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BIG IDEA
The organic molecules in
living things are classified
into four major groups:
carbohydrates, lipids,
proteins, and nucleic acids.

Carbohydrates and
Lipids
Key Terms
carbohydrate
monosaccharide
disaccharide

condensation reaction
hydrolysis
polysaccharide

SECTION 1
Main Ideas
Carbohydrates contain carbon,
hydrogen, and oxygen atoms.
Lipids have a high percentage
of carbon and hydrogen atoms.

lipid
fatty acid
saponification

Biochemistry is the study of the chemicals and reactions that occur in living organisms. Biochemical compounds are often large and complex organic molecules, but
their chemistry is similar to that of the smaller organic molecules. In this chapter,
you will study many important biochemical molecules and learn why they are
needed to stay healthy. Two of the most common types of molecules that you may
know about are carbohydrates and lipids. These molecules are important parts of
the food that you eat and provide most of the energy that your body needs.
MAIN IDEA

Carbohydrates contain carbon, hydrogen,
and oxygen atoms.
Sugars, starches, and cellulose belong to the large group of biochemical
molecules called carbohydrates. Carbohydrates are molecules, composed
of carbon, hydrogen, and oxygen atoms in a 1:2:1 ratio, that provide nutrients
to the cells of living organisms. Their general formula is Cm(H2O)n. They

are produced by plants through a process called photosynthesis. Cellulose
provides structure and support for plants, and starch stores energy in
plants. Because animals cannot make their own carbohydrates, they must
get them from food. Carbohydrates provide nearly all of the energy that is
available in most plant-derived food. Carbohydrates are also referred to as
saccharides. This comes from the Greek word for sugar. It is also the basis
for the name saccharin, a popular artificial sweetener.

Monosaccharides
A monosaccharide is a simple sugar that is the basic subunit of a carbohydrate. A single monosaccharide molecule contains three to seven

carbon atoms. Monosaccharide compounds are typically sweet-tasting,
white solids at room temperature. Because they have polar hydroxyl
(-OH) groups in their molecular structures, they are very soluble in
water. The most common monosaccharides are glucose (also called
dextrose) and fructose. Although both of these monosaccharides have
the formula C6(H2O)6, their structural formulas differ. As Figure 1.1
shows, glucose in a water solution forms a ring made up of five carbon
atoms and one oxygen atom, and fructose in a water solution forms a
ring made up of four carbon atoms and one oxygen atom. Notice that
both compounds have five -OH groups in their structures.

FIGURE 1.1

Monosaccharides Glucose and
fructose both have 6 C, 12 H, and
6 O atoms. The arrangement of the C,
H, and O atoms determines the shape
and properties of each sugar.
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Glucose is the most abundant monosaccharide in nature. It is also the
most important monosaccharide nutritionally, because glucose provides
energy for cellular activities. The carbohydrates we eat are broken down
into glucose, which may be used immediately by cells or stored in the
liver, as glycogen, for later use.

FIGURE 1.2

Sugar Beets Most of the sugar
produced throughout the world comes
from sugar beets, such as those
shown here, or from sugar cane.

Fructose, also called fruit sugar, is found in most fruits, honey, and corn
syrup. The sweetest naturally occurring sugar, fructose is sweeter than table
sugar. Because fructose is not regulated by insulin, as glucose is, it does
not trigger the release of the hormone leptin that causes us to feel “full.”
Some research links fructose consumption to unhealthy weight gain.

Disaccharides
Generally, when someone asks for “sugar,” the person is asking for the
disaccharide sucrose, C12H22O11. A disaccharide is a sugar that consists of
two monosaccharide units that are joined together. Like monosaccharides,
disaccharides have polar hydroxyl groups in their molecular structures
and therefore are water soluble. Sucrose forms when a glucose molecule
bonds to a fructose molecule. Commercially available sugar comes from
sugar cane or sugar beets (see Figure 1.2). Another important disaccharide
is lactose. Lactose is made up of a sugar called galactose and glucose.
Human milk is 7% to 8% lactose, but cow’s milk is only 4% to 5% lactose.
Infant formula is enriched with lactose to simulate human milk.

Carbohydrate Reactions
Carbohydrates undergo two important kinds of reactions: condensation
reactions and hydrolysis reactions. A condensation reaction is a reaction
in which two molecules or parts of the same molecule combine. Figure 1.3

shows a condensation reaction in which a molecule of glucose combines
with a molecule of fructose to yield a molecule of sucrose and a molecule
of water.
Disaccharides and longer-chain polysaccharides can be broken down
into smaller sugar units by hydrolysis. Hydrolysis is a chemical reaction
between water and another substance to form two or more new substances.

Sucrose will undergo a hydrolysis reaction with water to form glucose and
fructose. This hydrolysis reaction occurs in many common processes.

Condensation Reaction The disaccharide sucrose is formed
by a condensation reaction between glucose and fructose.
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fructose

→

CRITICAL THINKING
Infer Why could this reaction also be called
a dehydration synthesis reaction?
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FIGURE 1.3

Cooking sucrose with high-acid foods, such as berries and fruits,
causes it to break down into a mixture of equal parts glucose and fructose. This new mixture provides the sweet taste in jams and jellies, which
is sweeter than the starting sugar. When lactose is broken down, glucose
and galactose are formed. Some people do not produce the enzyme
needed to break down the milk sugar in dairy products. This condition is
called lactose intolerance. People who have this may feel ill when they
drink milk or eat foods that have milk in them.

Polysaccharides
When many monosaccharides or disaccharides combine in a series of
condensation reactions, they form a polysaccharide. A polysaccharide is a
carbohydrate made up of long chains of simple sugars. Cellulose, starch, and
glycogen are polymers of glucose, or polysaccharides, that contain many
glucose monomer units.

CHECK FOR UNDERSTANDING

Recall How is the structure of
polysaccharides related to that of
monosaccharides?

As shown in Figure 1.4, the glucose molecules in cellulose chains are
arranged in such a way that hydrogen bonds link the hydroxyl groups of
adjacent glucose molecules to form insoluble fibrous sheets. These sheets
of cellulose make up plant cell walls. More than 50% of the total organic
matter in the world is cellulose. People cannot digest cellulose, but when
we eat fiber, which is cellulose, it speeds the movement of food through
the digestive tract. Microorganisms that can digest cellulose are present
in the digestive tracts of some animals. Cows and other herbivores have
extra stomachs that hold the plants they eat for long periods of time,
during which these microorganisms can break down the cellulose.
Starch is the storage form of glucose in plants. Starch from foods such as
potatoes and cereal grains makes up about two-thirds of the food eaten by
people throughout the world. Starch in food is broken down into glucose
during digestion. Glucose is broken down further in metabolic reactions.

FIGURE 1.4

Glucose Monomers Glucose is the monosaccharide subunit for glycogen, cellulose, and
starch. Notice that these three polymers differ in their arrangement of glucose monomers.
glucose monomers
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MAIN IDEA

Lipids have a high percentage of carbon and
hydrogen atoms.
Lipids are another important class of nutrients in our diet. They are found
in dairy products, grains, meats, and oils. A lipid is a type of biochemical
that does not dissolve in water, has a high percentage of C and H atoms, and is
soluble in nonpolar solvents. As a class, lipids are not nearly as similar to

each other as carbohydrates are. Long-chain fatty acids, phospholipids,
steroids, and cholesterol are lipids.

Fatty Acids and Triglycerides
Fatty acids consist of a long, nonpolar hydrocarbon “tail” and a polar
carboxylic acid functional group at the “head.” Fatty acids are the simplest

CHECK FOR UNDERSTANDING

Distinguish What is the
difference between saturated and
unsaturated fatty acids?

lipid molecules. They have hydrophilic polar heads, but their hydrocarbon
chains make them insoluble in water. Fatty acids can also be saturated or
unsaturated. Saturated fatty acids have no carbon–carbon double bonds,
while unsaturated fatty acids have one or more double bonds in the
hydrocarbon chain. The lipid shown below is oleic acid, which is found in
animal fat.
O
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| | | | | | |
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hydrophilic region

FIGURE 1.5

Foods High in Fats and Oils Fats,
such as lard and butter, are obtained from
animals. Oils are found in many different
plants.

hydrophobic region

Fats and oils make up the most common group of lipids in your diet.
These molecules are known as triglycerides. They are formed by condensation reactions in which three fatty acid molecules bond to one glycerol
(a type of alcohol) molecule. Fats, such as butter and lard, come from
animals, while oils come from plant sources, such as coconuts, peanuts,
corn, and olives, as shown in Figure 1.5. Because they have a large amount
of saturated fatty acids, fats are solids at room temperature. Oils have more
unsaturated fatty acids than fats, so they are liquids. Like other animals,
humans make fat, which is stored in adipose tissue until it is needed as an
energy source. Fat has about twice as much energy per gram as carbohydrates or proteins do. Thus, fat is an efficient form of energy storage.
Fats have another important commercial value based on their ability
to react with sodium hydroxide, NaOH, commonly known as lye. When a
fat combines with NaOH, an acid-base reaction called saponification occurs,
and a salt and water form. The salt formed is called a soap and consists of

the long carboxylic acid chain anion and sodium ion as the cation. A
molecule of soap has a charged ionic head and a nonpolar hydrocarbon
tail. This structure allows the ionic head of a soap molecule to dissolve in
water and the nonpolar tail to dissolve in nonpolar greases. This property
gives the soap its cleaning ability. The chemistry of this reaction is also
used as a way of classifying lipids. Lipids that react with a base to form
soap are called saponifiable lipids, which include fats, oils, and fatty acids.
718
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Other Important Lipids
Compound saponifiable lipids play an important role in biochemical
processes. These lipids are structurally similar to triglycerides in that at
least one fatty acid is bonded to the central glycerol or glycerol-like
unit. These molecules may also have phosphate groups, sugar units, or
nitrogen-containing groups. Phospholipids, shown in Figure 1.6, are
compound saponifiable lipids and are the main structural component
of cell membranes. Phospholipids are arranged in a bilayer, or double
layer, at the surface of the cell. As Figure 1.6 shows, the hydrophilic
heads of the phospholipids are on the outside surfaces of the bilayer.
The heads are in contact with water-containing solutions inside the
cell and surrounding the cell. The hydrophobic tails point toward the
interior of the membrane, away from water-containing solutions. The
cell membrane forms a boundary between the cell and its external
environment. Only certain substances may pass through the cell
membrane. This enables the cell to maintain a stable internal
environment.
Nonsaponifiable lipids are nonpolar compounds that do not form
soap. They include steroids, many vitamins, and bile acids. Cholesterol is a
steroid present in animal cell membranes and is a precursor of many
hormones.
FIGURE 1.6

Phospholipids
Polar
head

Polar
Nonpolar

Nonpolar
tails

A phospholipid’s “head”
is polar, and its two fatty
“tails”are nonpolar.

Polar
Phospholipids are arranged in a bilayer, with
the hydrophilic heads pointing outward and
the hydrophobic tails pointing inward.

SECTION 1 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. Describe two functions of carbohydrates in living
systems.
2. Carbohydrates make up about 2% of the mass
of the human body, yet we need about 1 tsp of
glucose every 15 min to maintain energy for our
cells. Where does all of this glucose come from?
3. What is the difference between saponifiable and
nonsaponifiable lipids?

Critical Thinking
4. ANALYZING RELATIONSHIPS Glucose is
soluble in water. Why is cellulose, which is made
up of glucose, insoluble in water?
5. EVALUATING IDEAS Carbohydrates make up
75% of the mass of dried plant material. Cotton
is at least 95% carbohydrate. Why do humans
not include cotton in their diet?
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SECTION 2

Amino Acids and
Proteins

Main Ideas
Amino acids contain an amino
and an acid group.
Proteins are chains of 50 or
more amino acid monomers.

Key Terms
amino acid
protein

Enzymes are biological
catalysts.

enzyme
denaturation

Proteins are polymers made up of smaller monomers known as amino acids.
Although only 20 types of amino acids are found in human proteins, more than
700 types of amino acids occur in nature. Combinations of these 20 amino acids
make up the more than 9000 different proteins found in the human body. However,
our bodies can synthesize only 11 of the 20 amino acids that we need. The other
nine, called the essential amino acids, have to be supplied by the food that we eat.
A deficiency of these can cause illness and, in some cases, death.
MAIN IDEA

Amino acids contain an amino and an acid group.
Amino acids are organic molecules that contain two functional groups: a
basic —NH2 amino group and an acidic —COOH carboxylic acid group. All of

the 20 amino acids have the general structure shown in Figure 2.1. The R
represents a side chain that is different for each amino acid. The R-groups
of the amino acids present in a protein determine the protein’s biological
activity. The structures of four amino acids—cysteine, valine, glutamic
acid, and histidine—are shown below.

FIGURE 2.1

Amino Acid Structure Amino acids have the same
basic structure. The R represents a side chain.
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Amino Acid Reactions
Two amino acids can react with each other in an acid-base type of
reaction. The basic amino group of one amino acid reacts with the acidic
carboxylic acid group of another amino acid to form a peptide, and a
molecule of water is lost. This reaction, shown below, is classified as a
condensation reaction, or a dehydration synthesis, and the two amino
acid molecules join together. The bond formed is called a peptide bond,
and the product is a dipeptide, because it is made up of two amino acid
units. Longer chains are called polypeptides, and chains of 50 or more
amino acids are called proteins.
peptide bond
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Peptide bonds can be broken by enzymes called proteases. These
enzymes are found in cells and tissues where they aid in the digestion of
proteins from food or where they degrade unneeded or damaged proteins.
MAIN IDEA

Proteins are chains of 50 or more amino acid
monomers.
Proteins are found in all living cells and are the most complex and varied
class of biochemical molecules. A protein is an organic biological polymer,
made up of polypeptide chains of 50 or more amino acids, that is an important
building block of all cells. These chains may be branched and cross-linked

as well. Protein comes from the Greek proteios: “of first importance.” This
name emphasizes the importance of proteins in living organisms.
Proteins are the second most common molecules found in the body
(after water) and make up about 10% to 20% of the mass of a cell. Made
up of specific sequences of amino acids, proteins have molecular masses
that range from 6000 to more than 9 million unified atomic mass units.
Nitrogen accounts for about 15% of the mass of a protein molecule, which
makes the structure of a protein quite different from that of a carbohydrate or lipid. Most proteins also contain sulfur, phosphorus, or other
elements, such as iron, zinc, and copper.

CHECK FOR UNDERSTANDING

Recognize What makes the
structures of proteins quite different
from those of carbohydrates?

The importance of proteins in living organisms comes from their
many different functions. Besides being the body’s main food source for
nitrogen and sulfur, proteins have many important catalytic, structural,
regulatory, and antibody-defense functions. Some examples of proteins
are keratin, which is the main component of hair and fingernails; enzymes, which catalyze biochemical reactions; hemoglobin, which carries
oxygen in the blood; insulin, which regulates glucose levels; and antibodies, which protect the body from foreign substances. Many genetic
disorders, such as cystic fibrosis and sickle-cell anemia (discussed later
in this section), result from malformed or missing proteins.
Biological Chemistry
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Arrangement of Amino Acids in Peptides and Proteins

FIGURE 2.2

Each peptide, polypeptide, or protein is made up of a special sequence
of amino acids. A simple set of three-letter abbreviations is used to
represent each amino acid in these kinds of molecules. For example, the
dipeptide from glycine, shown in Figure 2.2, and glutamic acid would be
written as Gly–Glu. The dipeptide Glu–Gly is an isomer of Gly–Glu. Both
have the same numbers of C, H, O, and N atoms but in a different order.
For the tripeptide Val–Asn–His, made up of valine, asparagine, and
histidine, there are five isomers. There are 120 possible isomers for a
pentapeptide of five different amino acids. Even though there are only
20 types of amino acids in proteins found in the human body, an incredibly large number of polypeptide and protein molecules are possible.
Even for a small protein made up of 100 amino acids, the number of
possible combinations of the 20 amino acids is 20100. Polypeptide and
protein function depend not only on the kinds and number of amino
acids but also on their order. Later, you will see that even the difference of
only one amino acid in a polypeptide or protein chain can cause a big
change in a protein’s activity in a cell.

Dipeptide A scanning electron
micrograph showing crystals of
the amino acid glycine, one of the
building blocks of proteins.

Amino-Acid Side-Chain Reactions
The properties of amino acids—and ultimately polypeptides and
proteins—depend on the properties of the side chains present. For
example, the side chain of glutamic acid is acidic, and the side chain of
histidine is basic. The side chains of asparagine and several other amino
acids are polar. In addition, both glutamic acid and asparagine can form
hydrogen bonds, shown in Figure 2.3. Some amino-acid side chains can
form ionic or covalent bonds with other side chains. Cysteine is a unique
amino acid, because the —SH group in cysteine can form a covalent bond
with another cysteine side chain. Figure 2.3 shows that two cysteine
units—at different points on a protein molecule—can bond to form a
disulfide bridge. Such bonding can link two separate polypeptides or can
cause one long protein to bond onto itself to form a loop. In fact, curly
hair is a result of the presence of many disulfide bridges in hair protein.

FIGURE 2.3
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interactions between side chains on a
polypeptide molecule are shown here.
These interactions help determine the
shape of a protein.

Shape and Structure of Protein Molecules
The interaction of amino-acid side chains determines the shape and
structure of proteins, which in turn are important to the proteins’
biological functions. In a polypeptide chain or protein, the sequence of the
amino acids is called the primary (1°) structure. The secondary (2°)
structure describes how the chain is coiled or otherwise arranged in space.
For example, the alpha (α) helix is a secondary structure that resembles a
coiled spring. Another type of secondary structure is the beta (β) pleated
sheet, which has accordion-like folds. These secondary structures form
because hydrogen bonding occurs between a hydrogen atom attached to
the nitrogen atom in one peptide bond and the oxygen atom of another
peptide bond farther down the backbone of the protein.
In a protein, the amino-acid side chains project out in such a way that
they often interact with other side chains located at various positions
along the protein backbone. These interactions give the protein its
characteristic three-dimensional shape, which is called its tertiary (3°)
structure. The side-chain interactions can include hydrogen bonding, salt
bridges, and cysteine–cysteine disulfide bonds. Hydrophobic interactions
that occur between nonpolar side chains also contribute to a protein’s
tertiary structure. Because nonpolar side groups are repulsed by the
water found in cells and body fluids, these groups tend to be found in the
interior of the protein, where contact with water is minimal. Polar and
ionic side chains tend to be on the protein surface, where they are in
contact with water. In some proteins, different polypeptides, each of
which has its own 3° structure, come together. In the case of hemoglobin,
four different polypeptides make up the quaternary (4°) structure. The
four structural levels of proteins are shown in Figure 2.4.
FIGURE 2.4

The Four Structural Levels of Proteins The functions of proteins are determined by

CRITICAL THINKING
Predict Why might a protein’s
environment have a great effect on
its structure?

their complex structures.

a) Primary structure

d) Quaternary
structure

b) Secondary structure
c) Tertiary structure
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FIGURE 2.5

BIOLOGICAL FUNCTIONS OF PROTEINS
Type of protein

Function

Examples

storage

storage of amino acids

Casein protein in milk supplies amino acids for baby mammals.
Egg-white protein, or ovalbumin, is a source of amino acids for
developing embryos. Plants store proteins in seeds.

transport

transport of substances

Proteins transport molecules across cell membranes. Hemoglobin in
blood transports oxygen.

structural

support

Spiders produce silk fibers, which are proteins, to make webs.
Collagen and elastin give connective tissues strength and flexibility.
Keratin is found in hair, feathers, horns, hooves, and nails.

contractile

movement

Actin and myosin fibers cause movement in muscles. Contractile
fibers in cilia and flagella help propel single-celled organisms.

enzymatic

catalysis of chemical
reactions

Enzymes break down large molecules in food within the
digestive system.

hormonal

coordination of processes
in an organism

Pancreatic insulin helps regulate blood-sugar levels.

receptor

response of cell to
chemical stimuli

Nerve-cell membranes have chemical receptors that detect
chemical signals released by other nerve cells.

defensive

protection against
disease

Antibodies attack pathogenic viruses and bacteria.

Biological Functions of Proteins
From Figure 2.5, you can see that almost everything that occurs in a living
organism depends on one or more proteins. Scientists have discovered
that the specific function of a protein is related to the protein’s shape.
The shape of a protein can generally be described as fibrous or globular.
Fibrous proteins are insoluble in water and are long, thin, and physically
strong. Globular proteins are generally soluble in water and are twisted
and folded into a globe-like shape.
Fibrous proteins give strength and protection to structures in living
organisms. Keratin is a fibrous protein whose secondary structure is almost
entirely alpha helical in shape. The keratin in nails and hooves is much
stiffer than the keratin in fur or wool because of the large number of
side-chain interactions that occur between the nail and hoof proteins.
Collagen, found in bone and tendons, is a triple helix of three intertwined
alpha helices, which gives these tissues their strength. Fibrin found in silk
has a beta-pleated sheet structure. Elastins in blood tissue, fibrins in blood
clots, and myosins found in muscle tissue are other kinds of fibrous proteins.
Globular proteins regulate body functions, catalyze reactions, and
transport substances. The regulatory hormone insulin is a small protein
of 51 amino acids in two polypeptide chains. Myoglobin transports
oxygen in the muscles, and hemoglobin transports oxygen in the blood.
Casein, found in milk and used for food, is also a globular protein. It
contains phosphorus, which is needed for bone growth.
724
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Amino Acid Substitution
A protein’s amino acid sequence determines its three-dimensional
structure, which in turn determines its function. Even a single
substitution of one amino acid for another can change the shape and
function of a protein. For example, the genetic disease sickle-cell anemia
can happen when one amino acid—glutamic acid—is replaced by a
another—valine. This change in only 1 of 146 amino acids in one of the
two protein chains in the hemoglobin molecule causes a major change
in the shape of the molecule. This change in the shape of the hemoglobin
molecule causes the red blood cells to sickle when oxygen levels are
relatively low (as is the case in most body tissues). The sickle cells tend to
clog small blood vessels, which prevents the transport of enough oxygen
to tissue cells. As a result, people who have sickle-cell anemia suffer from
shortness of breath. Figure 2.6 shows the shape of normal red blood cells
and sickle cells. The sickle-cell gene is more common in some groups of
people than it is in others. In areas where the disease malaria is common,
scientists have discovered that sickle cells are more resistant to malarial
infection than other cells are. So people who have sickle-cell trait are
more resistant to malaria than other people are.
FIGURE 2.6

Sickle-Cell Anemia
OH

O
C

CH2
CH2
H 2 N C COOH
H
glutamic acid

(a) The round, flat shape of healthy red blood
cells shows they have normal hemoglobin
molecules.

(b) Hemoglobin consists of
four polypeptide chains;
a fragment of one chain
is shown in green.

(c) Each of the chains is a polymer
of 141 or 146 amino acid
units, such as the glutamic
acid monomer shown here.

CH3

H3C

(cl), (bl) ©Omikron/Photo Researchers, Inc

CH
H2N C COOH
H
valine

(d) Because of their shape, sickle cells clog
small blood vessels.

(e) A genetic mutation causes
one glutamic acid to be
replaced by valine in the
hemoglobin molecules, as
shown in red.

(f) The sickle shape of the cell
comes from the different
shape of the hemoglobin
caused by the substitution of
valine for glutamic acid.
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Dr. Charles Drew and Blood
Transfusions
rior to the 1900s, severe bleeding often resulted in
death. But today, blood is stored at blood banks,
where people “deposit” blood so that they or others
can “withdraw” it when needed. Charles Drew was a pioneer in
the work of blood transfusions, especially in the use of plasma
and the development of blood banks.

Charles Drew
was a pioneer
in the
development
of blood
banks.

The Need for Blood
While in medical school, Drew realized that many lives could
be saved if blood could be stored for transfusions. Before 1937,
most patients needing blood received it directly from a donor at
the time it was needed. In 1938, Drew and physician John
Scudder from Britain studied the chemistry of blood to try to
find a way to preserve blood. Drew recognized that extracting
blood plasma could help solve the problems of storing blood.

During World War II, Drew was the medical supervisor for the
“Blood for Britain” program. He also coordinated the American
blood-storage program by setting up collection centers,
standardizing blood-bank equipment, and establishing
record-keeping procedures and criteria to ensure the safety of
blood products. When the United States entered the war, the
blood supply was ready, and stored blood and plasma saved
several thousand lives.
A Safer Blood Supply
With the emergence of HIV and AIDS in the 1980s, the methods
of blood transfusion needed to be modified. Some transfused
blood was found to carry HIV in a number of people. Before
modifications were put into place, as many as 50% of

hemophiliacs in the United States could have been infected
with HIV because of their frequent transfusions. Although
current screening procedures to detect HIV, hepatitis, and other
diseases have almost completely removed the risk of
transfusing infected blood, some people choose to bank their
own blood before undergoing surgery.
Blood Substitutes
The AIDS epidemic has sped up attempts to find an artificial
blood substitute. Perfluorocarbons (PFCs), which are made by
replacing the hydrogen atoms of hydrocarbons with fluorine
atoms, are possible substitutes. Oxygen binds to PFCs 10 to
20 times more readily than it binds to plasma or water, and
products using PFCs have a shelf life of up to two years.
Another substitute is a hemoglobin-based oxygen carrier
(HBOC). HBOCs may be able to transport oxygen until a body is
able to replenish its red blood cells. If these products are
successful, they could provide a supply of blood substitutes
that do not require typing and do not depend on donors.
Questions
1. What was Dr. Drew’s contribution to medicine?
2. Why are scientists searching for blood substitutes?
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There are two main components of blood: blood cells and
plasma. Red blood cells, white blood cells, and platelets make
up 45% of the volume of blood, while plasma makes up 55%
of blood. Plasma is amber colored and is about 90% water. It
has more than 100 solutes, including nutrients, antibodies,
hormones, and proteins. Drew discovered that plasma could be
used as an emergency substitute for blood without testing for
blood type, because the ABO blood types are removed with the
red blood cells. He also found that plasma could be dehydrated
and stored.

MAIN IDEA

Enzymes are biological catalysts.
An enzyme is a protein that catalyzes a biochemical reaction. Enzymes make

up the largest and most highly specialized class of proteins. All living
organisms have enzymes; as many as 3000 enzymes can be found in a
single cell. Most enzymes are water-soluble, globular proteins. Remember
that catalysts speed up a reaction by lowering the activation energy and
are not changed in the reaction. An enzyme also does not change the
amount of product that is formed in a reaction. Enzymes catalyze both
decomposition and synthesis reactions.
Enzymes are also very efficient. For example, the enzyme carbonic
anhydrase acts on carbonic acid to break down as many as 36 million
molecules in 1 minute. Carbon dioxide is carried from all the parts of the
body to the lungs as carbonic acid in the blood. In the lungs, carbonic
anhydrase breaks down carbonic acid into CO2 and water vapor, which
then exit the lungs as a person exhales.

Enzyme Specificity
In addition to being highly efficient, enzymes are very specific. For
example, the enzyme peroxidase is responsible only for the decomposition of hydrogen peroxide to water and oxygen. Hydrogen peroxide is
fairly stable in the bottle, but when you put it on a minor cut, the peroxidase enzyme in the blood catalyzes its decomposition. Bubbling occurs
as a result of the gaseous oxygen from the decomposing hydrogen
peroxide. As you can see in Figure 2.7, enzymes act by binding to a specific
substrate molecule. Hydrogen peroxide is the substrate in the reaction
just discussed. The shape of the enzyme is such that a molecule of
hydrogen peroxide can fit into the enzyme at a specific part of the enzyme
molecule, called the active site. The resulting compound is called the
enzyme–substrate complex. In this complex, hydrogen–oxygen bonds
break, and oxygen–oxygen bonds form. Then the enzyme releases the
products and is ready to react with another substrate molecule. This
model of enzyme action is called the lock-and-key model.
FIGURE 2.7

Lock-and-Key Enzyme Model

(a) The substrate comes into
contact with the active site.

(b) The activated complex
forms, and a reaction occurs.

(c) The products form, but
the enzyme remains unchanged.
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FIGURE 2.8

Activation Energy With and Without an Enzyme

Activation Energy and Enzymes Enzymes
decrease the activation energy of a chemical reaction.

Activation energy
without an enzyme

Energy
absorbed

CRITICAL THINKING
Interpret In Figure 2.8, how can you tell that the
enzyme does not change the total amount of energy
required for or released by the reaction?

Activation energy
with an enzyme

Energy
released

Reactants

Products

Reaction progress

Enzymes and
Reaction Rates
mc06sec230020010A

FIGURE 2.9

Temperature and Enzyme
Activity Enzymes have maximum
activity within a narrow temperature
range. Denaturation occurs at
temperatures above 50°C to 60°C
and causes a decrease in activity.

Percent maximum activity

Enzyme Inhibition

100

Temperature and Enzyme Activity
Proteins, including enzymes, are also affected by changes in temperature.
The graph in Figure 2.9 shows the relatively narrow range of temperatures
within which enzymes typically have maximum activity. Enzymes in the
human body work optimally at the normal body temperature of 37°C
(98.6°F). At temperatures above 50°C to 60°C, enzymes typically show a
decline in activity. High heat can denature, or alter, the shape of a protein,
which in turn alters the protein’s function. Denaturation is a change in a
protein’s characteristic three-dimensional shape due to changes in its
secondary, tertiary, and quaternary structure. If you have ever cooked an egg,

50

20

40
T, °C
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4th pass
The presence
of an enzyme in a chemical reaction can increase the rate
5/21/4
of a reaction
by a factor of up to 1020. Recall that a reaction can only occur
C Murphy
when two atoms or molecules collide with enough energy to overcome
the activation energy and have the proper orientation to change reactants
into products. As you can see from the graph in Figure 2.8, an enzyme that
catalyzes a chemical reaction causes an increase in the rate of the reaction by reducing the activation energy. The enzyme lowers the activation
energy by forming the enzyme–substrate complex, which makes breaking
bonds in the reactants and forming new bonds in the products easier. The
net amount of energy required for the reaction or released by the reaction
is not changed by the action of an enzyme.
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you have caused protein denaturation. The white of an egg is a solution
of the protein albumin. When the egg is placed in a hot frying pan, a
dramatic change takes place, and the semitransparent solution turns into
a white solid. Because the primary structure is retained in denaturation,
the nutritional value of the egg white is not affected. The process is not
reversible, however; cooling a fried egg does not reverse the denaturation. When food is cooked, the three-dimensional structure of the
protein is altered, making the food easier to digest.

pH and Enzyme Activity
Enzymes also typically have maximum activity within a relatively narrow
range of pH. The optimal pH for normal cell enzyme functions is almost
neutral, about 7.3 to 7.4. Changes in pH can cause changes in protein
structure and shape. For example, adding acid or base can interfere with
the side-chain interactions and thus change the shape of a protein. Most
enzymes become inactivated, or no longer work, because of denaturation
when the pH changes. When milk sours (because lactic acid has formed),
it curdles, and curds of the protein casein form. Yogurt is made by
growing acid-producing bacteria in skim milk, which causes the casein to
denature, which in turn gives yogurt its consistency.
The digestion of dietary protein by enzymes begins in the stomach.
When food is swallowed, the stomach lining produces HCl and preenzymes, inactive forms of protein-digesting enzymes. These pre-enzymes
travel from the stomach lining into the stomach before they become
activated by the stomach’s low pH of 1.5 to 2.0. This process is important
because it prevents the active form of the enzymes from digesting the
stomach lining. A layer of mucus protects the lining of the stomach from
the enzymes it contains. Once activated, the enzymes catalyze the
breakdown of the proteins in food into shorter polypeptide segments.
Pepsin is a stomach enzyme found in adults. The partially digested protein
in food travels into the small intestine, where the pH is 7 to 8. Under these
conditions, the enzyme trypsin becomes active. It catalyzes the hydrolysis
of the polypeptide segments into amino acids, which are absorbed
through the intestinal wall and enter the bloodstream. The body uses
these newly acquired amino acids to make new protein molecules.
Figure 2.10 shows how the protein in raw fish looks before and after it is
soaked in acidic lime juice. Because the acidic lime juice denatures
protein in the fish, the acid-treated fish looks very different. Marinades
made with wine or vinegar are also used to flavor meats. As a result, many
of the proteins in the meat are denatured, making it more tender.

CHECK FOR UNDERSTANDING

Conclude Why might highly
acidic foods cause problems in
digestion?

FIGURE 2.10

Acid Denaturation of Protein
The fish treated with lime has turned white
because the acidic lime juice denatures the
protein in raw fish.

SECTION 2 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. Which elements do amino acids and proteins
have in common with carbohydrates and lipids?
2. What is the difference between an amino acid
and a protein?
3. Explain the difference between fibrous proteins
and globular proteins.
4. Why are only small amounts of enzymes found
in the body?

Critical Thinking
5. RELATING IDEAS Explain how the ball-like
structure of globular proteins allows them to
be water soluble.
6. INFERRING CONCLUSIONS If an essential
amino acid is in short supply in the diet, it can
become a limiting reactant in building any
protein that contains the amino acid. Explain
why, under these conditions, the only way that
the body could make that protein would be to
destroy one of its proteins that contain the
limiting amino acid.
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SECTION 3
Main Ideas
ATP is an energy source
for cells.
Complex compounds get broken
down and energy gets released
in catabolism.
Smaller compounds get
converted to larger ones during
anabolism.

Metabolism
Key Terms
metabolism
autotroph
adenosine triphosphate (ATP)

heterotroph
adenosine diphosphate (ADP)

catabolism
anabolism

Metabolism is the sum of all the chemical processes that occur in an organism.

Complex molecules are broken down into smaller ones through catabolism, and
simple molecules are used to build bigger ones through a process called anabolism.
A metabolic pathway is a series of linked chemical reactions that occur within a cell
and result in a specific product. The major metabolic pathways for most organisms
are very similar. So one can study the metabolic pathways in simple organisms to
get information about reactions in more complex organisms, including humans.
MAIN IDEA

ATP is an energy source for cells.
Cells require energy to make the proteins, carbohydrates, lipids, and
nucleic acids that are necessary for life. In addition, the body needs
energy as heat to keep warm, mechanical energy to move muscles and
pump blood, and electrical energy to move ions across cell membranes.
The original source for almost all of the energy needed by living systems
is the sun. Autotrophs are living organisms that use sunlight (or other energy),
water, and CO2 to make carbon-containing biomolecules, including carbohydrates. The most common form of this process, called photosynthesis,

occurs in the cells of plants and algae, such as those shown in Figure 3.1,
within structures called chloroplasts. Chloroplasts contain chlorophyll, an
organic molecule that absorbs solar energy. This energy is captured in
two compounds, one of which is adenosine triphosphate (ATP).
ATP (adenosine triphosphate) is a high-energy molecule that plant cells use to
make carbohydrates. The other compound, NADPH, is also used in

Chlorophyll The cells of algae

carbohydrate-forming reactions.

and green plants contain chlorophyll,
the green pigment that absorbs light
energy from the sun.

A less-common type of autotrophic metabolism, called chemosynthesis, is found in microbes living around deep-sea hydrothermal vents.
These organisms obtain nutrients in the absence of sunlight by metabolizing nitrogen and sulfur compounds produced by geothermal activity
beneath the oceans.
Animals, however, cannot use the sun’s energy to convert CO2 into
food. Animals must get the energy that they need to sustain life by
consuming plants and other animals. Living organisms, including most
microorganisms, that depend on plants or other animals for food are called
heterotrophs. Heterotrophs use the energy obtained in the breakdown of

complex molecules to drive chemical reactions in cells. The carbohydrates, lipids, and amino acids that heterotrophs consume undergo
several energy-yielding reactions as they break down into simpler molecules. Some of this energy is stored in ATP molecules, which cells use to
drive a wide variety of metabolic reactions.
730

Chapter 23

©Perennou Nuridsany/Photo Researchers, Inc

FIGURE 3.1

FIGURE 3.2

The ATP Cycle ATP is formed

CO2

Light
energy

by photosynthesis or catabolism. Cell
activities that require energy are powered
by ATP hydrolysis. The “Pi” represents a
phosphate group.

ATP

ATP hydrolysis
releases energy for
Biosynthesis
Osmotic work
Cell motility/muscle
contraction

H2O
Photosynthesis

Catabolism

O2

The ATP Cycle

ADP +
Fuels

Pi

The ATP Cycle
Adenosine diphosphate (ADP) is the molecular building block from which ATP
is made. The cycle between ATP and ADP is the primary energy-exchange

mechanism in the body. Figure 3.2 provides an overview of the ATP cycle
in cells. In this cycle, ATP carries energy from energy-storing molecules,
carbohydrates, lipids, and proteins to specific energy-requiring processes
in cells. When ATP is hydrolyzed to ADP, in a process called phosphorylation, energy is released to power the cell’s activities. The molecular
structures of ATP and ADP are closely related, as shown in Figure 3.3.

CHECK FOR UNDERSTANDING

The difference in the number of phosphate groups between ATP and
ADP molecules is the key to the energy exchange in metabolic reactions.
The chemical equation below shows the hydrolysis reaction by which
ATP is converted into ADP and a phosphate group (represented by the
gold-colored ball in Figure 3.2). The free energy for this reaction is –31 kJ,
which is the amount of energy available to do work.

Identify What is the primary
difference between an ATP and an
ADP molecule?

 ADP 3-(aq) + H2PO ATP 4-(aq) + H2O(l ) 
4 (aq) ∆G = -31 kJ
FIGURE 3.3

Hydrolysis of ATP The hydrolysis of ATP produces ADP and releases energy.
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FIGURE 3.4

Catabolic and Anabolic
Pathways Catabolic pathways release
free energy in the form of ATP and NADH.
Anabolic pathways consume energy
released by catabolic pathways.

ENERGY-YIELDING
NUTRIENTS

CELL MACROMOLECULES
Proteins
Polysaccharides
Lipids
Nucleic acids

Carbohydrates
Fats
Proteins
ATP
Catabolism
(oxidative,
exergonic)

CHEMICAL
ENERGY

Anabolism
(reductive,
endergonic)

NADH
ENERGY-POOR END
PRODUCTS

H2O
CO 2
NH3

MAIN IDEA

Amino acids
Sugars
Fatty acids
Nitrogenous bases
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Complex compounds get broken down and energy
gets released in catabolism.
The energy that your body needs to maintain its temperature and drive its
biochemical reactions is provided through catabolic processes, or cellular
respiration. Figure 3.4 illustrates the relationship between the pathways of
catabolism and anabolism. Catabolism is the part of metabolism in which
complex compounds break down into simpler ones and is accompanied by the
release of energy. First, enzymes break down the complex compounds

in food—carbohydrates, fats, and proteins—into simpler molecules,
releasing the energy stored in their carbon–carbon bonds.
CHECK FOR UNDERSTANDING

Distinguish Where does
digestion begin for carbohydrates?
Fats? Proteins?

Carbohydrate digestion begins in the mouth, where the enzyme
amylase in saliva begins to break down polysaccharides. The food then
passes through the esophagus, then the stomach, and into the small
intestine. Here, more enzymes are secreted to complete the hydrolysis of
carbohydrates to form glucose and other monosaccharides.
Digestion of fats occurs only in the small intestine. Protein digestion
begins in the stomach and is completed in the small intestine. During
digestion, fats are broken down into fatty acids and glycerol. Proteins are
broken down into amino acids.
These products are absorbed across the wall of the small intestine into
the blood and are transported to cells. Once in the cells, glucose and
other monosaccharides, fatty acids, some amino acids, and glycerol enter
the mitochondria and feed into a complex series of reactions called the
citric acid cycle, or Krebs cycle. The citric acid cycle produces carbon
dioxide and other molecules, such as NADH (not to be confused with
NADPH) and ATP. This NADH and ATP then move through another set of
reactions to produce more ATP and water.
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The amount of energy released in catabolism depends on the amount
of ATP that is made as the products of digestion are oxidized. The catabolism of 1 glucose molecule generally produces a total of 36 ATP molecules. This accounts for about 40% of the energy released by the complete oxidation of glucose. Most of the energy not converted to ATP is lost
by the body as energy in the form of heat. Figure 3.5 shows how much ATP
is needed for some daily activities.
MAIN IDEA

Smaller compounds get converted to larger ones
during anabolism.
Cells use the simple molecules that result from the breakdown of food to
make larger, more complex molecules. Energy released during catabolism powers the synthesis of new molecules as well as the active transport
of ions and molecules across cell membranes. Anabolic processes are the
energy-consuming pathways by which cells produce the molecules that
they need for sustaining life and for growth and repair. The conversion of

FIGURE 3.5

APPROXIMATE “COST”
OF DAILY ACTIVITIES

Activity

Energy
required
(kJ)

ATP
required
(mol)

running

1120

56

swimming

840

42

bicycling

1400

70

walking

560

28

small biomolecules into larger ones is called anabolism.

In an anabolic pathway, small precursor molecules are converted into
complex molecules, including lipids, polysaccharides, proteins, and nucleic
acids. Energy from ATP and NADH is necessary for these biosynthesis
reactions to occur. Figure 3.4 illustrates that catabolism and anabolism occur
simultaneously and that ATP and NADH serve as chemical “links” between
the two processes.
One important anabolic pathway that is common to animals, plants,
fungi, and microorganisms is gluconeogenesis. As the name implies, glucose
is synthesized in this pathway from noncarbohydrate substances, including
lactate, pyruvate, glycerol, and most of the amino acids. In mammals,
glucose from the blood is the fuel source for the brain and nervous system
as well as for the kidneys, red blood cells, and embryonic tissues.

SECTION 3 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. List four ways in which the body uses energy.
2. What is the total energy (in kilojoules) stored in the
36 ATP molecules that are made from the metabolism of 1 molecule of glucose in skeletal tissue?
3. The teeth break large pieces of food into smaller
ones. However, this process is not considered
part of digestion. Explain why.
4. How does the digestion of fat in a strip of ham
differ from the digestion of starch in a piece
of toast?

5. Why are diets that are severely restrictive in
carbohydrate intake potentially dangerous to a
person’s health?

Critical Thinking
6. RELATING CONCEPTS When a molecule of
glucose is oxidized, only about 40% of the energy
is captured in ATP molecules, and the rest is lost
as energy in the form of heat. What do you think
would happen if this energy remained in the
body as heat?
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SECTION 4

Nucleic Acids

Main Ideas
Nucleic acids are chains of
nucleotides containing a sugar
bonded to a phosphate and an
organic base.

Key Terms
nucleic acid

RNA molecules synthesize
proteins.

DNA replication

cloning

Nucleic acids contain all the genetic information of an organism. They are the
means by which a living organism stores and conveys instructional information for
all its activities. They are also the means by which an organism can reproduce. The
two major nucleic acids found in organisms are deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA).

Genetic engineers manipulate
genetic material.

MAIN IDEA

Nucleic acids are chains of nucleotides containing a
sugar bonded to a phosphate and an organic base.
A nucleic acid is an organic compound, either RNA or DNA, whose molecules
carry genetic information and that is made up of one or two chains of monomer
units called nucleotides. However, unlike the monomer units in polysac-

charides and polypeptides, each nucleotide monomer can be further
hydrolyzed into three different molecules. A nucleotide molecule is
composed of a five-carbon sugar unit that is bonded to both a phosphate
group and a cyclic, organic base that contains nitrogen.
The sugar unit in DNA is deoxyribose, and the sugar unit in RNA is
ribose. The diagram below shows the sugar-phosphate arrangement in
three nucleotides.
—phosphate— sugar—phosphate—sugar—phosphate—sugar—



base
base
base
The five nitrogenous bases found in nucleic acids are shown in
Figure 4.1. Adenine (A), guanine (G), and cytosine (C) are found in both
DNA and RNA. Thymine (T) is found only in DNA, and uracil (U) is found
only in RNA.
FIGURE 4.1

Bases in Nucleic Acid There are five common nitrogenous bases. Thymine (T),
cytosine (C), and uracil (U) have a single six-member ring. Adenine (A) and
guanine (G) have a six-member ring connected to a five-member ring.
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DNA: Deoxyribonucleic Acid
Every single instruction for all the traits that you have inherited and all
the life processes that occur in your cells is contained in your DNA. It
is no wonder then that DNA molecules are the largest molecules found in
cells. Living organisms vary widely in the size and number of DNA
molecules in their cells. Some bacterial cells contain only 1 DNA molecule, while human cells contain 23 pairs of relatively large DNA molecules. Each human cell contains about 2 m of DNA, which is divided and
packed into the cell’s 46 chromosomes. An average cell is only about 6 µm
in diameter and contains many organelles and structures. To fit in a cell,
DNA must undergo extensive twisting, coiling, folding, and wrapping.

CHECK FOR UNDERSTANDING

Identify How many DNA
molecules does a human being
have?

The Swedish scientist Friedrich Miescher first extracted DNA from
cells in 1868, but its three-dimensional structure was not discovered until
1953. Using the x-ray data of Maurice Wilkins and Rosalind Franklin,
James Watson of the United States and Francis Crick of England proposed
that DNA was a double helix. In this structure, which has been confirmed
by numerous methods, two strands of the sugar-phosphate backbone are
wound around each other, and the nitrogenous bases point inward, as
shown in Figure 4.2. The sequence of these nitrogenous bases along the
phosphate-sugar backbone in DNA forms the code responsible for
transferring genetic information. The three-dimensional DNA molecule is
similar to a twisted ladder. The sides of the ladder are the sugar-phosphate
backbone, and the rungs are base pairs of A—T (adenine–thymine) or
G—C (guanine–cytosine) bases extending between the two backbones.
Hydrogen bonding between these pairs of nitrogenous bases holds the
rungs of the ladder together.

FIGURE 4.2

The DNA Double Helix Structure Hydrogen bonding between base pairs makes the
three-dimensional structure of DNA stable. Base pairing occurs between adenine and thymine
or guanine and cytosine, keeping the distance between the strands constant.
Adenine
Guanine

Thymine
Cytosine
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Nitrogenous Base Pairs

FIGURE 4.3

STM Image of DNA
Structure The double helix of
DNA can be seen by using a scanning
tunneling microscope (STM).

In the DNA double helix, base pairing exists only between A—T and
between C—G, as you saw in Figure 4.2. The reason is that the pairing
between one single-ringed base and one double-ringed base provides
the correct orientation for the hydrogen bonds to form between the two
sides of the DNA ladder. One thymine and one adenine form a link
between the two strands of a DNA molecule that is exactly the same size
as the link formed by one cytosine and one guanine.
The double-helix configuration of DNA, shown in Figure 4.3, can be
seen by using a scanning tunneling microscope (STM). The discovery of
the relative quantities of the nitrogenous bases A, T, G, and C present in
DNA was the key to determining the three-dimensional molecular
structure. Analysis of DNA from different organisms reveals that the
amounts of A and T are the same and that the amounts of G and C are
the same for all members of the same species. In humans, DNA is about
30% A, 30% T, 20% G, and 20% C.
The interaction between base pairs accounts for the ability of DNA to
replicate, as you will learn below. Just as combinations of the 26 letters of
the alphabet form words that tell a story in a novel, combinations of the
four-letter alphabet of A, T, G, and C form the genes that define our
heredity. Each gene is a section of DNA that contains a specific sequence
of four bases (A, G, T, and C) and typically contains about 1000 to 2000
base pairs. As of 2004, researchers with the Human Genome Project had
discovered that the human body contains about 20 000 to 25 000 genes.

DNA Replication

DNA Replication DNA
replicates when its double helix
unwinds and becomes single
stranded. The single strands are used
as a template for the formation of
new complementary strands.

Original
helix

Complementary
strand

New
helices
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Like the two sides of a zipper, the two strands of the double helix of DNA
are not identical. Instead, the two strands are complements of each other.
Thus, a base on one strand is paired through hydrogen bonding to its
complementary base on the other strand. For example, if one strand
sequence is AGCTC, the complementary strand sequence will be TCGAG.
Each time a cell divides, an exact copy of the DNA of the parent cell
is reproduced for the daughter cells. The process by which an identical copy
of the original DNA is formed is called DNA replication. As replication begins,
a portion of the two strands of the original DNA is uncoiled and “unzipped,” as shown in Figure 4.4, by an enzyme called helicase. Each strand
can then act as a template for the synthesis of a new, complementary
strand. The result is two daughter DNA molecules, which have the same
base-pair sequence as the original double helix.

CRITICAL THINKING
Predict Hydrogen bonds hold DNA
strands together. What would be the
implication for life if DNA strands
were held together by chemical
bonds?

(tc) ©Driscoll, Youngquist, & Baldeschwieler/Caltech/Photo Researchers, Inc

FIGURE 4.4

MAIN IDEA

RNA molecules synthesize proteins.
Molecules of RNA make up about 5% to 10% of the mass of a cell. RNA
molecules are responsible for the synthesis of proteins, which in turn
control the operation and function of the cell. RNA differs from DNA in
four basic ways: (1) the sugar unit in the backbone of RNA is ribose rather
than deoxyribose, (2) RNA contains the base uracil, U, instead of thymine,
which occurs in DNA, (3) RNA is a single-stranded molecule rather than a
double-stranded helix like DNA, and (4) RNA molecules typically consist
of 75 to a few thousand nucleotide units rather than the millions that exist
in DNA. Even though RNA is much smaller than DNA, RNA can still twist,
coil, bend, and fold back onto itself. In fact, it is not uncommon for up to
50% of an RNA molecule to have a double-helix structure. The reason is
that the base sequences along the helical regions of the RNA strand are
complementary, making hydrogen bonding possible.

Synthesis of RNA
RNA is synthesized in the nucleus of the cell, where DNA and protein
molecules actually help synthesize specific RNA molecules. RNA can
be seen by STM, as shown in Figure 4.5. As RNA is synthesized, information contained in the DNA is transferred to the RNA molecules. Like the
genetic information of DNA, the genetic information of RNA is carried in
its nucleotide sequence. One type of RNA molecule is called messenger
RNA (mRNA) because it carries the instructions for making proteins out
into the cytosol, where proteins are produced on ribosomes. A ribosome
is a cell organelle composed of RNA and protein. Ribosomes are the main
site of protein production in cells. The DNA template is also used to make
two other types of RNA molecules: ribosomal RNA (rRNA) and transfer
RNA (tRNA). Both of these types of RNA also leave the nucleus and come
together in the ribosome, where they help synthesize proteins. Ribosomal
RNA becomes part of the structure of the ribosome, and tRNA is used to
transfer amino acids to the ribosome. Only mRNA carries the coded
genetic information that is translated into proteins.

FIGURE 4.5

STM Image of RNA Scanning
tunneling micrograph of RNA strands
being transcribed in a cell.

DNA supplies all the information necessary for RNA to make the
proteins needed by the body. The portion of DNA that holds the genetic
code for a single mRNA molecule is a gene. Each gene codes for a specific
mRNA molecule, which produces a specific protein that has a specific
function.

©Omikron/Photo Researchers, Inc

RNA and Protein Synthesis
RNA is made from DNA in a process that is similar to the way in which
DNA replicates itself. A portion of DNA is uncoiled by helicase, and RNA
is assembled along the unzipped strands of DNA, using the same complementary base pairs as DNA, except that uracil replaces the thymine. As in
DNA replication, the RNA sequence that forms has the complementary
base pairs of the DNA gene. The DNA sequence on the next page would
form the complementary RNA sequence shown.
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CHECK FOR UNDERSTANDING

Decode What do you think is
significant about the three “stop”
codes?

Forensic Chemist
A forensic chemist applies scientific
methodology to physical evidence.
Forensic chemists focus on analyzing
evidence that has been collected at
a crime scene. They then report any
conclusions that they can draw from
the analysis. Understanding evidence
requires knowledge of biology,
materials science, and genetics in
addition to chemistry. Because forensic
chemists are often asked to testify
in court, they need to be comfortable
speaking in public and be able to give
clear and concise explanations to
those who do not have a background
in science.

DNA strand: C C C C A C C C T A C G G T G
RNA strand: G G G G U G G G A U G C C A C
A sequence of three bases in mRNA, called triplets, or codons, code for
specific amino acids. Thus, the sequence CAG codes for glutamic acid,
and GUC codes for valine. There are 64 (43) unique combinations of
three-base sequences made from four bases. Some amino acids have
more than one code. For example, leucine is coded for by six different
codons: UUA, UUG, CUU, CUC, CUA, and CUG. Methionine and tryptophan are the only amino acids that are coded by only one codon each.
The same three-base sequence always codes for the same amino acid
regardless of whether the organism is a bacterium or a human.
Once mRNA forms from DNA, it leaves the nucleus of the cell and
attaches to a ribosome. tRNA molecules, each containing three anticodons that complement the nitrogen-base sequences found in mRNA,
bring amino acids from the cell’s cytoplasm to the ribosome, where they
are joined to form proteins. The process always begins with the “start”
triplet AUG, which codes for methionine and signals the ribosome to
begin making a protein. The process ends with the “stop” signals: UAG,
UAA, or UGA.
Proteins are absolutely essential to the proper functioning of living
organisms. Errors that occur during protein synthesis are known as
mutations. There are a number of different ways that mutations can
occur, such as the insertion or deletion of a nitrogen base or a triplet
being reversed as it is inserted. Mutations caused by incorrect
sequencing can lead to many types of genetic disorders and diseases,
including cancer.

FIGURE 4.6

DNA Autoradiograph A DNA
autoradiograph shows the pattern of an
organism’s DNA fragments after they
have been separated from each other by
electrophoresis.

MAIN IDEA

Genetic engineers manipulate genetic material.
Genetic engineers study how the manipulation of an organism’s genetic
material can modify the proteins that are produced and the changes that
result in the organism. This provides new options for the production of
food, medical diagnosis and treatments, and increased understanding of
genetic disorders. Although selective breeding of organisms has been
done for thousands of years, these scientists use recombinant DNA
technology to adapt or clone existing life forms, which is controversial.

One visible use of molecular technology is DNA fingerprinting. DNA is
unique to an individual except for identical twins. This technology is used
in forensic investigations, paternity testing, and victim identification.
Often, there are only very small samples available, such as a single drop of
blood or one strand of hair. A technique called polymerase chain reaction
(PCR) may be used to copy a DNA sample to supply sufficient DNA for
identification. Electrophoresis and autoradiography are processes used to
compare DNA from a sample with the DNA of a known individual to
confirm identification, as Figure 4.6 shows.
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DNA Fingerprinting

Cloning

FIGURE 4.7

Cloning is the process of making an exact copy of an organism. One example
of a natural occurrence of cloning is the formation of identical twins,
which is the result of a chance splitting of the embryonic cells very early
in development. Artificial cloning, mainly used with microbes, can
produce identical replicas of the parent cells or, under specialized conditions, a complete organism that is identical to the original organism. The
orchid shown in Figure 4.7 is a clone of its parent plant. Cloning of plants
may hold promise for increasing the yields of crops.

Orchid Cloning Growers can
produce many orchids by artificial
cloning of the meristem tissue of a
single orchid plant.

The first animal to be cloned, a sheep named Dolly, was born in 1997
in Scotland. The process of cloning higher organisms is so difficult that it
took 200 tries to produce Dolly. Due to lung disease, Dolly was euthanized in 2003. She had also been diagnosed with arthritis. Both diseases
are normally found in sheep older than Dolly was, so Dolly’s early death
may be related to the fact that she was cloned from cells obtained from a
seven-year-old ewe. More recently, a number of vertebrates have been
cloned, including dogs, cats, monkeys, and an endangered Asian oxen.
Therapeutic cloning of human tissues and organs may eventually
provide significant advances in health care, but cloning an entire human
remains science fiction.

Recombinant DNA Technology
Recombinant DNA technology has been used to insert DNA from one
organism into another. The technique splices a gene from one organism’s
DNA into a molecule of DNA from another organism. The genes in
Escherichia coli, a bacterium found in human and animal intestinal tracts,
are often used to obtain spliced segments of genetic material. When the
spliced E. coli DNA is inserted into a cell, the cell is able to make the
protein that is coded by the spliced gene.
One of the first applications of genetic engineering was the synthesis of
human insulin. Previously, diabetics usually had to use either pig or cow
insulin, which is not exactly the same as human insulin. Today, most
insulin used is produced using E. coli. Human growth hormone is also
commercially produced by using recombinant DNA technology.

SECTION 4 FORMATIVE ASSESSMENT
Reviewing Main Ideas
1. What sugar is present in DNA? What sugar is
present in RNA?

©Charles Marden Fitch

2. Explain why the two strands of the DNA double
helix are said to be complementary instead of
identical.
3. Describe how DNA uses the genetic code to
control the synthesis of proteins.

Critical Thinking
5. INTERPRET AND APPLY Is it possible to
specify 20 amino acids by using only two base
pairs instead of three for coding?
6. DRAWING CONCLUSIONS Why is the
arrangement of base pairs that is found in
DNA ideal for holding the double helix of DNA
together?

4. Why is a very small trace of blood enough for
DNA fingerprinting?
Biological Chemistry
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Interpretation of the Genetic Code

In protein synthesis, the DNA sequence of bases is transcribed
onto messenger RNA (mRNA). The mRNA base sequence is the

complement of the DNA sequence, except that uracil takes the
place of thymine as the complement of adenine.

Problem-Solving TIPS
• Find the first base of the mRNA triplet along the left side of the table.
• Follow that row to the right until you are beneath the second base of the triplet.
• Move up or down in the square that corresponds to the second base until you are
even with the third base of the triplet on the right side of the chart.
The Genetic Code (mRNA)
First
base
U

C

A

G

Second base
U
UUU
Phenylalanine
UUC
UUA
Leucine
UUG
CUU
CUC
Leucine
CUA
CUG
AUU
AUC Isoleucine
AUA
AUG—Start
GUU
GUC
Valine
GUA
GUG

C

UCU
UCC
UCA
UCG
CCU
CCC
CCA
CCG
ACU
ACC
ACA
ACG
GCU
GCC
GCA
GCG

UAU
UAC
Serine
UAA
UAG
CAU
CAC
Proline
CAA
CAG
AAU
AAC
Threonine
AAA
AAG
GAU
GAC
Alanine
GAA
GAG

A

G
UGU
Tyrosine
Cysteine
UGC
UGA—Stop
Stop
UGG—Tryptophan
CGU
Histidine
CGC
Arginine
CGA
Glutamine
CGG
AGU
Asparagine
Serine
AGC
AGA
Lysine
Arginine
AGG
GGU
Aspartic acid
GGC
Glycine
GGA
Glutamic acid
GGG

Third
base
U
C
A
G
U
C
A
G
U
C
A
G
U
C
A
G

Sample Problem
What sequence of amino acids will be incorporated into protein as a result of the mRNA
sequence UUACCCGAGAAGUCC?
Divide the sequence into groups of three to clearly see the separate codons.
UUACCCGAGAAGUCC = UUA | CCC | GAG | AAG | UCC
Now, use the table to determine the match between codons and amino acids.
UUA
|
CCC
|
GAG
|
AAG
|
leucine
proline
glutamic acid
lysine

1. What amino acid sequence will be added to a protein as a result of the mRNA sequence
UUACACGACUAUAAUUGG?
2. What amino acid sequence will be added to a protein as a result of the mRNA sequence
CUAACCGGGUGAGCUUCU?
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SECTION 1

Summary

BIG IDEA The organic molecules in living
things are classified into four major groups:
carbohydrates, lipids, proteins, and nucleic
acids.

Carbohydrates and Lipids

• Carbohydrates are nutrients that are produced by plants and are made up
of carbon, oxygen, and hydrogen.
• Monosaccharides are the simplest carbohydrates. Carbohydrates made of
two monosaccharides are called disaccharides, and carbohydrates made of
more than two monosaccharides are called polysaccharides.
• Carbohydrates undergo condensation reactions and hydrolysis reactions.
• Lipids are a varied group of biochemical molecules that have a high
percentage of C and H atoms.

SECTION 2

Amino Acids and Proteins

• Amino acid molecules are the basic building blocks of proteins.
• Proteins are biological polymers, each of which has a unique sequence of
amino acid monomer molecules.
• The specific function of a protein is related to the shape of the protein.

KEY TERMS

carbohydrate
monosaccharide
disaccharide
condensation reaction
hydrolysis
polysaccharide
lipid
fatty acid
saponification

KEY TERMS

amino acid
protein
enzyme
denaturation

• Side-chain interactions between amino acids result in secondary, tertiary,
and quaternary protein structures.

SECTION 3

Metabolism

• ATP is a high-energy storage compound that the body uses to store and
provide energy for life.
• The metabolic pathways involve both the conversion of ATP to ADP and the
conversion of ADP to ATP.
• Metabolic pathways are classified as two types: catabolism and anabolism.
• Catabolism includes reactions in which large molecules are changed into
simpler molecules. These reactions release energy.
• Anabolic processes are energy-consuming pathways by which cells
produce the molecules needed for growth and repair.

SECTION 4

Nucleic Acids

• Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are nucleic acids,
the compounds by which living organisms can reproduce themselves.
• Nucleic acids are polymers of monomer units called nucleotides.

KEY TERMS

metabolism
autotroph
adenosine triphosphate (ATP)
heterotroph
adenosine diphosphate (ADP)
catabolism
anabolism

KEY TERMS

nucleic acid
DNA replication
cloning

• The two strands of the double helix of DNA are complementary to each
other, not identical. These strands are held together by hydrogen bonding
of the base pairs.
• RNA is used to produce proteins in the cell.

Chapter Summary
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Review

SECTION 1

Carbohydrates and Lipids
REVIEWING MAIN IDEAS
1. Describe the general chemical formula of
carbohydrates.
2. Name two examples from each of the following
classes of carbohydrates: monosaccharides,
disaccharides, and polysaccharides.
3. What different roles do the polysaccharides starch
and cellulose play in plant systems?
4. What word is used to describe fatty acids that
contain at least one double bond?
5. Why are some triglycerides liquid, while others
are solid?
6. What reagents are used to make soaps?

GO ONLINE

Interactive Review
HMHScience.com

Review Games
Concept Maps

12. Can two types of enzymes contain the same number
and kinds of amino acids? Explain.
13. What happens when a protein is denatured?
14. Explain the cause of the genetic disease sickle-cell
anemia.
15. Why is the water solubility of fibrous proteins so
different from that of globular proteins?

PRACTICE PROBLEMS
16. Draw the structures of two dipeptides made up of
glycine and valine.
17. How many different tripeptides can be formed from
two molecules of glycine and one molecule of
cysteine? Write all the structures by using the threeletter codes Gly and Cys.
SECTION 3

Metabolism

PRACTICE PROBLEMS
7. Draw the structural formula for glucose.
8. Using structural formulas, write the equation
showing the formation of maltose, which is the
disaccharide made of two glucose units.
9. Write the equation representing the formation of
a soap molecule from stearic acid, C17H35COOH,
and sodium hydroxide.

REVIEWING MAIN IDEAS
18. What chemical gains the metabolic energy that is
released as glucose is broken down in the body?
19. What does ATP stand for? What is the role of ATP in
living organisms?
20. Describe the steps that occur in the digestion of fats.
21. Review the following diagram of catabolism.

SECTION 2

glucose

Amino Acids and Proteins
REVIEWING MAIN IDEAS

fats

10. Describe the structure of an amino acid. Then,
explain how amino acids become linked together to
form a protein.
11. Circle and identify the carboxylic acid groups and the
amino groups in the following molecule:
O H
NH2 CH C

O H

N CH C

CH 2

CH OH

CH2

COOH

CH3

C
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glycerol
+
fatty acids

amino acids
pyruvate

acetate

ATP
production

N CH COOH

O
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proteins

glycogen

NH2

According to the diagram, what could happen in
the cell when glucose and glycogen reserves are
nearly gone?

CHAPTER REVIEW
PRACTICE PROBLEMS
22. Write the structural formula of ATP. Circle the bond
that breaks when ADP forms.
SECTION 4

Nucleic Acids
REVIEWING MAIN IDEAS
23. What are the three components of a nucleotide?
24. How are the two chains of DNA held together?
25. Describe in general terms the process of DNA
replication.
26. What are the main differences between DNA
and RNA?
27. Describe the similarities and differences between
the three kinds of RNA molecules.
28. What is a ribosome? What is the function of a
ribosome in a cell?

32. What is the human body’s storage form of each of
the following?
a. glucose
b. lipids
c. protein
33. Is each of the following statements about proteins
and triglycerides true or false?
a. Both contain the amide functional group.
b. Both are a part of a major class of biochemical
molecules.
c. Both hydrolyze in order to enter the metabolic
pathway in humans.
34. Circle the hydrophobic part in each of the figures
shown below.
CH3
a. H3C
CH
H2N C

COOH

H

b. HO

O
C

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

C

H

C

H

H

C

H

H

C

H

H

C

H

30. Name the four main elements that make up
compounds found in living organisms.

H

C

H

H

C

H

31. In each of the following groups, one of the items does
not belong in the group. Identify the odd item in the
group, and explain why it is different. Explain how the
other items are related.
a. glycogen, starch, fructose, and cellulose
b. amino acids, dipeptides, polypeptides, and
proteins
c. fats, oils, and fatty acids
d. cytosine, adenine, and uracil

H

C

H

H

C

H

PRACTICE PROBLEMS
29. The following sequence of bases might be found on
the gene that codes for oxytocin, the human pituitary
hormone:
TACACAATGTAAGTTTTGACGGGGGACCCTATC
a. What is the base sequence of the complementary
strand of DNA?
b. What is the base sequence that would occur on a
strand of mRNA transcribed from the oxytocin
DNA sequence?

Mixed Review
REVIEWING MAIN IDEAS

H

Chapter Review
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CHAPTER REVIEW
35. Both celery and potato chips are composed of
molecules that are polymers of glucose. Explain why
celery is a good snack for people on a diet while
potato chips are not.
36. Carbohydrates, fats, and proteins can produce energy
for an organism.
a. Which class of substances most rapidly provides
energy?
b. Which class can be used as a building material in
the human body?
c. Which is the most efficient as an energy storage
system?
37. Describe the basic structure of the cell membrane.
What is the cell membrane’s main function?

CRITICAL THINKING
38. Interpreting Concepts A diet that consists primarily of
corn can result in a protein-deficiency disease called
kwashiorkor. What does this information indicate
about the protein content of corn?
39. Inferring Relationships Explain how a similar reaction
forms three kinds of biological polymers: polysaccharides, polypeptides, and nucleic acids.
40. Evaluating Ideas Some diets recommend severely
restricting or eliminating the intake of carbohydrates.
Why is it not a good idea to eliminate all carbohydrates from the diet?
41. Using Analogies Explain why the model of enzyme
action is called the lock-and-key model.
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RESEARCH AND WRITING
42. Conduct library research about how Olestra® decreases
fat and caloric content of potato chips. What are the
advantages and disadvantages of Olestra® in food
products?
43. Write a summary discussing what you have learned
about the four major classes of organic compounds
found in living organisms—carbohydrates, lipids,
proteins, and nucleic acids. Include a description of
how these organic molecules are used by the body.

ALTERNATIVE ASSESSMENT
44. Amylase, the enzyme present in the mouth, catalyzes
the digestion of starch. The pH of the mouth is almost
neutral.
a. Do you think that amylase is active in the stomach
after you swallow the food? Why or why not?
b. Design an experiment you could perform to test
your answer to item a. Note: A common test for
the presence of starch is the addition of tincture
of iodine, which will produce a blue color if starch
is present.

TEST PREP

Standards-Based Assessment
Record your answers on a separate piece of paper.

MULTIPLE CHOICE
1 Some carbohydrates are produced by green plants
through photosynthesis and become food.
Photosynthesis is a process in green plants by
which —
A light energy is stored as chemical energy
B water and oxygen are converted into chemical
energy
C carbon dioxide and chlorophyll are converted
into potential energy
D carbon dioxide and chemical energy are
converted into kinetic energy
2 The catabolism of one glucose molecule produces
about 36 ATP molecules. This accounts for only 40%
of the energy released during the complete oxidation of glucose. What happens to the energy not
converted to ATP?
A
B
C
D

It is converted back into glucose.
It is lost as heat.
It is used to make molecules of ADP.
It is stored in the body as fat.

3 Cellular respiration is a catabolic process that
releases energy by breaking down carbohydrates
into CO2 and water. The chemical equation is shown
below.
C6H12O6 + ? O2 → 6CO2 + 6H2O
In order to balance this equation, what coefficient
should you use for the oxygen molecule?
A
B
C
D

1
3
6
12

4 During the ATP hydrolysis, energy is released to
power a cell’s activities. Why is water important to
this process?
A With the addition of water, ATP is converted into
ADP and a phosphate group.
B With the removal of water, ATP is converted into
ADP and a phosphate group.
C With the addition of water and a phosphate
group, ATP is converted into ADP.
D With the removal of water and the addition of a
phosphate group, ATP is converted into ADP.
5 Which of the following statements about fats is true?
A
B
C
D

Fats serve as a reserve supply of energy.
Fats are stored in the adipose tissue.
Fats act as insulators.
all of the above

6 What happens when carbohydrates are unavailable
or unable to provide the body's energy needs?
A
B
C
D

Glucose is converted to glycogen.
Proteins or fats are used for energy.
Amino acids form proteins.
all of the above

7 Which of the following statements is true?
A RNA contains the base uracil rather than
thymine, which occurs in DNA.
B Both RNA and DNA are double-stranded helices.
C The sugar ribose is in the backbone of DNA.
D DNA and RNA have different phosphate groups.

GRIDDED RESPONSE
8 How many levels of folding does a protein undergo
before it reaches its biologically active threedimensional structure?

10
9
8

11 12 1

7 6

5

Test Tip
2
3
4

If a question or an answer choice
contains an unfamiliar term, try to
break the word into parts to determine
its meaning.

Standards-Based Assessment
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