Membrane Proteins Can Be Solubilized in Detergents
	We Know the Complete Structure of Relatively Few Membrane Proteins
	The Plasma Membrane Is Reinforced by the Underlying Cell Cortex
	A Cell Can Restrict the Movement of Its Membrane Proteins
	The Cell Surface Is Coated with Carbohydrate

	Essential Concepts
	Key Terms
	Questions

	Chapter 12: Transport Across Cell Membranes
	Principles of Transmembrane Transport
	Lipid Bilayers Are Impermeable to Ions and Most Uncharged Polar Molecules
	The Ion Concentrations Inside a Cell Are Very Different from Those Outside
	Differences in the Concentration of Inorganic Ions Across a Cell Membrane Create a Membrane Potential
	Cells Contain Two Classes of Membrane Transport Proteins: Transporters and Channels
	Solutes Cross Membranes by Either Passive or Active Transport
	Both the Concentration Gradient and Membrane Potential Influence the Passive Transport of Charged Solutes
	Water Moves Passively Across Cell Membranes Down Its Concentration Gradient—a Process Called Osmosis

	Transporters and Their Functions
	Passive Transporters Move a Solute Along Its Electrochemical Gradient
	Pumps Actively Transport a Solute Against Its Electrochemical Gradient
	The Na+ Pump in Animal Cells Uses Energy Supplied by ATP to Expel Na+ and Bring in K+
	The Na+ Pump Generates a Steep Concentration Gradient of Na+ Across the Plasma Membrane
	Ca2+ Pumps Keep the Cytosolic Ca2+ Concentration Low 
	Coupled Pumps Exploit Solute Gradients to Mediate Active Transport
	The Electrochemical Na+ Gradient Drives Coupled Pumps in the Plasma Membrane of Animal Cells
	Electrochemical H+ Gradients Drive Coupled Pumps in Plants, Fungi, and Bacteria

	Ion Channels and the Membrane Potential
	Ion Channels Are Ion-selective and Gated
	Membrane Potential Is Governed by the Permeability of a Membrane to Specific Ions
	Ion Channels Randomly Snap Between Open and Closed States
	Different Types of Stimuli Influence the Opening and Closing of Ion Channels 
	Voltage-gated Ion Channels Respond to the Membrane Potential

	Ion Channels and Nerve Cell Signaling
	Action Potentials Allow Rapid Long-Distance Communication Along Axons
	Action Potentials Are Mediated by Voltage-gated Cation Channels
	Voltage-gated Ca2+ Channels in Nerve Terminals Convert an Electrical Signal into a Chemical Signal 
	Transmitter-gated Ion Channels in the Postsynaptic Membrane Convert the Chemical Signal Back into an Electrical Signal
	Neurotransmitters Can Be Excitatory or Inhibitory 
	Most Psychoactive Drugs Affect Synaptic Signaling by Binding to Neurotransmitter Receptors
	The Complexity of Synaptic Signaling Enables Us to Think, Act, Learn, and Remember
	Optogenetics Uses Light-gated Ion Channels to Transiently Activate or Inactivate Neurons in Living Animals

	Essential Concepts
	Key Terms
	Questions

	Chapter 13: How Cells Obtain Energy From Food
	The Breakdown and Utilization of Sugars and Fats
	Food Molecules Are Broken Down in Three Stages
	Glycolysis Extracts Energy from the Splitting of Sugar
	Glycolysis Produces Both ATP and NADH
	Fermentations Can Produce ATP in the Absence of Oxygen
	Glycolytic Enzymes Couple Oxidation to Energy Storage in Activated Carriers
	Several Organic Molecules Are Converted to Acetyl CoA in the Mitochondrial Matrix
	The Citric Acid Cycle Generates NADH by Oxidizing Acetyl Groups to CO2
	Many Biosynthetic Pathways Begin with Glycolysis or the Citric Acid Cycle
	Electron Transport Drives the Synthesis of the Majority of the ATP in Most Cells

	Regulation of Metabolism
	Catabolic and Anabolic Reactions Are Organized and Regulated
	Feedback Regulation Allows Cells to Switch from Glucose Breakdown to Glucose Synthesis 
	Cells Store Food Molecules in Special Reservoirs to Prepare for Periods of Need

	Essential Concepts
	Key Terms
	Questions

	Chapter 14: Energy Generation in Mitochondria and Chloroplasts
	Cells Obtain Most of Their Energy by a Membrane-based Mechanism
	Chemiosmotic Coupling is an Ancient Process, Preserved in Present-Day Cells
	Mitochondria and Oxidative Phosphorylation
	Mitochondria Can Change Their Shape, Location, and Number to Suit a Cell’s Needs
	A Mitochondrion Contains an Outer Membrane, an Inner Membrane, and Two Internal Compartments
	The Citric Acid Cycle Generates the High-Energy Electrons Required for ATP Production 
	The Movement of Electrons is Coupled to the Pumping of Protons
	Protons Are Pumped Across the Inner Mitochondrial Membrane by Proteins in the Electron-Transport Chain
	Proton Pumping Produces a Steep Electrochemical Proton Gradient Across the Inner Mitochondrial Membrane
	ATP Synthase Uses the Energy Stored in the Electrochemical Proton Gradient to Produce ATP 
	Coupled Transport Across the Inner Mitochondrial Membrane Is Also Driven by the Electrochemical 
Proton Gradient
	The Rapid Conversion of ADP to ATP in Mitochondria Maintains a High ATP/ADP Ratio in Cells
	Cell Respiration Is Amazingly Efficient

	Molecular Mechanisms of Electron Transport and Proton Pumping
	Protons Are Readily Moved by the Transfer of Electrons
	The Redox Potential Is a Measure of Electron Affinities
	Electron Transfers Release Large Amounts of Energy
	Metals Tightly Bound to Proteins Form Versatile Electron Carriers
	Cytochrome c Oxidase Catalyzes the Reduction of Molecular Oxygen

	Chloroplasts and Photosynthesis
	Chloroplasts Resemble Mitochondria but Have an Extra Compartment—the Thylakoid
	Photosynthesis Generates—Then Consumes—ATP and NADPH 
	Chlorophyll Molecules Absorb the Energy of Sunlight
	Excited Chlorophyll Molecules Funnel Energy into a Reaction Center
	A Pair of Photosystems Cooperate to Generate Both ATP and NADPH
	Oxygen Is Generated by a Water-Splitting Complex Associated with Photosystem II
	The Special Pair in Photosystem I Receives its Electrons from Photosystem II
	Carbon Fixation Uses ATP and NADPH to Convert CO2 into Sugars
	Sugars Generated by Carbon Fixation Can Be Stored As Starch or Consumed to Produce ATP

	The Evolution of Energy-Generating Systems
	Oxidative Phosphorylation Evolved in Stages
	Photosynthetic Bacteria Made Even Fewer Demands on Their Environment
	The Lifestyle of Methanococcus Suggests That Chemiosmotic Coupling Is an Ancient Process

	Essential Concepts
	Key Terms
	Questions

	Chapter 15: Intracellular Compartments and Protein Transport
	Membrane-enclosed Organelles
	Eukaryotic Cells Contain a Basic Set of Membrane-enclosed Organelles
	Membrane-enclosed Organelles Evolved in Different Ways

	Protein Sorting
	Proteins Are Transported into Organelles by Three Mechanisms
	Signal Sequences Direct Proteins to the Correct Compartment
	Proteins Enter the Nucleus Through Nuclear Pores
	Proteins Unfold to Enter Mitochondria and Chloroplasts
	Proteins Enter Peroxisomes from Both the Cytosol and the Endoplasmic Reticulum 
	Proteins Enter the Endoplasmic Reticulum While Being Synthesized
	Soluble Proteins Made on the ER Are Released into the ER Lumen
	Start and Stop Signals Determine the Arrangement of a Transmembrane Protein in the Lipid Bilayer

	Vesicular Transport
	Transport Vesicles Carry Soluble Proteins and Membrane Between Compartments
	Vesicle Budding Is Driven by the Assembly of a Protein Coat
	Vesicle Docking Depends on Tethers and SNAREs

	Secretory Pathways
	Most Proteins Are Covalently Modified in the ER
	Exit from the ER Is Controlled to Ensure Protein Quality
	The Size of the ER Is Controlled by the Demand for Protein 
	Proteins Are Further Modified and Sorted in the Golgi Apparatus
	Secretory Proteins Are Released from the Cell by Exocytosis

	Endocytic Pathways
	Specialized Phagocytic Cells Ingest Large Particles
	Fluid and Macromolecules Are Taken Up by Pinocytosis
	Receptor-mediated Endocytosis Provides a Specific Route into Animal Cells
	Endocytosed Macromolecules Are Sorted in Endosomes
	Lysosomes Are the Principal Sites of Intracellular Digestion

	Essential Concepts
	Key Terms
	Questions

	Chapter 16: Cell Signaling
	General Principles of Cell Signaling
	Signals Can Act over a Long or Short Range
	Each Cell Responds to a Limited Set of Extracellular Signals, Depending on Its History and Its Current State 
	A Cell’s Response to a Signal Can Be Fast or Slow
	Some Hormones Cross the Plasma Membrane and Bind to Intracellular Receptors
	Some Dissolved Gases Cross the Plasma Membrane and Activate Intracellular Enzymes Directly
	Cell-Surface Receptors Relay Extracellular Signals via Intracellular Signaling Pathways
	Some Intracellular Signaling Proteins Act as Molecular Switches
	Cell-Surface Receptors Fall into Three Main Classes
	Ion-channel–coupled Receptors Convert Chemical Signals into Electrical Ones

	G-protein-coupled Receptors
	Stimulation of GPCRs Activates G-Protein Subunits
	Some Bacterial Toxins Cause Disease by Altering the Activity of G Proteins
	Some G Proteins Directly Regulate Ion Channels
	Many G Proteins Activate Membrane-bound Enzymes that Produce Small Messenger Molecules
	The Cyclic AMP Signaling Pathway Can Activate Enzymes and Turn On Genes
	The Inositol Phospholipid Pathway Triggers a Rise in Intracellular Ca2+
	A Ca2+ Signal Triggers Many Biological Processes
	GPCR-Triggered Intracellular Signaling Cascades Can Achieve Astonishing Speed, Sensitivity, and Adaptability 

	Enzyme-coupled Receptors
	Activated RTKs Recruit a Complex of Intracellular Signaling Proteins
	Most RTKs Activate the Monomeric GTPase Ras
	RTKs Activate PI 3-Kinase to Produce Lipid Docking Sites in the Plasma Membrane
	Some Receptors Activate a Fast Track to the Nucleus
	Cell–Cell Communication Evolved Independently in Plants and Animals
	Protein Kinase Networks Integrate Information to Control Complex Cell Behaviors

	Essential Concepts
	Key Terms
	Questions

	Chapter 17: Cytoskeleton
	Intermediate Filaments
	Intermediate Filaments Are Strong and Ropelike
	Intermediate Filaments Strengthen Cells Against Mechanical Stress
	The Nuclear Envelope Is Supported by a Meshwork of Intermediate Filaments

	Microtubules
	Microtubules Are Hollow Tubes with Structurally Distinct Ends
	The Centrosome Is the Major Microtubule-organizing Center in Animal Cells
	Growing Microtubules Display Dynamic Instability
	Dynamic Instability is Driven by GTP Hydrolysis
	Microtubule Dynamics Can be Modified by Drugs
	Microtubules Organize the Cell Interior 
	Motor Proteins Drive Intracellular Transport
	Microtubules and Motor Proteins Position Organelles in the Cytoplasm
	Cilia and Flagella Contain Stable Microtubules Moved by Dynein

	Actin Filaments
	Actin Filaments Are Thin and Flexible
	Actin and Tubulin Polymerize by Similar Mechanisms
	Many Proteins Bind to Actin and Modify Its Properties
	A Cortex Rich in Actin Filaments Underlies the Plasma Membrane of Most Eukaryotic Cells
	Cell Crawling Depends on Cortical Actin
	Actin Associates with Myosin to Form Contractile Structures
	Extracellular Signals Can Alter the Arrangement of Actin Filaments

	Muscle Contraction 
	Muscle Contraction Depends on Interacting Filaments of Actin and Myosin 
	Actin Filaments Slide Against Myosin Filaments During Muscle Contraction 
	Muscle Contraction Is Triggered by a Sudden Rise in Cytosolic Ca2+
	Different Types of Muscle Cells Perform Different Functions 

	Essential Concepts
	Key Terms
	Questions

	Chapter 18: The Cell-Division Cycle
	Overview of the Cell Cycle
	The Eukaryotic Cell Cycle Usually Includes Four Phases
	A Cell-Cycle Control System Triggers the Major Processes of the Cell Cycle
	Cell-Cycle Control is Similar in All Eukaryotes

	The Cell-Cycle Control System
	The Cell-Cycle Control System Depends on Cyclically Activated Protein Kinases called Cdks
	Different Cyclin–Cdk Complexes Trigger Different Steps in the Cell Cycle 
	Cyclin Concentrations are Regulated by Transcription and by Proteolysis
	The Activity of Cyclin–Cdk Complexes Depends on Phosphorylation and Dephosphorylation
	Cdk Activity Can be Blocked by Cdk Inhibitor Proteins 
	The Cell-Cycle Control System Can Pause the Cycle in Various Ways 

	G1 PHASE
	Cdks are Stably Inactivated in G1
	Mitogens Promote the Production of the Cyclins that Stimulate Cell Division
	DNA Damage Can Temporarily Halt Progression Through G1
	Cells Can Delay Division for Prolonged Periods by Entering Specialized Nondividing States

	S Phase
	S-Cdk Initiates DNA Replication and Blocks Re-Replication
	Incomplete Replication Can Arrest the Cell Cycle in G2

	M Phase
	M-Cdk Drives Entry Into M Phase and Mitosis 
	Cohesins and Condensins Help Configure Duplicated Chromosomes for Separation
	Different Cytoskeletal Assemblies Carry Out Mitosis and Cytokinesis
	M Phase Occurs in Stages

	Mitosis
	Centrosomes Duplicate To Help Form the Two Poles of the Mitotic Spindle
	The Mitotic Spindle Starts to Assemble in Prophase
	Chromosomes Attach to the Mitotic Spindle at Prometaphase
	Chromosomes Assist in the Assembly of the Mitotic Spindle 
	Chromosomes Line Up at the Spindle Equator at Metaphase
	Proteolysis Triggers Sister-Chromatid Separation at Anaphase
	Chromosomes Segregate During Anaphase
	An Unattached Chromosome Will Prevent Sister-Chromatid Separation
	The Nuclear Envelope Re-forms at Telophase

	Cytokinesis
	The Mitotic Spindle Determines the Plane of Cytoplasmic Cleavage
	The Contractile Ring of Animal Cells Is Made of Actin and Myosin Filaments
	Cytokinesis in Plant Cells Involves the Formation of a New Cell Wall 
	Membrane-Enclosed Organelles Must Be Distributed to Daughter Cells When a Cell Divides

	Control of Cell Numbers and Cell Size
	Apoptosis Helps Regulate Animal Cell Numbers
	Apoptosis Is Mediated by an Intracellular Proteolytic Cascade
	The Intrinsic Apoptotic Death Program Is Regulated by the Bcl2 Family of Intracellular Proteins
	Extracellular Signals Can Also Induce Apoptosis 
	Animal Cells Require Extracellular Signals to Survive, Grow, and Divide 
	Survival Factors Suppress Apoptosis
	Mitogens Stimulate Cell Division by Promoting Entry into S Phase
	Growth Factors Stimulate Cells to Grow
	Some Extracellular Signal Proteins Inhibit Cell Survival, Division, or Growth 

	Essential Concepts
	Key Terms
	Questions

	Chapter 19: Sexual Reproduction and the Power of Genetics
	The Benefits of Sex
	Sexual Reproduction Involves Both Diploid and Haploid Cells
	Sexual Reproduction Generates Genetic Diversity
	Sexual Reproduction Gives Organisms a Competitive Advantage in a Changing Environment

	Meiosis and Fertilization
	Meiosis Involves One Round of DNA Replication Followed by Two Rounds of Cell Division
	Meiosis Requires the Pairing of Duplicated Homologous Chromosomes
	Crossing-Over Occurs Between the Duplicated Maternal and Paternal Chromosomes in Each Bivalent
	Chromosome Pairing and Crossing-Over Ensure the Proper Segregation of Homologs
	The Second Meiotic Division Produces Haploid Daughter Cells
	Haploid Gametes Contain Reassorted Genetic Information
	Meiosis Is Not Flawless
	Fertilization Reconstitutes a Complete Diploid Genome

	Mendel and the Laws of Inheritance
	Mendel Studied Traits That Are Inherited in a Discrete Fashion 
	Mendel Disproved the Alternative Theories of Inheritance
	Mendel’s Experiments Revealed the Existence of Dominant and Recessive Alleles 
	Each Gamete Carries a Single Allele for Each Character 
	Mendel’s Law of Segregation Applies to All Sexually Reproducing Organisms
	Alleles for Different Traits Segregate Independently
	The Behavior of Chromosomes During Meiosis Underlies Mendel’s Laws of Inheritance
	Even Genes on the Same Chromosome Can Segregate Independently by Crossing-Over
	Mutations in Genes Can Cause a Loss of Function or a Gain of Function
	Each of Us Carries Many Potentially Harmful Recessive Mutations

	Genetics as an Experimental Tool
	The Classical Genetic Approach Begins with Random Mutagenesis
	Genetic Screens Identify Mutants Deficient in Specific Cell Processes
	Conditional Mutants Permit the Study of Lethal Mutations 
	A Complementation Test Reveals Whether Two Mutations Are in the Same Gene
	Rapid and Cheap DNA Sequencing Has Revolutionized Human Genetic Studies
	Linked Blocks of Polymorphisms Have Been Passed Down from Our Ancestors 
	Our Genome Sequences Provide Clues to our Evolutionary History
	Polymorphisms Can Aid the Search for Mutations Associated with Disease
	Genomics Is Accelerating the Discovery of Rare Mutations that Predispose Us to Serious Disease

	Essential Concepts
	Key Terms
	Questions

	Chapter 20 Cell Communities: Tissues, Stem Cells, and Cancer
	Extracellular Matrix and Connective Tissues
	Plant Cells Have Tough External Walls
	Cellulose Microfibrils Give the Plant Cell Wall Its Tensile Strength
	Animal Connective Tissues Consist Largely of Extracellular Matrix
	Collagen Provides Tensile Strength in Animal Connective Tissues
	Cells Organize the Collagen That They Secrete
	Integrins Couple the Matrix Outside a Cell to the Cytoskeleton Inside It
	Gels of Polysaccharides and Proteins Fill Spaces and Resist Compression

	Epithelial Sheets and Cell Junctions
	Epithelial Sheets Are Polarized and Rest on a Basal Lamina
	Tight Junctions Make an Epithelium Leak-proof and Separate Its Apical and Basal Surfaces
	Cytoskeleton-linked Junctions Bind Epithelial Cells Robustly to One Another and to the Basal Lamina
	Gap Junctions Allow Cytosolic Inorganic Ions and Small Molecules to Pass from Cell to Cell

	Tissue Maintenance and Renewal
	Tissues Are Organized Mixtures of Many Cell Types
	Different Tissues Are Renewed at Different Rates
	Stem Cells Generate a Continuous Supply of Terminally Differentiated Cells
	Specific Signals Maintain Stem-Cell Populations
	Stem Cells Can Be Used to Repair Lost or Damaged Tissues
	Therapeutic Cloning and Reproductive Cloning Are Very Different Enterprises
	Induced Pluripotent Stem Cells Provide a Convenient Source of Human ES-like Cells

	Cancer
	Cancer Cells Proliferate, Invade, and Metastasize
	Epidemiological Studies Identify Preventable Causes of Cancer
	Cancers Develop by an Accumulation of Mutations
	Cancer Cells Evolve, Giving Them an Increasingly Competitive Advantage
	Two Main Classes of Genes Are Critical for Cancer: Oncogenes and Tumor Suppressor Genes
	Cancer-causing Mutations Cluster in a Few Fundamental Pathways
	Colorectal Cancer Illustrates How Loss of a Tumor Suppressor Gene Can Lead to Cancer
	An Understanding of Cancer Cell Biology Opens the Way to New Treatments

	Essential Concepts
	Key Terms
	Questions

	Answers
	Glossary
	Index

