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2
The entire science of biology rests on a

foundation of chemistry, and the exact
interactions among chemicals determine
everything from birth to death. In fact,
everything in our universe is made of
chemicals, from the planets to the oceans to
you. Understanding the chemistry of human
life—and of life in general—must rest on an
understanding of chemicals and chemical
interactions. Yet when you mention
“chemistry,” most people exhibit a classic
“fight or flight” reaction. This is sad, because
chemistry is actually a vibrant and wholly
understandable subject. And once you know a
few basic concepts about biological chemistry,
you will suddenly find yourself understanding
more about the health-related information we
hear every day:

“Cut your cholesterol.” Why? What’s
cholesterol, and can I live without it?

“Stop eating so much saturated fat.
Unsaturated fats are better for you.”
Why? What’s the difference?

We use chemistry in our daily lives,
without realizing it. When we bathe,
cook, clean, or even water our plants,
we do so because we know certain
chemical reactions will occur—even if
we can’t name them. We use water to re-
move soil from our hands, adding deter-
gent to loosen greasy or stubborn soil.
We turn to more powerful organic sol-
vents when we need to thin some
enamel paint or to remove an oil spill.
We water our plants when they wilt, and
we add nutrient chemicals when their
growth slows. We eat when we feel hun-
gry, expecting our bodies to convert
food to the energy we need to function.

Life: It’s all about chemicals.

■ Hydrogen ion concentration affects
chemical properties p. 000

■ There are four main Categories 
of Organic Chemicals p. 000
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they are needed in extremely small doses, minute
traces in fact, so taking supplemental minerals will
enhance bodily performance ONLY if your diet lacks
them to begin with. (See I wonder . . . Dietary
Supplements.)

Chemistry is a story of bonds made and bonds
broken. Bonds between atoms determine how chemical
compounds form, fall apart, and re-form. When we me-
tabolize sugar, for example, we are essentially combin-
ing its carbon and hydrogen atoms with oxygen, form-
ing carbon dioxide and water. These reactions produce
heat and energy that the body uses for just about every
purpose. If we don’t use sugar and related compounds
right away, some of them are converted to fat—larger
molecules that store even more energy in their chemi-
cal bonds. (Figure 2.1)

28 CHAPTER 2 Everyday Chemistry of Life

Life Has a Unique Chemistry

umans and the rest of the living realm
are made of multiple chemicals, but
four elements predominate: oxygen,
carbon, hydrogen, and nitrogen. We

also contain relatively high quantities of calcium,
phosphorus and sulfur, sodium, chlorine, and mag-
nesium. Although trace elements are less abundant

in the body, some of them
are necessary for life, such as
iron, iodine, and selenium.
Most of these trace elements
are for sale at your local
pharmacy, next to the multi-
vitamins. Sometimes our di-
ets do not provide enough of
these trace elements. But

Identify the four most common chemicals in living organisms.

LEARNING OBJECTIVES

H
Element
A substance made

entirely of one type

of atom; cannot 

be broken down 

via chemical

processes.

CONCEPT CHECK

List the most common
chemicals in the human
body.

Why do multivitamins and mineral
supplements often make no
difference in overall health?

I W
O

N
D

ER
 .

..Do I need to take dietary supplements to stay healthy?
will they help me lose weight?

To answer these questions, we must understand the roles
of minerals and vitamins in the body. Your body needs
many micronutrients in small, steady amounts. Vitamins,
for example, aid in growth, vision, digestion, blood clotting,
and mental alertness. They catalyze reactions, and they are
essential to the use of carbohydrates, fats, and proteins. Vi-
tamins supply no calories, but without them you could not
obtain energy from your food. Minerals are the main com-
ponents of teeth and bone, and help control nerve impulses
and maintain fluid balance. You need at least 250 milligrams
(mg) of calcium, phosphorus, magnesium, sodium, potas-
sium, sulfur, and chloride each day. Chromium, copper, fluo-
ride, iodine, iron, manganese, molybdenum, selenium, and
zinc are considered trace minerals; the daily requirement is
less than 20 mg.

Micronutrients must be obtained from your diet be-
cause you have no mechanism for manufacturing them. If a
change in diet causes a micronutrient deficiency, supple-
ments will improve functioning and health. Complaints of
fatigue, poor vision digestive difficulties, even malaise, can
be traced to the lack of a specific, essential mineral or vita-
min. But dietary supplements will help ONLY if your diet
lacks the micronutrient you are supplementing. Taking extra
micronutrients will do nothing at best and at worst could
cause other health problems. Too much vitamin B-3 can in-
jure the liver, and excess vitamin A can weaken bones. And
chromium? Well, we know that it helps your body use sugar
and that a lack of chromium leads to nerve problems and
decreased sugar usage. But there is no evidence that ex-
cess chromium will improve sugar use.

Many people take vitamins A, C, and E, in the hope that
these antioxidants will slow the oxidative damage that ac-
companies aging. But vegetables contain a huge mix of an-
tioxidants. And they seem to be far more effective at sus-
taining health than anything you can buy in a bottle.

When it comes to micronutrients and antioxidants,
your best bet is to eat a healthy diet, just like mother said!

We cannot leave the subject without mentioning the
mushrooming supplement business. For many reasons,
these compounds are not regulated by the federal govern-
ment, and the result is a mish-mash of untested products
on the shelves. Aunt Mary says one helps her rheumatism.
Mr. Lopez says another helps him sleep at night. Ibrahim

thinks a third one helps with that trick knee he injured in
college.

Maybe. But maybe not. In fact, there is absolutely no
incentive for supplement makers to test their products
against placebos (inert look-alikes) or against medicines
that do work. So they are marketed with vague claims like
“Improves joint health” or “Take as recommended by your
provider.” The truth is that, although the plant kingdom has
provided medical ingredients for thousands of years, no-
body knows the effect of most nutritional supplements.
Good? We don’t know. Bad? Perhaps. Helpful in some
cases, harmful in others? Could be.

Science is about data, and where there is no data,
there is no way to answer the question. Sorry, but fore-
warned is forearmed.

Life Has a Unique Chemistry      29

Define trace elements and give two examples.

The atomic structures  of Oxygen, Hydrogen, Carbon, and Nitrogen.

Carbon (C)

6p+

6n0

Nitrogen (N)

7p+

7n0

Oxygen (O)

8p+

8n0

Hydrogen (H)

1p+

The atomic structures of Oxygen, Hydrogen, Carbon, and Nitrogen Figure 2.1

These four elements are most prevalent in living organisms.
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Organic Chemistry Is Tailored For Life

toms are mostly empty space. A cloud of
electrons orbits the nucleus. The elec-
trons stay in orbit through electrical at-
traction to the proton.

Atoms are the basis for the chemical world, and
each atom is the smallest possible sample of a particu-
lar element (Figure 2.2a). Most atoms can react
with other elements to form compounds and molecules.
(A molecule can contain any two or more atoms; a com-
pound must contain at least two different elements.)

Atoms are composed of neutrons, protons,
and electrons. Neutrons and protons are always in the

nucleus, at the center of the
atom, and the electrons move
rapidly around the nucleus.
Elements are defined by the
number of protons; all atoms
of a particular element have
the same number of protons.
Protons and neutrons each
have a mass of approximately
1 Dalton; electrons are far less
massive.

Recognize the structure of an atom.

Understand the structure of the periodic table and the meaning of

the numbers it lists.

LEARNING OBJECTIVES

Neutron
The neutral particle

in the atomic 

nucleus.

Proton
The positive 

particle in the

atomic nucleus.

Representative diagrams of an atom Figure 2.2a

Many elements have isotopes, with
the same number of protons but a different
number of neutrons. All isotopes of a par-
ticular element are chemically identical but
have different masses, owing to the change
in neutrons. The number of neutrons
equals the atomic mass minus the atomic
number. The atomic mass in the periodic
table is an average mass for the element.

Adding or subtracting protons from
a nucleus creates a new element through a
nuclear reaction. New elements form inside
stars, nuclear reactors, and nuclear bombs.
They also form through radioactive decay,
which breaks down radioisotopes. When
these unstable isotopes break apart, they re-
lease energy and form less massive atoms,
which may break again into other elements.
The emitted energy can be helpful or harm-
ful, as you can see in the Health, Wellness,
and Disease box.

The number of electrons always
equals the number of protons in a neutral (uncharged)
atom. Protons have a positive charge and a mass,
whereas electrons carry a negative charge but no ap-
preciable mass. The electromagnetic attraction be-
tween protons and electrons prevents the electrons
from leaving the atom (Figure 2.2b). The positive—
negative attraction between proton and electron resem-

bles the north—south attraction between
refrigerator magnets and steel refrigerator
doors.

But what prevents electrons from
slamming into the protons? Magnets, after
all, tend to stick to the fridge door. The an-
swer comes from a branch of physics called
quantum mechanics, which treats electrons
as waves as well as particles. These waves
must orbit the nucleus in complete waves;
fractional waves are not allowed. An elec-
tron wave cannot drop down half a wave—
so it stays in a specific orbit, or jumps up or
down a full orbit.

Electrons repel each other because
they all carry negative charge. This repul-
sion is much like what happens when you
try to force the north poles of two magnets
together. This repulsion, combined with
the wave behavior just mentioned, chan-
nels electrons into specific energy levels,
called orbitals, which define the most likely

location of electrons at any given moment. Orbitals are
best imagined as clouds of electrons surrounding the
nucleus.

The outermost energy level of electrons, or va-
lence shell, is most important in chemistry and biology,
because that is where atoms bond together. The Roman
numeral above each column in the periodic table

Define the relationship between valence electrons and atomic

reactivity.

Protons (p+)

Neutrons (n0)

Electrons (e–)

Nucleus

Figure 2.2b 

The outer shell of electrons

determines whether and how an atom

bonds with other atoms.

A

Dalton
A unit of mass,

equal to the mass 

of one proton.

Mass The amount

of “substance” in an

object (“weight” is

the mass under a

particular amount

of gravity).

Electron
The negative 

particle, found in 

orbitals surrounding

the nucleus.

Radioactive 
decay Change 

of an atom into 

another element

through division of

the nucleus and the

release of energy.

Atomic mass
The mass of the

atom; different 

isotopes have 

different atomic

masses.

Atomic number
The number of 

protons in 

the nucleus of 

an atom.
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indicates the number of va-
lence electrons of all the
atoms in that column. That

number tells us how the atom will react with other
atoms:

• An atom with one to three electrons in its va-
lence shell can lose electrons, forming a posi-
tive ion. The positive charge results when elec-
trons are lost, because the number of protons
does not change.

• An atom with five to seven electrons in its outer
shell tends to grab electrons to “fill” the valence
shell with eight electrons. These atoms become
negative ions before a chemical reaction. Just as
protons and electrons attract, so do positive and
negative ions.

• An atom with eight electrons in the valence
shell will usually not bond, because the valence
orbital is full. Elements with eight valence elec-
trons include “noble gases” like neon and
argon.

Chemistry encompasses a vast amount of infor-
mation that can be useful only if it is organized. A card
player knows it’s almost impossible to tell which cards
are missing from a glance at a shuffled deck. But if you
arrange the cards numerically by suit, the pattern re-
veals which cards are missing. In chemistry, the peri-

odic table (see Appendix A at the back of the book for
a full version of the periodic table) organizes all ele-
ments in a logical pattern, according to atomic num-
ber. As you now know, the atomic number is the num-
ber of protons in the nucleus. The table also reveals an
element’s reactivity—its ability to bond with other ele-
ments, as reflected in the valence electrons. Elements
in a particular column have the same number of va-
lence electrons, and thus similar reactive properties. If
we are familiar with any element in a column, we can
predict the reactivity of other elements in that column.

The periodic table (Figure 2.3) lists each el-
ement by its standard two-letter abbrevi-
ation. The Internet provides many
places to study the periodic table.

32 CHAPTER 2 Everyday Chemistry of Life Organic Chemistry Is Tailored For Life      33
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Radioisotopes in science and medicine

Radioactive elements are atoms that decay sponta-

neously, releasing energy as they break down into other,

smaller atoms. Many people fear radiation, but these ele-

ments, called radioisotopes, do have roles in science and

medicine. Take the natural radioisotope carbon 14.

Whereas most (C12) carbon has 6 neutrons, a small per-

centage has 8 neutrons (C14). After 5,730 years, half of

the C14 in any sample converts through radioactive decay

to the stable element N14. This time span is called the

half-life of C14, and it is essential to carbon dating. Be-

cause living things respire, organic materials start out

with the same C12/C14 ratio as the atmosphere. After an

organism dies, it stops taking in C14, which starts decay-

ing to N14. We can measure how much C14 is present and

figure out when it started decaying based on the fact that

every 5,730 years half the C14 in a sample turns into

nitrogen.

The decay of other radioisotopes, including uranium,

helps date even older objects. Radioactive dating has

helped estimate the age of the Earth and of fossils, and

has been used to test whether certain religious artifacts

were actually present during the time of Christ.

Radioactive isotopes are produced in nuclear reac-

tors for two basic medical purposes: (1) to serve as diag-

nostic tools, or radiotracers, and (2) to treat cancer with

radiation therapy, which takes advantage of the destruc-

tive effects of ionizing radiation, radiation that is capable

of knocking electrons free.

Various organs and tissues absorb specific chemi-

cals. The thyroid, for instance, absorbs iodine, whereas

the brain uses large amounts of glucose. Radiotracers

work because all isotopes of a particular element are

chemically identical, so the tracers move just like the

usual form of the element. Radio tracers usually have

short half-lives and emit relatively harmless radiation that

is easy to track from outside of the body. Radiotracers

are commonly used to detect blocked cardiac arteries by

tracking blood flow through the heart.

Radiation therapy uses isotopes to produce destruc-

tive, local irradiation. This intense energy is directed to

destroy specific tissues without harming surrounding tis-

sue. Cells that are dividing quickly are particularly sus-

ceptible to ionizing radiation. These cells are found not

only in cancers, but also in the digestive tract and the

hair-forming follicles on the scalp, which explains the

nausea and hair loss that may accompany radiation treat-

ment. Radioisotopes may be implanted temporarily in the

body to destroy local tissue.

Atomic number

Symbol

Name (IUPAC)

Atomic mass

6
C

Carbon
12.011

Carbon section of the periodic table
Figure 2.3

The periodic table is the fundamental tool of chemistry. It lists

the atomic number and atomic mass.

CONCEPT CHECK

What is carbon’s atomic number?

Why is the atomic mass of carbon
different from its atomic number?

How many electrons are in one oxygen atom?
How many protons? How many neutrons?

What happens to the electrons of an element
with two valence electrons during a chemical
reaction?

www.wiley.com/
college/ireland

Ion Charged atom.
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Chemistry Is a Story of Bonding

ife is made of atoms, but atoms are only
the building blocks of molecules and
chemical compounds. A molecule is a
chemical unit formed from two or more

atoms. H2 for example, is a molecule of hydrogen. A
compound is a molecule with unlike atoms: CO2, car-
bon dioxide, is both a molecule and a compound. The
chemical properties of a compound have little or noth-
ing to do with the properties of the atoms that make it
up. Sodium, for example, is a soft metal that burns
when exposed to air. Chlorine is a toxic gas at room
temperature. But sodium chloride is table salt.

Chemical bonds are a matter of electrons.
Atoms without a “filled” valence shell adhere to one an-
other by sharing or moving electrons. Atoms can bond
in three common ways, ranging in strength from the
strong ionic bonds of salts to the weak hydrogen bonds
that hold DNA molecules together.

The ionic bond holds ions in a compound,
based on the strong attraction between positive and
negative ions—something like the north—south attrac-
tion between two refrigerator magnets discussed previ-
ously. The interactions between sodium and chlorine
show a typical ionic bond (Figure 2.4).

Many ions in the human body, including cal-
cium (Ca2�), sodium (Na�), potassium (K�), hydrogen
(H�), phosphate (PO4

3�), bicarbonate (HCO3
�), chlo-

ride (Cl�), and hydroxide (OH�), can form ionic
bonds. All these ions play significant roles in homeosta-
sis. In some people, too much sodium can raise blood
pressure. Too little calcium causes soft, weak bones as
in rickets, and potassium and calcium imbalances can
cause heart irregularities. The other ions are vital to
maintaining the blood’s acid/base balance. If ion levels
do not stay within normal range, cellular functions can
cease, leading to the death of tissue, organs, and even
the organism.

List the three types of chemical bonds and give an example

of each.

Compare the strength of each bond.

LEARNING OBJECTIVES

L
A

B

C

Na Na

Atom Ion

Chlorine: 7 valence electrons

Sodium: 1 valence electron

Ionic bond in sodium chloride (NaCl)

Atom Ion

Electron 
donated

Electron 
accepted

Cl Cl

ClNa

The ionic bond of an NaCl salt molecule
Figure 2.4

A typical ionic bond: Sodium atoms have one electron in

the outer orbital. If this electron is stripped away, the

atom becomes a sodium ion (Na�). Chlorine atoms have

seven valence electrons, so they tend to attract free

electrons, forming a chloride ion (Cl�). The attraction

between the two ions is an ionic bond.

In a polar covalent bond, shared electrons re-
side preferentially near one nucleus, forming a polar
molecule. Part of the molecule has a slight negative
charge, because the electrons are there more often.
The other part of the molecule carries a slight positive
charge. Water, a compound that is essential to all forms
of life, is a polar molecule; the polar bonds account for
many of water’s life-giving characteristics.

The hydrogen bond is weak but is still vital to bi-
ology. When a hydrogen atom is part of a polar cova-
lent bond, the hydrogen end of the molecule tends to
be more positive, leaving the other end more negative
(Figure 2.6). This results in a molecule with a
charge gradient along its length. Although the hydro-
gen bond is too weak to bond atoms in the same way as
covalent or ionic bonds, it does cause attractions be-
tween nearby molecules. Hydrogen bonds join the two

Hydrogen
bondsδ+

δ+

δ–

H

HO

Hydrogen bonds between water molecules
Figure 2.6

Hydrogen bonds are weak, but they play vital roles in

biology. 

What are van der Waals forces, and how strong are they in

comparison to a covalent bond?

Describe the characteristics of polar and nonpolar molecules.

Hydrogen atomsOxygen atom Water molecule

O O

H

H

δ–+

H

H

δ+

δ+

Although ions are common in the body, 
covalent bonds are actually more important
than ionic bonds to living tissue. In cova-
lent bonds, atoms share electrons; elec-
trons are not donated by one atom and
grabbed by another, as in an ionic
bond. Covalent bonds commonly in-
volve carbon, oxygen, nitrogen, or hy-
drogen, the elements predominant in
life. In a covalent bond, atoms share elec-
trons so that each gets to complete its va-
lence shell.

Two atoms share one pair of elec-
trons in a single covalent bond, as occurs in a hydrogen
molecule. Single covalent bonds are shown in chemical
diagrams as one line: H H.

In a double covalent bond, two pairs of elec-
trons are shared. For example, two oxygen atoms form
an oxygen molecule (O2) by sharing four electrons.
Each oxygen atom has six electrons in its valence shell;
with the addition of two more electrons, it gets that sta-
ble shell of eight electrons. Double covalent bonds are
shown in chemical diagrams with a double line: O O.

In a triple covalent bond, three pairs of elec-
trons are shared. This is the way that two atoms of nitro-
gen form a nitrogen molecule (N2). Nitrogen has five
electrons in its valence shell; by sharing six electrons
between the two, each can add three electrons, making
eight in the valence shell. Triple covalent bonds are
shown as a triple line N N.

Carbon has four electrons in the valence shell,
so it can complete the valence shell by sharing four
electrons. When carbon is in a covalent bond, the elec-
trons are distributed equally between the atoms. Nei-
ther atom has a strong enough charge to pull the elec-
trons off the other, but the electromagnetic force of the
nuclei does affect the placement of those electrons.
Rather than strip electrons from one atom and carry
them on the other, the two atoms share the electrons
equally. This creates a nonpolar molecule (one that is
electrically balanced).

Most covalent bonds in the human body are
nonpolar. In some cases, however, one atom has a
stronger attraction for the shared electrons (it reminds
us of trying to share a cell phone with an older sib-
ling. . .). Unequal electron-sharing on the atomic level
creates polar covalent bonds (Figure 2.5).

‚

“

¬

Polar covalent bonds Figure 2.5

www.wiley.com/
college/irelandwww.wiley.com/

college/ireland
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e all know water (Figure 2.8). We
drink water; swim in it; surf, ski, and
float on it; and use it to maintain our
lawns and plants, and even cool our ve-

hicles and heat some of our homes. It is the most abun-
dant molecule in living organisms, making up between
60 and 70 percent of total body weight. Our bodies
need water to carry out the basic functions of digestion,
excretion, respiration, and circulation. Without ade-
quate water, the body’s chemical reactions would fail,
and our cells would cease to function—we would die.
These six properties of water are critical to life:

1. Water is liquid at room temperature, whereas
most compounds with similar molecular weights
are gases. At sea level, water becomes a gas
(vaporizes) only at or above 100 degrees Celsius.
Water remains liquid due to the hydrogen-bond
attraction between molecules.

2. Water is able to dissolve many other substances,
and therefore, is a good solvent. The two atoms
of hydrogen and one of oxygen have polar co-
valent bonds, making the molecule polar. This

3736 CHAPTER 2 Everyday Chemistry of Life

strands of DNA (your genetic material) in the nucleus
of your cells. They also help shape proteins, the build-
ing blocks of living bodies.

Hydrogen bonds occur between water mole-
cules because the partially negative oxygen atom in one
molecule is attracted to the partially positive hydrogen
atoms of another molecule.

A fourth category of atomic interaction, van der
Waals force, has interesting implications for biology.
These forces are extremely weak, resulting from inter-
mittent electromagnetic interactions between resonat-
ing molecules. As atoms vibrate and electrons whirl in
their clouds, various regions briefly become positive or

negative. Van der Waals forces occur when these inter-
mittent charges attract adjacent molecules that briefly
have opposite charges (Figure 2.7).

Bonds do more than hold atoms together into
molecules. They also contain energy. Some bonds ab-
sorb energy when they form. These endothermic reac-
tions include the formation of longer-chain sugars from
short-chain, simple sugars. Endothermic reactions are
used to store energy in the body for later release.

In an exothermic reaction, energy is released
when the bond is formed. A common exothermic reac-
tion is simple combustion: C � O2 � CO2. A second is
the burning of hydrogen: 2 H2 � O2 � 2 H2O.

Water Is Life’s Essential Chemical

CONCEPT CHECK

What type of bond would you predict
between sodium, which has a valence
number of 7, and chlorine, which has
a valence number of 1?

How many valence electrons does carbon
have? How many valence electrons 
does nitrogen have? What type 
of bond joins these elements?

Draw a simple diagram to
explain the hydrogen
bond.

Define the six properties of water that are critical to life.

LEARNING OBJECTIVES

W
polar characteristic sets up a lattice of water
molecules in solution. As water molecules
move, the hydrogen bonds between them con-
tinually make and break. Substances that are
surrounded by water are subjected to constant
electromagnetic pulls, which separate charged
particles—causing the compound to break
down, or dissolve. Polar covalent molecules
align so that negative ends and positive ends sit
on the respective complementary areas of the
solute and literally
pull it apart. Hy-
drophilic substances,
such as NaCl (salt),
carry a charge and are
immediately separated
in water. Hydrophobic
substances are not sol-
uble in water. Hy-
drophobic substances
are large, noncharged particles like fats and
oils. In the human body, fats and oils separate
cells from the surrounding fluids of the body.

Hydrophilic
Having an affinity

for water.

Hydrophobic
Lacking affinity for

water.

O

Explain the biological importance of heat of vaporization and latent heat of water.

Van der Waals forces in nature
Figure 2.7

Do you recognize a lizard called the gecko? We

now know that it uses van der Waals forces to

walk up walls and across ceilings. The foot

pads of this lizard are designed to enhance the

surface area in contact with the wall. Van der

Waals forces literally stick the gecko’s foot to

the tree branch, as shown here.

Water
Figure 2.8

Water is life—and

the chemistry of

biology begins with

the study of water.
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Hydrogen Ion Concentration Affects Chemical Properties      3938 CHAPTER 2 Everyday Chemistry of Life

The polar molecules of water, combined with
its ability to form hydrogen bonds with other
charged particles, allow it to dissolve most sub-
stances, which aids in chemical reactions. Even
though water cannot dissolve hydrophilic com-
pounds, it is still called the “universal solvent.”

3. Water is both cohesive and adhesive, allowing
it to fill vessels and spaces within the body. This
property also allows water to line membranes
and provide lubrication. The fluid in your
blood vessels is 92 percent water, which allows it
to stick to the sides of the vessels and fill them
completely.

4. Water has a high specific heat—it takes a lot of
energy to raise or lower its
temperature. It takes one calo-
rie of energy to raise the tem-
perature of one gram of water
one degree Celsius. (A differ-
ent calorie is used in dieting:
It is actually a kilocalorie: 1
kcal equals 1,000 calories).
Water therefore serves as a
temperature buffer in living
systems. (Water does the same

for the Earth. Look at a weather map and com-
pare the temperature ranges for coastal and in-
land areas. The temperature range is much
smaller near the coast. The highest and lowest
temperatures ever recorded both come from
inland areas. Vostok, Antarctica, located in the
center of that contiment, hit an amazingly
frigid �89 degrees C in 1983.)

5. Water has a high heat of vaporization, a mea-
sure of the amount of heat needed to vaporize
the liquid. A large amount of heat energy, 540
calories, is needed to convert 1 gram of water
to vapor. This is important for thermal home-
ostasis. Your body cannot survive unless it re-
mains in a small temperature range, and a great
deal of excess heat is generated by cellular ac-
tivity. Much of this heat is lost through the evap-
oration of water from your skin. As your core
temperature rises, your body responds by in-
creasing sweat production to increase evapora-
tive heat loss. (A second homeostatic regulation
to maintain the all-important temperature is in-
crease in blood flow, which transfers heat from
the core to the skin.)

6. Ice floats. As water cools, the molecules lose en-
ergy and move more slowly. The hydrogen
bonds that continuously break and re-form in
the liquid cease to break, and the water turns
solid. The bonds hold a specific distance be-
tween the molecules, making solid water
slightly less dense than liquid water. Freezing a
can of soda shows what happens: As the water
inside freezes, the can deforms and may even
rip open. Frostbite can occur if tissues freeze.
The water within and between the cells ex-
pands, bursting and crushing the cells. The tis-
sue dies because its cellular integrity is lost. On
the positive side, ice that forms on lakes stays at
the surface, allowing fish to survive in the cold
(but liquid) water near the bottom.

Hydrogen Ion Concentration Affects 
Chemical Properties

ne of the most important ions is hydro-
gen, H�, which is simply a bare proton.
In pure water, some of the molecules
dissociate, releasing equal numbers of

H� and hydroxide ions (OH�). Pure water is neutral. If
the concentration of H� increases, the solution be-
comes acidic; if the OH� concentration increases, it be-
comes basic, or alkaline.

Acidity matters to the human body, because it
affects the rate of many chemical reactions and the con-
centration of many chemicals. As we’ll see shortly, the
body has many mechanisms for maintaining proper
acidity, through the use of buffer systems.

CONCEPT CHECK

What is meant by “water is
the universal solvent”? What
property of the molecule
allows it to dissolve most
compounds?

How does water’s heat
of vaporization help
you maintain a 
steady internal 
temperature?

Why is it important to
biological systems
that ice floats?

Develop an understanding of the pH scale.

LEARNING OBJECTIVES

O

Acidic pH

Battery acid

Soft drink, vinegar,
salad dressing

Coffee

Baking soda

Lye

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Basic

Scale of acidic and basic household items
Figure 2.10

Adhesive
Having the ability 

to stick to other 

surfaces.

Cohesive
Having the ability to

stick to itself.

Lemon juice, orange juice, cranberry juice,
vinegar, and coffee are common acids. They taste
“sharp” and can cause mouth sores or indigestion if con-
sumed in large quantities. The bite in carbonated bever-
ages results from the formation of carbonic acid in the
drink. When these beverages go “flat,” the acid content
is reduced because the carbonic acid has been con-
verted to carbon dioxide, which leaves the solution as
carbonation bubbles. A freshly opened typical carbon-
ated drink is about pH 2.5. After a few hours, it would
have increased to about 8 and would taste terrible.

The pH scale measures the concentration of
H� and OH�. Put another way, it measures acidity or
alkalinity (Figures 2.9–2.10).

Grasp the biological significance of acids, bases, and buffers.

Testing the pH of a solution Figure 2.9

The pH scale is logarithmic: a change of 1 means a 10�

change in H� concentration.
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The pH scale ranges from 0 to 14. Pure water
registers 7, meaning it has equal numbers of H� and
OH� ions. In pure water, 10�7 moles of molecules dis-
sociate per liter (1 mole � 6.023 � 10�23 atoms, mole-
cules, or particles). Lower pH numbers indicate higher
H� concentrations and greater acidity. The pH scale is
logarithmic: Each one unit represents a tenfold change
in H� concentration. So a change from pH 3 to pH 8
would reduce the H� concentration by a factor of
100,000.

Strong acids dissociate (break apart) almost
completely in water, adding a great deal of H� to the
solution. For example, HCl, hydrochloric acid, dissoci-
ates into H� and Cl� ions. Weak acids dissociate poorly,
adding fewer H�. Hydrochloric acid, one of the
strongest acids used in the laboratory and also found in
your stomach, is pH 2. Concentrated hydrochloric acid
can injure the skin in minutes or dissolve a steel nail in
a few days, which is a bit frightening when you realize

soft drinks are very nearly one pH unit (not quite 10
times) less corrosive!

A basic solution has more OH� ions than H�

ions, and a pH of 7.01 to 14. Like acids, bases are classi-
fied as strong or weak, depending on the concentration
of OH�. Like strong acids, strong bases are harmful to
living organisms because they destroy cell structure.
Common bases include soaps such as lye, milk of mag-
nesia, and ammonia. Basic solutions generally taste bit-
ter and feel slippery, which you may have noticed the
last time you cleaned something with ammonia.

pH indicators measure a solution’s acidity or
alkalinity. One of the first pH indicators was litmus, a
vegetable dye that changes color in the presence of
acid or base. Litmus turns from blue to red in the pres-
ence of acids, and from red to blue with bases. This
test is simple and so definitive that it has become part
of our language. In extreme-sport circles, you might
hear, “That jump is the litmus test for fearless
motocross riders.”

Acids and bases cannot coexist. If both H� and
OH� are present, they tend to neutralize each other.
When a base dissociates in water, it releases hydroxide
ions into the solution. But if a base dissociates in an
acidic solution, its OH� ions bond to H� ions, forming
water, which tends to neutralize the solution. Similarly,
when you add acid to a solution, it may start out by neu-
tralizing any OH� that is present, reducing the pH.

Your body cannot withstand a shift in acidity
any better than it can a shift in temperature. The pH of
your blood must stay between 7.4 and 7.5 for your cells
to function. If you breathe too slowly, the carbon diox-
ide level in the blood will rise, and the blood can be-
come more acidic. Because pH is critical to biological
systems, various homeostatic mechanisms exist to keep
it in the safe range. One of the most important of these
are biological buffers, compounds that stabilize pH by
absorbing excess H� or OH� ions.

One of the most common buffering systems for
blood pH consists of carbonic acid, H2CO3, and bicar-
bonate ion, HCO3

�. In water, carbonic acid dissociates
into H� and HCO3

�. The H� can bond to OH�, form-
ing water, whereas the bicarbonate ion can bond to a
hydrogen ion, re-forming carbonic acid. The carbonic
acid-bicarbonate system works in either direction.
When excess H� is present (the system is acidic), bicar-

bonate and hydrogen ion combine, forming carbonic
acid.

When hydrogen ion levels are too low, carbonic
acid becomes a source of hydrogen ion:

Chemists write this as a reversible reaction, with
a double-ended arrow in the middle to indicate that it

HCO3 

- + H + — H2CO3

HCO3 

- + H + ¡ H2CO3

can go in either direction, depending on conditions
around the reaction.

A similar buffering system is used in some com-
mon anti-acid medicines. Many contain calcium car-
bonate, CaCO3, which dissociates into calcium ion,
Ca��, and carbonate ion, CO3

2�, which neutralizes acid
by accepting one or two hydrogen ions and becoming
HCO3

� or H2CO3. Calcium carbonate also provides cal-
cium needed by the bones.

HCO3 

- + H + ÷ H2CO3

Hazardous material Figure 2.11

When a household cleanser contains strong acid or base, it

should carry a warning like this.

CONCEPT CHECK

Rank these from highest hydrogen ion concentration
to lowest: Lemon juice is pH 2, homemade soap is 
pH 10, and milk is pH 7.6. What terms would you use 
to describe each fluid?

There Are Four Main Categories 
of Organic Chemicals

Identify the main categories of organic compounds.

Define the role of carbohydrates, lipids, proteins, and nucleic acids in

the human body.

LEARNING OBJECTIVES

hen we discuss life, we are discussing or-
ganic chemistry. Scientists used to think
that all organic chemicals were made by
organisms. Although that’s not true, or-

ganic chemicals are usually made by organisms, and
they always contain carbon. In terms of bonding, car-

W

Explain the function of ATP in energy storage and usage.

bon is astonishingly flexible. With four valence elec-
trons, it can bond covalently with four other atoms,
leading to an almost infinite set of carbon structures,
from simple methane, CH4, to highly complex chains
with many dozen carbon atoms. In organic compounds,
carbon often bonds with two carbons and two hydro-
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Water is needed to digest carbohydrates. In the
process of hydrolysis, digestive enzymes insert a water
molecule between adjacent monosaccharides in the
chain, disrupting a covalent bond between sugars and
releasing one sugar molecule. In this manner, digestive
enzymes separate glucose molecules from glycogen and
starch. Once glucose enters a cell, it can be completely
metabolized into carbon dioxide and water, producing
energy through the process of cellular respiration de-
scribed in Chapter 9. Because we lack the enzymes
needed to remove sugar molecules from cellulose, all
the cellulose we eat travels through our digestive system
intact. This “fiber” is not converted into fuel, but it is
essential for proper digestion and defecation.
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gen is an easily digestible source of quick energy. (Cows
and other ruminants digest cellulose with the aid of
countless bacteria in their digestive systems.)

Despite the hoopla surrounding the high-pro-
tein Atkins diet, carbohydrates are the best energy
source for the human body: We are efficient carbohy-
drate-burning machines. Restricting intake of carbo-
hydrates and increasing intake of other organic com-
pounds puts biochemical stress on the whole body.
When digesting proteins, for example, we generate
nitrogenous wastes, which can release potentially
harmful nitrogen compounds into our blood. These
need to be detoxified and removed by our kidneys
and liver.

Name and
Structural
Formula*

Occurrence and
Significance

Name and
Structural
Formula*

Occurrence and
Significance

R O H
Hydroxyl Alcohols contain an —OH group, which is polar 

and hydrophilic. Molecules with many —OH 
groups dissolve easily in water.

R S H
Sulfhydryl Thlots have an —SH group, which is polar and 

hydrophilic. Certain amino acids, the building 
blocks of proteins, contain —SH groups, which 
help stabilize the shape of proteins.

Carbonyl

R C H

O

R C R

O

or

Ketones contain a carbonyl group within the 
carbon skeleton. The carbonyl group is polar and 
hydrophilic.

R C OH

O
Carboxyl Carboxylic acids contain a carboxyl group at the 

end of the carbon skeleton. All amino acids have 
a —COOH group at one end.

R C O R

O
Ester Esters predominate in dietary fats and oils and 

also occur in our body triglycerides. Aspirin is an 
ester of salicylic acid, a pain-relieving molecule 
found in the bark of the willow tree.

R O P O–

O

O–

Phosphate Phosphates contain a phosphate group (—PO4
2–), 

which is very hydrophilic due to the dual negative 
charges. An important example is adenosine 
iriphosphate (ATP), which transfers chemical 
energy between organic molecules during 
chemical reactions.

Amino

R N
H

H
H

R N
H

H
or

Amines have an —NH2 group. At the pH of body 
fluids, most amino groups have a charge of 1+.  
All amino acids have an amino group at one end.

Functional groups Figure 2.12

These functional groups are found on a variety of organic molecules.

C

OH

H

OH H

HO

OH

O
H

H

H

C

CC

C

C

H OH

H

All atoms written out

CH2OH

OH

OH

HO

OH

O

Standard shorthand

=

Glucose monomer

Cellulose

gens, thereby filling hydro-
gen’s valence shell as well. The
resulting hydrocarbon com-
pounds can be chain or ring
structures. Attached to the
carbon/hydrogen core are
functional groups (Figure

2.12) that determine the
compound’s reactivity. Car-

boxyl (COOH), amino (NH3
�), and phosphate (PO4

�)
are some important functional groups.

Organic compounds are grouped into four
main categories: carbohydrates, lipids, proteins, and
nucleic acids.

CARBOHYDRATES ARE 
THE BEST ENERGY SOURCE 
FOR THE HUMAN BODY

Carbohydrates are the most abundant organic mole-
cules in organisms. A carbohydrate is composed of car-
bon, hydrogen, and oxygen in a ratio of 1:2:1. Many

Functional
group A subunit

on an organic 

molecule that helps

determine how it 

reacts with other

chemicals.

carbohydrates are saccharides (sugars). Glucose (Fig-

ure 2.13) and fructose are both simple sugars. They
are called monosaccharides because they have one ring
of six carbons, with twelve hydrogens and six oxygens
attached. Oligosaccharides and polysaccharides are
longer sugar chains (oligo � few, and poly � many).
Disaccharides, such as sucrose and lactose, are com-
mon in the human diet. Glycogen (Figure 2.14) is
a polysaccharide sugar molecule stored in animal tis-
sue. It is a long chain of glucose molecules, with a typi-
cal branching pattern. Glycogen is stored in muscle
and liver, where it is readily broken down when
needed.

Unlike glycogen, starch is a fairly long, straight
chain of sugars. Plants store energy in starch, often in
roots, tubers, and grains. Cellulose (Figure 2.14), an-
other polysaccharide, has a branching pattern similar
to glycogen. Cellulose is often used in structural fibers
in plants and is the main component of paper. The dif-
ference between cellulose and glycogen depends on
which particular carbon on the sugar ring connects the
branches to the main chain. This small difference
makes cellulose indigestible to humans, whereas glyco-

Glucose Figure 2.13

The glucose molecule, C6H12O6, can be diagrammed in two ways.

Glycogen and cellulose Figure 2.14

Glycogen, the human body’s primary polysaccharide, is a long chain of links

called glucose monomers.

Cellulose is a polysaccharide made in plant tissue. Animals cannot digest

cellulose directly, but cows and some other animals host bacteria that can

digest cellulose for them, releasing the stored energy.

human_ch02_026-059v2.qxd  22-12-2006  17:52  Page 42

helen walden
Note
Shorten art screen so it doesn't cover the rh/f?



44 CHAPTER 2 Everyday Chemistry of Life There Are Four Main Categories of Organic Chemicals      45

LIPIDS ARE LONG CHAINS 
OF CARBONS

Lipids, such as oils, waxes, and fats, are long-chain or-
ganic compounds that are not soluble in water—they
are hydrophobic (Figure 2.15) Although most of
the human body is aqueous, it must be divided into
compartments, typically cells. Because water does not
dissolve lipids, they are the perfect barrier between
aqueous compartments like the cells. Lipids, like other
carbohydrates, are composed of carbon, hydrogen, and
oxygen, but NOT with the 1:2:1 ratio of carbohydrates.
The carbon-hydrogen ratio is often 1:2, but lipids have
far fewer oxygens than carbohydrates. Lipids have a
high energy content (9 kilocalories per gram), and
most people enjoy the “richness” they impart to food.

Humans store excess caloric intake as fats, so
reducing lipids is a common dietary tactic. As the pro-
portion of lipids in the body rises, people become over-
weight or obese, as discussed in Chapter 3. The average
human male contains approximately 12 to18 percent
fat, and the average female ranges from 18 to 24 per-
cent. This percentage changes as we age, as discussed
in the “Aging body � healthy body” ethics box.

Fatty acids are energy-storing lipids. A fatty acid
is a long chain of hydrogens and carbon, sometimes
with more than 36 carbons. A carboxyl (acid) group is
attached to the end carbon, which gives the name “fatty

acid.” The other carbons are almost exclusively bonded
to carbons or hydrogens. These chains are hydropho-
bic; the carboxyl group is the only hydrophilic location.
Generally, the longer the hydrocarbon chain, the less
water soluble the fatty acid will be.

You have no doubt heard about two types of
fatty acid: saturated and unsaturated fats. Saturated fats
have no double bonds between carbons in the fat
chains. For this reason, they are completely saturated
with hydrogens and cannot hold any more. The straight
chains of hydrocarbons in a saturated fat allow the indi-
vidual chains to pack close together. Saturated fats,
such as butter and other animal fats, are solid at room
temperature. Unsaturated fats have at least one double
bond between adjacent carbons. This puts a crimp in
the straight carbon chain, causing rigid bends that pre-
vent close packing of the molecules. This makes unsatu-
rated fats liquid at room temperature. More double
bonds increase fluidity. Examples of unsaturated fats in-
clude vegetable oils and the synthetic fats added to but-
ter substitutes. Some vegetable oils are “hydrogenated”
to remain solid at room temperature. Soy oil, for exam-
ple, is commonly hydrogenated to make a solid veg-
etable shortening for cooking. Hydrogenating adds hy-
drogens, removes double bonds, and straightens the
molecular arrangement of the fats. This allows the lipid
to act like an animal fat and to be solid or semisolid at
room temperature.

A triglyceride is three fatty acids attached to a
glycerol backbone. Triglycerides, the most abundant fat
in the body, can store two to three times as much en-
ergy per gram as carbohydrates. Triglycerides are man-
ufactured by the body as nonpolar, uncharged storage
molecules. In adipose (fat) tissue (Chapter 4: Tissues),
excess calories are stored in droplets of triglycerides.

Eicosanoids are essential lipids that serve as raw
materials for two important classes of anti-inflammato-

Lipids Figure 2.15

If you have used hydrocortisone cream as a topical treatment

for poison ivy or another skin irritation, you know it feels

greasy, indicating that it contains lipids.
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Aging: Making the most of a natural human process

The human body is composed of many materials, including

fat, muscle, bone, and water. The simplest way to appreci-

ate how aging changes the amount, location, and nature of

these materials is to compare a toddler, teenager, and an

older adult. Aging starts when development stops. Humans

reach physical maturity around age 30, and thereafter begin

to decline into old age. Muscle mass typically starts to de-

cline between age 30 and 40, although vigorous exercise

can greatly retard the onset and slow the rate of decline. En-

durance athletes typically reach their prime in their 30s,

long after athletes whose sports depend on pure speed or

agility.

Some of the changes concern body fat. Babies have a

higher proportion of body fat, partly because they need in-

sulation due to their large ratio of surface area to volume.

Adults need less of that insulation due to greater activity

and a lower ratio of surface area to volume. When older

people regain body fat, it’s not for its insulating value, but

as a byproduct of a slowed metabolism and often a lower

level of physical activity. The proportion of body fat may in-

crease by 30 percent with age. Many people say “fat re-

places shrinking muscle,” but the muscle is not actually

turning to fat. As muscle mass declines, fat is coincidentally

added. Much of this fat is deposited in the abdomen of men

and the thighs of women. The increasing percentage of fat

can create a positive feedback situation; with less muscle

tissue metabolizing fuel, one can gain weight without

changing caloric intake or activity.

Other age-related changes include:

• A decrease in subcutaneous fat, causing the skin to thin
and wrinkle.

• A decrease in height (roughly a centimeter per decade
after age 40).

• A decrease in bone density and increased curvature of
the spine at the hip and shoulder.

• Weight loss.

• Neurological changes, including slowed reflexes and diffi-
culties with short-term memory.

• Tissue changes that reduce resilience and flexibility, and
may lead to joint problems.

• Impairment in the inner ear’s balance mechanism, which
reduces stability.

But aging isn’t all bad news, especially when you con-

sider the alternative. Recent articles show that healthy

lifestyle choices made during middle age can greatly im-

prove health later on. Behaviors such as regular physical ex-

ercise, engaging in brain-stimulating activities like learning

new skills or challenging puzzles, maintaining an optimistic

mental outlook, and finding meaning in life can all help keep

body and soul together. Think about the means that people

use to try to stop the aging process, such as plastic surgery;

how do you think these actions affect the body?
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Steroids are a final class of lipids that often
makes news. These are large molecules with a common
four-ring structure, important to normal growth and
development. Steroids include cholesterol, sex hor-
mones, and metabolism regulators.

Cholesterol is an integral part of cell mem-
branes, allowing for flexibility and growth. High blood

cholesterol has been linked to
heart disease, so dietary re-
striction of cholesterol is often
suggested. However, genetics
play a large role in cholesterol
levels. Because your body syn-
thesizes cholesterol, it is often
difficult or even impossible to

manage cholesterol levels solely by diet.
The sex hormones estrogen and testosterone

are two steroids that are responsible for the enormous
changes of puberty. Anabolic steroids, which are related
to testosterone, stimulate growth of the muscles. Ana-
bolic steroids have important medical value as replace-
ment hormones for males and females with low levels

46 CHAPTER 2 Everyday Chemistry of Life There Are Four Main Categories of Organic Chemicals      47

of testosterone or human growth hormone. Although
many athletes have taken anabolic steroids (Figure

2.17) to increase muscle mass and improve perfor-
mance, they are banned in most sports. Anabolic
steroids can cause such side effects as shrunken testi-
cles and outbursts of anger or other psychological
problems.

PROTEINS ARE BOTH STRUCTURAL 
AND FUNCTIONAL

Proteins contain carbon, hydrogen, oxygen, and nitro-
gen and are the most abundant organic compounds in
your body. You contain more than 2 million different
proteins. Some provide structural support, and others
function in physiological processes. Proteins provide a
framework for organizing cells and a mechanism for
moving muscles. They are responsible for transporting
substances in the blood, strengthening tissues, regulat-
ing metabolism and nervous communications, and
even fighting disease.

Cholesterol

Testosterone (a male
sex hormone) Cortisol

Estradiol (an estrogen or
female sex hormone)

CH3

HO

Hydroxyl group

Hydrocarbon tail

4 rings

CH3

H3C CH3

CH3
CH3

OH

HO

CH3

OH

O

CH3
CH3

C

O

CH3

HO
OH

O

CH2OH

A

C D

B Steroids Figure 2.17

The body synthesizes cholesterol into other steroids,

which play essential regulatory roles as hormones.

Regulatory hormones such as cortisone maintain salt

and calcium balance in the fluids of the body.

Cholesterol A

class of steroid

found in animals;

aids in membrane

fluidity.
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Chemical structure of a phospholipid

Cell membrane

Phosphate group

ries: prostaglandins and leukotrienes. To manufacture
eicosanoids, we must eat plant foods containing linoleic
acid, such as corn and safflower oils. Prostaglandins are
short-chain fatty acids that regulate local signaling
processes. When nearby cells detect some prosta-
glandins, they respond immediately with the sensation
of pain. Other prostaglandins signal the start of uterine
contractions during labor. Aspirin blocks prosta-
glandins from reaching their cellular target, whereas
ibuprofen competes only for the site where prostog-
landins bind to cells. Ibuprofen acts more like the game
of musical chairs, with the pain receptor as the chair
and prostaglandin as the other player. When many
ibuprofen molecules are around, prostaglandin is less
likely to “find the chair” (occupy the receptor and stim-

ulate pain). Because aspirin blocks prostaglandins en-
tirely, it is more effective against some pain.
Leukotrienes are inflammatory compounds released by
some white blood cells. They cause the typical airway
constriction in asthma and are key to long-term hyper-
sensitivity of the airways.

Phospholipids (Figure 2.16) are another
key group of lipids. These fats have two fatty acids and
one phosphate group attached to a glycerol backbone.
The fatty acids comprise a hydrophobic tail, whereas
the phosphate group serves as a hydrophilic head. This
unique structure allows phospholipids to form double
layers (bilayers) that attract water on their edges and
yet repel water from their center. The cell membrane,
explored in the next chapter, is one such bilayer.

Phospholipids Figure 2.16

A phospholipid molecule has a polar head and a nonpolar tail.
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The millions of different proteins are all
formed from just 20 building blocks, called amino
acids. An amino acid is composed of a central carbon
atom with four groups attached to it: (1) a hydrogen
atom, (2) an amino group (�NH2), (3) a carboxyl
group (�COOH), and (4) a radical group or side chain
(R). The R group determines the activity of the amino

acid (Figure 2.18).
Individual amino acids

combine to form proteins, us-
ing peptide bonds that form
between the amino group of
one amino and the carboxyl
group of the next. The result-
ing 2 amino acid compound is
called a dipeptide. As more

amino acids join the growing chain, it becomes a
polypeptide. As a rule of thumb, when the amino acid
count exceeds 100, the compound is called a protein
(Figure 2.19).

Insulin, the hormone that stimulates the cel-
lular uptake of glucose, was the first polypeptide
whose sequence of amino acids was determined. Fred-
erick Sanger and his coworkers determined the se-
quence in 1955, and Sanger earned the first of two
Nobel prizes for chemistry in 1958. (His second No-
bel was awarded in 1980 for his work in determining
the nucleotide sequence of a virus that attacks bacte-
ria.) Insulin is a short polypeptide, with only 51
amino acids. Titin, the largest protein isolated so far
from humans, is found in muscles and contains over
38,000 amino acids.

Peptide bonds.
The bond between

the carboxyl group

of one amino acid

and the amino

group of the adja-

cent amino acid.
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Amino acid structure Figure 2.18

Amino acids are the building blocks of proteins. Twenty

amino acids combine into millions of proteins.

The folding and interacting of adjacent amino
acids determine the shape of a protein. The folding
brings different amino acids together. If they repel

one another, the protein bends outward. If they 
attract via weak hydrogen bonds, they bend inward 
(Figure 2.20).
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Protein folding
Figure 2.20

Microscan of a hemoglobin molecule (red blood cell)
Figure 2.19

Hemoglobin, the oxygen-binding protein in red blood cells, consists of

two chains of 141 amino acids and two chains of 146 amino acids, for a

total of 574 amino acids. The iron in hemoglobin gives blood its red color.
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There Are Four Main Categories of Organic Chemicals      5150 CHAPTER 2 Everyday Chemistry of Life

Proteins have four levels of structural complex-
ity. Their primary structure is the unique order of
amino acids in the chain (Fig. 2.21a). Nearby amino
acids interact via hydrogen bonds to form either alpha
helixes or flat, pleated sheets, which is the secondary
structure (Fig. 2.21b). The tertiary structure emerges
from interactions of the helical or pleated sheets, creat-
ing a complex coiling and folding (Fig. 2.21c). Tertiary
structure is a result of the hydrophobic and hydrophilic
portions of the molecule twisting to either associate
with water or to “hide” from it inside the molecule. One
example of tertiary structure is the disulfide bond that
occurs between two cysteine amino acids. Each carries
sulfur ions. When the secondary structures hold them
close, the sulfurs form a covalent, disulfide bond that
permanently bends the protein. D) The final, quater-
nary structure emerges from the looping of two or
more strands around one another. (Some proteins have
only one strand, but many, including hemoglobin, are
composed of two or more polypeptide chains.)

The final shape of a protein is either globular
or fibrous. Globular proteins are round and usually wa-
ter soluble. These are often functional proteins, such as
enzymes and contractile proteins. Fibrous proteins are

stringy, tough, and usually insoluble. They provide the
framework for supporting cells and tissues.

The shape of a protein molecule determines its
function, and the final shape is determined by its pri-
mary structure. Changing even one amino acid can al-
ter the folding pattern, with devastating effects on the
protein’s function (Figure 2.21).

In sickle cell anemia, a change of one amino
acid from the normal hemoglobin protein creates a
protein that fails to deliver oxygen correctly. When nor-
mal hemoglobin releases its oxygen to a tissue, the pro-
tein remains globular. But a “sickled” hemoglobin mol-
ecule becomes sharp, deforming the entire red blood
cell into the sickle shape. These cells can get lodged in
small blood vessels, causing pain and interfering with
oxygen flow to the tissues.

Proteins and their bonds are susceptible to mi-
nor changes in the environment, such as increased tem-
perature or decreased pH. When a protein unfolds, or
radically alters its folding pattern in response to envi-
ronmental changes, we say it is denatured. This hap-
pens when we cook. As we heat eggs, proteins in the
clear whites unfold, forming a cloudy mass. This reac-
tion is not reversible; denaturing is permanent.

Microscan of sickled red blood cell
(sickle cell anemia) Figure 2.21

Enzyme activity Figure 2.22
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When reaction is complete,
enzyme is unchanged and
free to catalyze same reaction
again on a new substrate

Enzyme catalyzes
reaction and transforms
substrate into products

Enzyme and substrate
come together at active
site of enzyme, forming an
enzyme–substrate complex

Glucose
Fructose

Enzyme
Sucrase

Active site
of enzyme

Substrates
Sucrose and
Water

Products

H2O

3 2

1

Enzymes are a special class of functional pro-
teins. Enzymes serve as catalysts for biochemical reac-
tions, meaning that they facilitate the reaction without
being altered during it. Catalysts bring the reactants, or
substrates, together, so a reaction can occur much more
quickly. Enzymes rely on shape to function. The active
site of the protein is shaped to bind to one type of sub-
strate. After the substrate binds, the enzyme provides
an environment for the specific chemical reaction to
occur. After the reaction, the enzyme releases the prod-
ucts of the reaction and is ready to bind to another sub-
strate molecule (Figure 2.22).

NUCLEIC ACIDS ARE INFORMATION
MOLECULES

The final class of organic compounds is the nucleic
acid. These are large molecules composed of carbon,
hydrogen, oxygen, nitrogen, and phosphorus. Nucleic
acids store and process an organism’s hereditary infor-
mation. The two types of nucleic acid are deoxyribonu-
cleic acid (DNA) and ribonucleic acid (RNA).

DNA exists in the center of our cells, in the nu-
cleus. It contains the hereditary (genetic) information
of the cell. DNA encodes the information needed to
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There Are Four Main Categories of Organic Chemicals      5352 CHAPTER 2 Everyday Chemistry of Life

build proteins, to regulate physiological processes, and
to maintain homeostasis. The genes that make each in-
dividual and each organism unique are usually made of
DNA (Figures 2.23 and 2.24).

The sugar in DNA is a deoxyribose, meaning it
lacks an oxygen, whereas RNA contains a simple ribose
sugar. DNA has four bases: adenine (A), thymine (T),
cytosine (C), and guanine (G). RNA has uracil (U) in-
stead of thymine. DNA is a double stranded molecule.
To fit the two DNA strands of one macromolecule to-
gether neatly and precisely, the strands lie antiparallel
to one another, meaning that although they lie paral-
lel, they run in opopsite directions. The phosphate
end of one strand opposes the hydroxyl terminus of
the other. They are parallel but oriented in opposite
directions.

During DNA replication, this antiparallel con-
figuration provides a logical explanation for why one
strand is replicated with ease, whereas the other one is
copied in “fits and starts.” The enzyme responsible for
duplicating the DNA can read in only one direction. It
replicates DNA smoothly from 5’ to 3’, just as you read
easily from left to right. The enzyme cannot read in the
opposite direction, slowing the replication process.
Imagine how much more slowly you would read these
words if they made sense only from right to left. In ad-
dition, James Watson and Francis Crick, who discovered
DNA’s structure, could not make their model mathe-
matically fit without the antiparallel configuration. The
antiparallel arrangement of DNA strands is paramount
to the entire molecule—one strand is upside down
compared to the other.

RNA is a messenger unit, not a storage unit,
and it may occur inside or outside the nucleus. RNA
serves to regulate cellular metabolism, produce pro-
teins, and govern developmental timing. RNA is usually
a single-stranded molecule. However, nucleic acids are
more stable when paired. To achieve stability, RNA
strands will fold back on themselves, pairing up A:U
and C:G, similar to DNA. The shape of the RNA mole-
cule often dictates its function.

In DNA, the phosphate group hangs off one
end, techincally the five prime (5�) terminus, of each
base. The opposite end, with its hydroxyl group, is the
three prime (3�) terminus. The 3 and the 5 indicate the

carbon number of the ribose
sugar that holds the phos-
phate or the reactive hydroxyl
group. The two chains of DNA
nucleotides wrap around one
another in an alpha helix,

held together by hydrogen bonds between bases. In nat-
urally occurring DNA, the ratio of adenine to thymine
is always 1:1 and the ratio of cytosine to guanine is again
1:1. This indicates that A bonds to T, and C to G. Every

time you find an adenine base on one strand of DNA,
you will see it linked to a thymine on the complemen-
tary strand.
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DNA molecule Figure 2.24

a A nucleotide consists of a base, a pentose sugar, and a phosphate group. B The paired bases

project toward the center of the double helix. The structure is stabilized by hydrogen bonds

(dotted lines) between each base pair. There are two hydrogen bonds between adenine and

thymine and three between cytosine and guanine.

Alpha helix
Spiral chain of

amino acids, 

resembling a

twisted ladder.

DNA double helix Figure 2.23
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HIGH-ENERGY COMPOUNDS POWER
CELLULAR ACTIVITY

Life requires energy. Most often energy is readily avail-
able in spurts, rather than as a continuous stream all
day long. We eat food, which our bodies convert to us-
able energy. Soon after a meal, lots of this energy circu-
lates in the blood, but without a way to store the excess,

we would have to eat almost
continuously. Our energy stor-
age system provides short- and
long-term storage. Short-term
energy storage uses a high-en-
ergy system that is reversible
and instantly available. The
most common of these is ATP,
or adenosine triphosphate.
ATP powers all cellular activ-
ity, from forming proteins to

contracting muscles (Figure 2.25). Long-term stor-
age includes glycogen in muscles and liver, and triglyc-
erides packed into specialized storage cells called
adipocytes.

ATP is an adenine
bonded to a ribose sugar at-
tached to three phosphates.
When ATP is hydrolyzed, the
third phosphate bond breaks,
releasing inorganic phosphate
(Pi) and the energy that held
the ATP molecule together,
forming adenosine diphos-
phate (ADP). This released en-
ergy drives cellular activity.
The ATP-ADP energy storage
system is readily available and
renewable. When glucose is
broken down, the released en-
ergy can be used to recombine
the inorganic phosphate to the ADP, generating a new
ATP molecule.

Without chemistry, there is no life, but how
does life emerge from the many molecules we have ex-
amined? In the next chapter, we will look further up
the hierarchy, to cells, tissues, and organs, to see the ba-
sic organization of an organism.

54 CHAPTER 2 Everyday Chemistry of Life
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Adenosine
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Specialized cells 

(fat cells) that store

large quantities of

lipid in a vacuole.

Adenosine
diphosphate
(ADP)
The molecule 

that results when
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Adenosine triphosphate (ATP) and Adenosine diphosphate (ADP)
Figure 2.25

CONCEPT CHECK

Describe the four
levels of protein folding.
How do they relate to
one another?

List the classes of lipid and
the function of each.

What is the basic
component of all
carbohydrates?

Compare and
contrast the structure
of DNA and RNA.

CHAPTER SUMMARY

1Life Has a Unique 
Chemistry

All life is based on the chemical elements. The four most

common elements in living organisms are carbon, hydrogen,

oxygen, and nitrogen. The remainder of the elements that

comprise living organisms are considered trace elements be-

cause they appear in small, or trace, amounts only.

2Organic Chemistry Is Tailored 
for Life

The atoms of any particular element contain a

specific number of protons and neutrons in the nu-

cleus, as well as a cloud of electrons around the

nucleus. The outside, or valence, electrons help

determine the chemical reactivity of an atom.

Chapter Summary      55
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5Hydrogen Ion Concentration Affects
Chemical Properties

The hydrogen-ion concentration in any solution is indi-

cated by the pH of that solution. pH 1 is highly acidic; pH 14 is

extremely basic. Pure water is pH 7. Acids donate hydrogen

ions to solutions, whereas bases add more hydroxyl ions.

When mixed together, acids and bases usually neutralize and

form water. Buffers are weak acids that stabilize the pH of solu-

tions by absorbing excess hydrogen or hydroxyl ions.

that we know of holding chemicals together

are Van Der Waals forces. These are ex-

tremely weak, impermanent electrical

charge attractions formed as electrons

whirl in their clouds. Transient negative

charges are pulled toward equally transient

positive portions of molecules. These

charges change and disappear as electrons

continue their whirling dance.

4Water Is Life’s Essential
Chemical

Water has many necessary charac-

teristics for life, which trace back to the

molecule’s polar condition. Water is liq-

uid at room temperature; it is a good

solvent; it has a high specific heat and a

high heat of vaporization; and frozen

water floats. Hydrogen and hydroxyl

ions are released when a water mole-

cule separates.

3Chemistry Is a Story 
of Bonding

Elements are joined by chemical

bonds. Strong, ionic bonds result from the

attraction of positive and negative ions. In

weaker covalent bonds, atoms share elec-

trons. Unequal sharing produces a polar co-

valent bond resulting in a polar molecule

like water. Hydrogen bonds are weak inter-

actions between adjacent hydrogen—con-

taining polar molecules. The weakest forces

1. Radioisotopes are often used in medicine and biochemical ex-

periments. For example, the chemistry of photosynthesis was

uncovered with radioactive carbon dioxide. Photosynthesizing

cells were exposed to radioactive carbon dioxide, and that ra-

dioactive carbon was tracked through each step of glucose for-

mation. Using this principle, how might radioactive compounds

be used in medical research? in treating a disease like leukemia

(cancer of the white-blood cells)?

2. Choose two properties of water. Briefly describe each property

and show how it contributes to a specific aspect of human life.

3. Acid rain is caused when water in the atmosphere reacts with

sulfur oxides to form sulfuric acid. The acidity of typical acid

rain is pH 3 to pH 5 (normal precipitation is pH 7 to pH 7.5).

What is the mathematical relationship between the hydrogen-

ion concentrations at each of these pH levels? How could acid

rain affect biological systems?

4. Enzymes are proteins that serve as catalysts, speeding up reac-

tions without getting used, altered, or destroyed. Enzyme func-

tion can be accelerated or slowed without damaging the en-

zyme itself in a few ways. Review Figure 2.22 to understand

normal enzyme functioning. What will happen to enzyme func-

tion if products build up in the cell? if substrate concentration

decreases? if a second compound, similar to the substrate but

without its reactive properties, enters the enzyme’s environ-

ment? if temperature rises slightly?

5. Although they serve different functions, DNA and ATP have

common elements. What structures are found in both mole-

cules? What purpose do these structures serve in ATP? in DNA?

CRITICAL THINKING QUESTIONS

the sequence of amino acids. Millions of

proteins are built using just 20 amino acids.

Enzymes are catalysts that allow faster

6There Are Four Main
Categories of Organic
Molecules

Biochemistry studies biological mole-

cules. The carbohydrate glucose is a key

source of ready energy. Lipids store energy,

serve in the cell membrane, and are the ba-

sis for sex hormones. Phospholipids make

up the cell membrane, which is vital to cel-

lular function. Proteins provide structure

and chemical processing. Nucleic acids

store data in our genes and transfer

information.

Proteins, the building blocks of the

body, can be structural or functional. Pro-

tein function is determined by shape and

CHAPTER SUMMARY

■ adenosine diphosphate (ADP) 000

■ adenosine triphosphate (ATP) 000

■ adhesive 000

■ adipocytes 000

■ alpha helix 000

■ atomic mass 000

■ atomic number 000

■ cohesive 000

■ dalton 000

■ electron 000

■ element 000

■ functional group 000

■ hydrophilic 000

■ hydrophobic 000

■ ion 000

■ mass 000

■ neutron 000

■ peptide bonds 000

■ proton 000

■ radioactive decay 000

56 CHAPTER 2 Everyday Chemistry of Life Critical Thinking Questions      57

KEY TERMS

chemical reactions. Enzymes have an active

site, where substrate molecules bind before

the reaction. Enzyme reaction speeds are

affected by substrate concentration, prod-

uct concentration, temperature, and pH.

Nucleic acids store and carry informa-

tion in the cell. DNA is a double-stranded

helix made of four bases, and occurs in the

nucleus. DNA codes for specific proteins,

depending on the sequence of bases. The

single-stranded molecule RNA serves

mainly to carry DNA data to protein-making

machinery. ATP, the energy-storage mole-

cule inside cells, releases energy as it con-

verts to ADP.
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13. This figure is illustrating a/an 

a. Carbohydrate

b. Lipid

c. Protein

d. Nucleic acid

16. The class of lipid that has both a hydrophilic and a hydrophobic

end is

a. Steroids

b. Eichosanoids

c. Phospholipids

d. Triglycerides

17. The level of protein structural complexity that determines the

final shape of the protein is the

a. First level, the amino acid sequence

b. Second level, the folding of the amino acid sequence

c. Third level, the interaction of the folded amino acid se-

quence

d. Fourth level, the interaction of two or more subunits of the

finished protein

18. This figure illustrates that enzymes

a. Require substrate

b. Are specific catalysts

c. Have an active site

d. All of the above

19. In DNA, which base complements adenine?

a. Cytosine

b. Guanine

c. Thymine

d. Uracil

20. The energy in ATP is carried in the

a. The first phosphate bond

b. Nitrogenous base

c. Adenine

d. The last phosphate bond

1. The four most common elements in the human body include

a. Calcium

b. Sodium

c. Carbon

d. Nitrogen

e. Both c and d

2. Identify the particle indicated as A.

a. Proton

b. Neutron

c. Electron

d. Orbital

7. The type of bond indicated here is a / an 

a. Ionic bond

b. Covalent bond

c. Polar covalent bond

d. Hydrogen bond

SELF TEST

Oδ–

H

H

δ+

δ+

Protons (p+)

Neutrons (n0)

Electrons (e–)

A

B

C

Nucleus

Acidic pH

Battery acid

Soft drink, vinegar,
salad dressing

Coffee

Baking soda

Lye

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Basic

Glucose monomer

58 CHAPTER 2 Everyday Chemistry of Life Self Test      59

12. On this pH scale, what is the hydro-

gen ion concentration difference be-

tween human blood (pH 7) and

household ammonia (pH 11)? 

a. 10 units

b. 100 units

c. 1000 units

d. 10,000 units

14. Another name for glycogen is

a. Oligosaccharide

b. Monosaccharide

c. Polysaccharide

d. Disaccharide

15. A / an __________ fat is a solid at room temperature, and in-

cludes straight long hydrocarbon chains with no double bonds.

a. Unsaturated

b. Saturated

c. Hydrophilic

8. Some atoms are held together in compounds by attractive

forces of positive and negative charges. Which of the following

bond types rely on these attractive forces?

a. Ionic bond

b. Covalent bond

c. Hydrogen bond

d. All of the above utilize positive / negative attraction

9. A substance that is attracted to water, or dissolves in water is

referred to as

a. Hydrophobic

b. Hydrophilic

c. Cohesive

d. Adhesive

10. Water serves as a temperature buffer because

a. It is cohesive

b. It is capable of dissolving many compounds

c. It has a high specific heat

d. It has a high heat of vaporization

11. The key characteristic of the molecule highlighted in this

photograph, giving it many of the unique properties it

demonstrates, is 

a. Its polarity

b. Its distinct shape

c. The two closely held hydrogen ions

d. The large oxygen molecule

3. The particle indicated as C 

carries a __________ charge.

a. Positive

b. Negative

c. Neutral

4. Which of the identified particles 

has a mass of 1 Dalton?

a. A

b. B

c. C

d. All of the above carry a mass of 1 Dalton

5. Carbon has an atomic mass of 12.01. It has an atomic number

of 6. How many neutrons are found in a carbon atom nucleus?

a. 12

b. 6

c. 18

d. 4

6. An atom with 7 electrons in its valence orbital will most likely

form what type of chemical bond?

a. Hydrogen

b. Van der Waals

c. Ionic

d. Covalent
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