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2.1 Matter consists of chemical elements in pure
form and in combinations called compounds

2.2 An element’s properties depend on the
structure of its atoms

2.3 The formation and function of molecules
depend on chemical bonding between atoms

2.4 Chemical reactions make and break chemical
bonds

Chemical Foundations of Biology

ike other animals, beetles have evolved structures and
mechanisms that defend them from attack. The soil-
L - dwelhng bombardier beetle has a particularly effective
mechamsrn for dealing with the ants that plague it. Upon de-
tecting an ant on its body, this beetle ejects a spray of boiling
hot liquid from glands in its abdomen, aiming the spray di-
rectly at the ant. (In Figure 2.1, the beetle aims its spray at a
scientist’s forceps.) The spray contains irritating chemicals
that are generated at the moment of ejection by the explosive
reaction of two sets of chemicals stored separately in the
glands. The reaction produces heat and an audible pop.

Research on the bombardier beetle has involved chemistry,
physics, and engineering, as well as biology. This is not sur-
prising, for unlike a college catalog of courses, nature is not
neatly packaged into the individual natural sciences. Biologists
specialize in the study of life, but organisms and the world they
live in are natural systems to which basic concepts of chemistry
and physics apply. Biology is a multidisciplinary science.

This unit of chapters introduces key concepts of chemistry
that will apply throughout our study of life. We will make

32

A Figure 2.1 The bombardier beetle uses chemistry to
defend itself.

many connections to the themes introduced in Chapter 1.
One of those themes is the organization of life into a hierarchy
of structural levels, with additional properties emerging at
each successive level. In this unit, we will see how the theme
of emergent properties applies to the lowest levels of biologi-
cal organization—to the ordering of atoms into molecules and
to the interactions of those molecules within cells. Somewhere
in the transition from molecules to cells, we will cross the
blurry boundary between nonlife and life. We begin by con-
sidering the chemical components that make up all matter. As
Lydia Makhubu mentioned in the interview on pages 30 and
31, chemistry is an integral aspect of biology.

Matter consists of chemical
elements in pure form and in
combinations called compounds

Elements and Compounds

Organisms are composed of matter, which is anything that
takes up space and has mass.* Matter exists in many diverse
forms, each with its own characteristics. Rocks, metals, oils,
gases, and humans are just a few examples of what seems an
endless assortment of matter.

* Sometimes we substitute the term weight for mass, although the two are
not identical. Mass is the amount of matter in an object, whereas the
weight of an object is how strongly that mass is pulled by gravity. The
weight of an astronaut walking on the moon is approximately 1/6 that on
Earth, but his or her mass is the same. However, as long as we are
earthbound, the weight of an object is a measure of its mass; in everycay
language, therefore, we tend to use the terms interchangeably.
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Sodium Chlorine deium chloride

A Figure 2.2 The emergent properties of a compound.
The metal sodium combines with the paisonous gas chlorine to form:
the edible compound sodium chloride, or table salt.

Matter is made up of elements. An element is a substance
that cannot be broken down to other substarnces by chemical
reactions. Today, chemists recognize 92 elements occurring in
nature; gold, copper, carbon, and OXygen are examples. Each
element has a symbol, usually the first letter or two of its name.
Some of the symbols are derived from Latin or German names;
for instance, the symbol for sodium is Na, from the Latin word
natrium.

A compound is a substance consisting of two or more dif-
terent elements combined in & fixed ratio. Table salt, for ex-
ample, is sodium chloride (NaCl), a compound composed of
the elements sodium (Na) and chlorine (CDin a 1:1 ratio. Pure
sodium is a metal and pure chlorine is a poisonous gas. When
chemically combined, however, sodium and chlorine form an
edible compound. This is 4 simple example of organized matter

having emergent properties: A compound has characteristics
different from those of its elements (Figure 2.2).

Essential Elements of Life

About 25 of the 92 natural elements are known to be essential
to life. Just four of these—carbon (©), oxygen (0), hydrogen
(H), and nitrogen (N)—make up 96% of living matter. Phos-

v

> Figure 2.3 The effects of essential-
element deficiencies. (a) This photo shows
the effect of nitrogen deficiency in corn. In this
‘ontrolled experiment, the plants on the left are
jrowing in soil that was fertilized with
“Ompounds containing nitrogen, while the soil
N the right is deficient in nitrogen. (b) Goiter,
In enlarged thyroid gland, is the result of a
leficiency of the trace element iodine. The
[oiter of this Malaysian woman can probably

'@ reversed by iodine supplements
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O Oxygen 8 65.0
C Carbon 6 185
H Hydrogen 1 9.5
N Nitrogen 7 33
Ca Calcium 20 1.5
P Phosphorus 15 1.0
K Potassium 19 0.4
S Sulfur 16 03
Na Sodium 11 02 =~
@] Chlorine 17 0.2
Mg Magnesium 12 0.1

Trace elements (less than 0.01%): boron (B), chromium (Cr), cobalt (Co), cop-
per (Cu), fluorine (F), iodine (D), iron (Fe), manganese (Mn), molybdenum
(Mo), selenium (Se), silicon (Si), tin (Sn), vanadium (V), and zinc (Zn).

phorus (P), sulfur (S), calcium (Ca), potassium (K), and a few
other elements account for most of the remaining 4% of an
organism’s weight. Table 2.1 lists by percentage the elements
that make up the human body; the percentages for other or-
ganisms are similar. Figure 2.3a illustrates the effect of a defi-
ciency of nitrogen, an essential element, in a plant.

Trace elements are those required by an organism in only
minute quantities. Some trace elements, such as iron (Fe), are
needed by all forms of life: others are required only by certain
species. For example, in vertebrates (animals with back-
bones), the element iodine (D) is an essential ingredient of a

" hormone produced by the thyroid gland. A daily intake of

only 0.15 milligram (mg) of iodine is adequate for normal

(b) lodine deficiency
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activity of the human thyroid. An iodine deficiency in the dist
causes the thyroid gland to grow to sBhormal size, a condition
called goiter (7 ;. Where it is available, iodized salt

has reduced the incidence of goiter.

1. Explain why table salt is a compound, while the
oxygen we breathe is not. S
2. What four chemical elements are most abundant in

the food you ate yesterday? -

. For suggested answers, see Appendix A.
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An element’s properties depend
on the structure of its atoms

Each element consists of a certain kind of atom that is different
from the atoms of any other element. An atom is the smallest
unit of matter that still retains the properties of an element.
Atoms are so small that it would take about a million of them
to stretch across the period printed at the end of this sentence.
We symbolize atoms with the same abbreviation used for the
element made up of those atoms; thus, C stands for both the
element carbon and a single carbon atom.

Subatomic Particles

Although the atom is the smallest unit having the properties of
its element, these tiny bits of matter are composed of even
smaller parts, called subatomic particles. Physicists have split

the atom into more than a hundred types of particles, but only

three kinds of particles are stable enough to be of relevance
here: neutrons, protons, and electrons. Neutrons and pro-
tons are packed together tightly to form a dense core, or
atomic nucleus, at the center of the atom. The electrons, mov-
inghat nearly the speed of light, form a cloud around the nu-
cleus. Figure 2.4 shows two models of the structure of the
helium atom as an example.

Electrons and protons are electrically charged. Each elec-
tron has one unit of negative charge, and each proton has one
unit of positive charge. A neutron, as its name implies, is elec-
trically neutral. Protons give the nucleus a positive charge,
and it is the attraction between opposite charges that keeps
the rapidly moving electrons in the vicinity of the nucleus.

The neutron and proton are almost identical in mass, each
about 1.7 X 107** gram (g). Grams and other conventional
units are niot very useful for describing the mass of objects so

34 UNIT oNE  The Chemistry of Life

Cloud of negative

charge (2 electrons) Electrons

Nucleus
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(a) This model represents the
electrons as a cloud of
negative charge, as if we had
taken many snapshots of the 2
electrons over time, with each
dot representing an electron's
position at one point in time.

(b) In this even more simplified
model, the electrons are
shown as two small blue _
spheres on a circle around-the
nucleus.

A Figure 2.4 Simplified models of a helium (He) atom. The
helium nucleus consists of 2 neutrons (brown) and 2 protons (pink). Two
electrons (blue) move rapidly around the nucleus. These models are not
to scale; they greatly overestimate the size of the nucleus in relation to
the electron cloud.

minuscule. Thus, for atoms and subatomic particles (and for
molecules as well), we use a unit of measurement called the
dalton, in honor of John Dalton, the British scientist who
helped develop atomic theory around 1800. (The dalton is the
same as the atomic mass unit, or amu, a unit you may have
encountered elsewhere.) Neutrons and protons have masses
close to 1 dalton. Because the mass of an electron is only about
Y2000 that of a neutron or proton, we can ignore electrons when
computing the total mass of an atom.

Atomic Number and Atomic Mass

Atoms of the various elements differ in their number of sub-
atomic particles. All atoms of a particular element have the
same number of protons in their nuclei. This number of pro-
tons, which is unique to that element, is called the atomic
number and is written as a subscript to the left of the symbol
for the element. The abbreviation ,He, for example, tells us
that an atom of the element helium has 2 protons in its
nucleus. Unless otherwise indicated, an atom is neutral in
electrical charge, which means that its protons must be bal-
anced by an equal number of electrons. Therefore, the atomic
number tells us the number of protons and also the number of
electrons in an electrically neutral atom.

We can deduce the number of neutrons from a second quan-
tity, the mass number, which is the sum of protons plus neu-
trons in the nucleus of an atom. The mass number is written




