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Preface

This eighth edition of Solomon, Berg, Martin Biology continues
to convey our vision of the dynamic science of biology and how
it affects every aspect of our lives, from our health and behavior
to the challenging environmental issues that confront us. Recent
discoveries in the biological sciences have increased our under-
standing of both the unity and diversity of life’s processes and ad-
aptations. With this understanding, we have become more aware
of our interdependence with the vast diversity of organisms with
which we share planet Earth.

BIOLOGY IS A BOOK FOR STUDENTS

The study of biology can be an exciting journey of discovery for
beginning biology students. To that end, we seek to help stu-
dents better appreciate Earth’s diverse organisms, their remark-
able adaptations to the environment, and their evolutionary and
ecological relationships. We also want students to appreciate the
workings of science and the contributions of scientists whose
discoveries not only expand our knowledge of biology but also
help shape and protect the future of our planet. Biology provides
insight into what science is, how scientists work, what the roles
are of the many scientists who have contributed to our current
understanding of biology, and how scientific knowledge affects
daily life.

Since the first edition of Biology, we have tried to present the
principles of biology in an integrated way that is accurate, in-
teresting, and conceptually accessible to students. In this eighth
edition of Biology, we continue this tradition. We also continue
to present biology in an inquiry-based framework. Many pro-
fessors interpret inquiry as a learning method that takes place
in the laboratory as students perform experiments. Laboratory
research is certainly an integral part of inquiry-based learning.
But inquiry is also a way of learning in which the student actively
pursues some line of knowledge outside the laboratory. In Biol-
ogy, we have always presented the history of scientific advances,
including scientific debates, to help students understand that
science is a process (that is, a field of investigative inquiry) as
well as a body of knowledge (the product of inquiry). NEW In
Biology, Eighth Edition, we make a concerted effort to further
integrate inquiry-based learning into the textbook with the inclu-
sion of two new features: Key Experiment figures and Analyzing
Data questions. Key Experiment figures encourage students to
evaluate investigative approaches that real scientists have taken.

Analyzing Data questions require students to actively interpret
experimental data presented in the text.

Throughout the text, we stimulate interest by relating con-
cepts to experiences within the student’s frame of reference.
By helping students make such connections, we facilitate their
mastery of general concepts. We hope the combined effect of an
engaging writing style and interesting features will fascinate stu-
dents and encourage them to continue their study of biology.

THE SOLOMON/BERG/MARTIN
LEARNING SYSTEM

In the eighth edition we have refined our highly successful Learn-
ing System, which concentrates on learning objectives and out-
comes. Mastering biology is challenging, particularly because
the subject of biology is filled with so many facts that must be
integrated into the framework of general biological principles.
To help students, we provide Learning Objectives both for the
course and for each major section of every chapter. At the end
of each section, we provide Review questions based on the learn-
ing objectives so students can assess their mastery of the material
presented in the section.

Throughout the book, students are directed to Thomson-
NOW, a powerful online diagnostic tool that helps students assess
their study needs and master the chapter objectives. After taking
a pretest on ThomsonNOW, students receive feedback based on
their answers as well as a Personalized Study plan with links to
animations and other resources keyed to their specific learning
needs. Selected illustrations in the text are also keyed to Animated
figures in ThomsonNOW.

Course Learning Objectives

At the end of a successful study of introductory biology, the stu-
dent can demonstrate mastery of the subject by responding accu-
rately to the following Course Learning Objectives, or Outcomes:

+  Design an experiment to test a given hypothesis, using the
procedure and terminology of the scientific method.

+  Cite the cell theory, and relate structure to function in both
prokaryotic and eukaryotic cells.
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Describe the theory of evolution, explain why it is the princi-
pal unifying concept in biology, and discuss natural selection
as the primary agent of evolutionary change.

Explain the role of genetic information in all species, and
discuss applications of genetics that affect society.

Describe several mechanisms by which cells and organisms
transfer information, including the use of nucleic acids,
chemical signals (such as hormones and pheromones),
electrical signals (for example, neural transmission), signal
transduction, sounds, and visual displays.

Argue for or against the classification of organisms in three
domains and six kingdoms, characterizing each of these
clades; based on your knowledge of genetics and evolution,
give specific examples of the unity and diversity of these
organisms.

Compare the structural adaptations, life processes, and life
cycles of a prokaryote, protist, fungus, plant, and animal.

Define homeostasis, and give examples of regulatory mecha-
nisms, including feedback systems.

Trace the flow of matter and energy through a photosyn-
thetic cell and a nonphotosynthetic cell, and through the
biosphere, comparing the roles of producers, consumers,
and decomposers.

Describe the study of ecology at the levels of an individual
organism, a population, a community, and an ecosystem.

Pedagogical Features

We use numerous learning strategies to increase the student’s
success:

NEW A list of Key Concepts at the beginning of each chapter
provides a chapter overview.

Learning Objectives at the beginning of each major section
in the chapter indicate, in behavioral terms, what the student
must do to demonstrate mastery of the material in that
section.

Each major section of the chapter is followed by a series of
Review questions that assess comprehension by asking the
student to describe, explain, compare, contrast, or illustrate
important concepts. The Review questions are based on the
section Learning Objectives.

Concept Statement Subheads introduce sections, preview-
ing and summarizing the key idea or ideas to be discussed in
that section.

Sequence Summaries within the text simplify and summa-
rize information presented in paragraph form. For example,
paragraphs describing blood circulation through the body or
the steps by which cells take in certain materials are followed
by a Sequence Summary listing the structures or steps.

Focus On boxes explore issues of special relevance to stu-
dents, such as the effects of smoking or alcohol abuse. These
boxes also provide a forum for discussing certain topics of
current interest in more detail, such as the smallest ancient
humans (Homo floresiensis), worldwide declining amphibian
populations, and Alzheimer’s disease.
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+  Numerous Tables, many illustrated, help the student orga-
nize and summarize material presented in the text.

* A Summary with Key Terms at the end of each chapter is
organized around the chapter Learning Objectives. This
summary provides a review of the material, and because
selected key terms are boldface in the summary, students are
provided the opportunity to study vocabulary words within
the context of related concepts.

+  End-of-chapter questions provide students with the op-
portunity to evaluate their understanding of the material in
the chapter. Test Your Understanding consists of multiple-
choice questions, some of which are based on the recall
of important terms, whereas others challenge students to
integrate their knowledge. Answers to the Test Your Under-
standing questions are provided in Appendix E. A series of
thought-provoking Critical Thinking questions encourages
the student to apply the concepts just learned to new situ-
ations or to make connections among important concepts.
NEW Every chapter has one or more Evolution Link ques-
tions in the Critical Thinking section. NEW Many chapters
contain one or more Analyzing Data questions based on
data presented in the chapter.

«  The Glossary at the end of the book, the most comprehen-
sive glossary found in any biology text, provides precise defi-
nitions of terms. The Glossary is especially useful because it
is extensively cross-referenced and includes pronunciations.
The vertical blue bar along the margin facilitates rapid access
to the Glossary. The companion website also includes glos-
sary flash cards with audio pronunciations.

« NEW An updated and expanded art program brings to life,
reinforces, and expands concepts discussed in the text. This
edition includes Key Experiment figures, which emphasize
the scientific process in both classic and modern research;
examples include Figures 9-7, 17-2, 36-7, and 50-8. Also
new to this edition are Key Points stated in process diagrams
of complex topics; examples include Figures 28-19 and
54-2. Many of these figures have numbered parts that show
sequences of events in biological processes or life cycles.
Numerous photographs, both alone and combined with line
art, help students grasp concepts by connecting the “real”
to the “ideal.” The line art uses devices such as orienta-
tion icons to help the student put the detailed figures into
the broad context. We use symbols and colors consistently
throughout the book to help students connect concepts. For
example, the same four colors and shapes are used through-
out the book to identify guanine, cytosine, adenine, and
thymine.

WHAT'S NEW: AN OVERVIEW
OF BIOLOGY, EIGHTH EDITION

Three themes are interwoven throughout Biology: the evolution
of life, the transmission of biological information, and the flow
of energy through living systems. As we introduce the concepts
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of modern biology, we explain how these themes are connected
and how life depends on them.

Educators present the major topics of an introductory biol-
ogy course in a variety of orders. For this reason, we carefully
designed the eight parts of this book so that they do not depend
heavily on preceding chapters and parts. This flexible organiza-
tion means that an instructor can present the 56 chapters in any
number of sequences with pedagogical success. Chapter 1, which
introduces the student to the major principles of biology, pro-
vides a good springboard for future discussions, whether the pro-
fessor prefers a “top-down” or “bottom-up” approach.

In this edition, as in previous editions, we examined every
line of every chapter for accuracy and currency, and we made a
serious attempt to update every topic and verify all new mate-
rial. The following brief survey provides a general overview of
the organization of Biology and some changes made to the eighth
edition.

Part 1: The Organization of Life

The six chapters that make up Part 1 provide basic background
knowledge. We begin Chapter 1 with a new discussion of re-
search on heart repair and then introduce the main themes of
the book—evolution, energy transfer, and information transfer.
Chapter 1 then examines several fundamental concepts in biology
and the nature of the scientific process, including a discussion of
systems biology. Chapters 2 and 3, which focus on the molecu-
lar level of organization, establish the foundations in chemistry
necessary for understanding biological processes. Chapters 4 and
5 focus on the cell level of organization. Chapter 4 contains addi-
tional information on microtubules, microfilaments, and motor
proteins; Chapter 5 has expanded coverage of transport proteins
and a new section on uniporters, symporters, and antiporters.

NEW In the eighth edition we have added a new chapter,
Chapter 6, on cell communication, because recent studies of cell
signaling, including receptor function and signal transduction,
are providing new understanding of many life processes, particu-
larly at the cell level.

Part 2: Energy Transfer through Living Systems

Because all living cells need energy for life processes, the flow
of energy through living systems—that is, capturing energy and
converting it to usable forms—is a basic theme of Biology. Chap-
ter 7 examines how cells capture, transfer, store, and use energy.
Chapters 8 and 9 discuss the metabolic adaptations by which or-
ganisms obtain and use energy through cellular respiration and
photosynthesis. New to Chapter 9 is a summary section on the
importance of photosynthesis to plants and other organisms.

Part 3: The Continuity of Life: Genetics

We have updated and expanded the eight chapters of Part 3 for
the eighth edition. We begin this unit by discussing mitosis and
meiosis in Chapter 10, which includes new sections on binary
fission and prometaphase in mitosis. Chapter 11, which consid-

ers Mendelian genetics and related patterns of inheritance, has a
new section on recognition of Mendel’s work, including discus-
sion of the chromosome theory of inheritance. We then turn our
attention to the structure and replication of DNA in Chapter 12,
including a new section on proofreading and repair of errors in
DNA. Chapter 13 has a discussion of RNA and protein synthe-
sis, including a new section and summary table on the different
kinds of eukaryotic RNA. Gene regulation is discussed in Chap-
ter 14, which includes new paragraphs on genomic imprinting
and epigenetic inheritance. In Chapter 15, we focus on DNA tech-
nology and genomics, including new material on DNA analysis,
genomics, expressed sequence tags, RNAi, and the importance
of GM crops to U.S. agriculture. These chapters build the neces-
sary foundation for exploring the human genome in Chapter 16,
which has expanded discussion of abnormalities in chromosome
structure and on X-linked genes affecting intelligence. In Chap-
ter 17, we introduce the role of genes in development, emphasiz-
ing studies on specific model organisms that have led to spectacu-
lar advances in this field; changes include new material on RNAi
as a powerful tool in developmental genetics and discussion of
cancer as a stem cell disease.

NEW The art program in the genetics section includes many
new pieces, such as Figures 10-8 (cohesins), 10-11 (binary fis-
sion), 12-14 (DNA repair), 13-11 (linkage of amino acid to its
specific RNA), 13-18 (photo of plants with altered miRNA),
14-1 (lean pig with IGF2 mutation), 14-13 (protein degradation
by ubiquitin-proteasomes), 15-9 (Southern blotting technique),
15-15 (DNA fingerprinting), 16-5 (common abnormalities in
chromosome structure), 16-10 (gene therapy in mouse bone
marrow cells), and 17-6 (six model organisms).

Part 4: The Continuity of Life: Evolution

Although we explore evolution as the cornerstone of biology
throughout the book, Part 4 delves into the subject in depth. We
provide the history behind the discovery of the theory of evolu-
tion, the mechanisms by which it occurs, and the methods by
which it is studied and tested. Chapter 18 introduces the Darwin-
ian concept of evolution and presents several kinds of evidence
that support the theory of evolution. In Chapter 19, we examine
evolution at the population level. Chapter 20 describes the evo-
lution of new species and discusses aspects of macroevolution.
Chapter 21 summarizes the evolutionary history of life on Earth.
In Chapter 22, we recount the evolution of the primates, includ-
ing humans. Many topics and examples have been added to the
eighth edition, such as new material on developmental biology as
evidence for evolution in Galdpagos finches, the founder effect
and genetic drift with respect to Finns and Icelanders, ways of
defining a species, the Archaeon and Proterozoic eons, and a new
Focus On box on Homo floresiensis.

Part 5: The Diversity of Life

In this edition of Biology, we continue to emphasize the cla-
distic approach. We use an evolutionary framework to discuss
each group of organisms, presenting current hypotheses of how
groups of organisms are related. Chapter 23 discusses why organ-
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isms are classified and provides insight into the scientific process
of deciding how they are classified. New advances have enabled
us to further clarify the connection between evolutionary history
and systematics in the eighth edition. Chapter 24, which focuses
on the viruses and prokaryotes, contains a major revision of pro-
karyote classification and new sections on evolution in bacteria
and on biofilms. Chapter 25 reflects the developing consensus
on protist diversity and summarizes evolutionary relationships
among the eight major eukaryote groups. Chapter 26 describes
the fungi and includes an updated phylogeny with a discussion
of members of phylum Glomeromycota and their role as my-
corrhizal fungi. Chapters 27 and 28 present the members of the
plant kingdom; Chapter 28 includes new material that updates
the evolution of the angiosperms. In Chapters 29 through 31,
which cover the diversity of animals, we place more emphasis
on molecular systematics. We have also added new sections on
animal origins and the evolution of development.

Part 6: Structure and Life Processes in Plants

Part 6 introduces students to the fascinating plant world. It
stresses relationships between structure and function in plant
cells, tissues, organs, and individual organisms. In Chapter 32,
we introduce plant structure, growth, and differentiation. Chap-
ters 33 through 35 discuss the structural and physiological adap-
tations of leaves, stems, and roots. Chapter 36 describes reproduc-
tion in flowering plants, including asexual reproduction, flowers,
fruits, and seeds. Chapter 37 focuses on growth responses and
regulation of growth. In the eighth edition, we present the lat-
est findings generated by the continuing explosion of knowledge
in plant biology, particularly at the molecular level. New topics
include the molecular basis of mycorrhizal and rhizobial sym-
bioses, molecular aspects of floral initiation at apical meristems,
self-incompatibility, and the way that auxin acts by signal trans-
duction. Chapter 36 also discusses a new experiment figure on
the evolutionary implications of a single mutation in a gene for
flower color that resulted in a shift in animal pollinators.

Part 7: Structure and Life Processes in Animals

In Part 7, we provide a strong emphasis on comparative animal
physiology, showing the structural, functional, and behavioral
adaptations that help animals meet environmental challenges.
We use a comparative approach to examine how various ani-
mal groups have solved similar and diverse problems. In Chap-
ter 38, we discuss the basic tissues and organ systems of the ani-
mal body, homeostasis, and the ways that animals regulate their
body temperature. Chapter 39 focuses on body coverings, skel-
etons, and muscles. In Chapters 40 through 42, we discuss neural
signaling, neural regulation, and sensory reception. In Chap-
ters 43 through 50, we compare how different animal groups carry
on specific life processes, such as internal transport, internal de-
fense, gas exchange, digestion, reproduction, and development.
Each chapter in this part considers the human adaptations for
the life processes being discussed. Part 7 ends with a discussion of
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behavioral adaptations in Chapter 51. Reflecting recent research
findings, we have added new material on homeostasis and the
process of contraction in whole muscle. We have also updated
and added new material on neurotransmitters, information pro-
cessing, thermoreceptors, electroreceptors and magnetorecep-
tion, endocrine regulation of blood pressure, Toll-like receptors,
cytokines, cancer treatment, HIV and autoimmune diseases, new
nutrition guidelines, obesity, maintenance of fluid and electrolyte
balance, steroid action that allows rapid signaling, melanocyte-
stimulating hormones (MSH), diabetes, anabolic steroids, meno-
pause, the estrous cycle, contraception, and STDs. In Chapter 51,
we have added new information on cognition, communication,
interspecific and intraspecific selection, parental care, and help-
ing behavior.

Part 8: The Interactions of Life: Ecology

Part 8 focuses on the dynamics of populations, communities,
and ecosystems and on the application of ecological principles
to disciplines such as conservation biology. Chapters 52 through
55 give the student an understanding of the ecology of popu-
lations, communities, ecosystems, and the biosphere, whereas
Chapter 56 focuses on global environmental issues. Among the
many changes in this unit are new material on secondary pro-
ductivity, top-down and bottom-up processes, characteristics of
endangered species, deforestation, and a greatly expanded section
on conservation biology.

A COMPREHENSIVE PACKAGE
FOR LEARNING AND TEACHING

A carefully designed supplement package is available to further
facilitate learning. In addition to the usual print resources, we
are pleased to present student multimedia tools that have been
developed in conjunction with the text.

Resources for Students

Study Guide to Accompany Biology, Eighth Edition, by Ron-
ald S. Daniel of California State Polytechnic University, Pomona;
Sharon C. Daniel of Orange Coast College; and Ronald L. Taylor.
Extensively updated for this edition, the study guide provides
the student with many opportunities to review chapter con-
cepts. Multiple-choice study questions, coloring-book exercises,
vocabulary-building exercises, and many other types of active-
learning tools are provided to suit different cognitive learning
styles.

A Problem-Based Guide to Basic Genetics by Donald Cronkite
of Hope College. This brief guide provides students with a sys-
tematic approach to solving genetics problems, along with nu-
merous solved problems and practice problems.

Spanish Glossary. NEW This Spanish glossary of biology terms
is available to Spanish-speaking students.
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Website. The content-rich companion website that accompanies
Biology, Eighth Edition, gives students access to high-quality re-
sources, including focused quizzing, a Glossary complete with
pronunciations, InfoTrac® College Edition readings and exercises,
Internet activities, and annotated web links. For these and other
resources, visit www.thomsonedu.com /biology/solomon.

ThomsonNOW. NEW This updated and expanded online learn-
ing tool helps assess students’ personal study needs and focus
their time. By taking a pretest, they are provided with a Personal-
ized Study plan that directs them to text sections and narrated
animations—many of which are new to this edition—that they
need to review. If they need to brush up on basic skills, the How
Do I Prepare? feature walks them through tutorials on basic
math, chemistry, study skills, and word roots.

Audio. NEW This edition of Biology is accompanied by a range of
“mobile content” resources, including downloadable study skill
tips and concept reviews in MP3 format for use on a portable
MP3 player.

Virtual Biology Laboratory 3.0 by Beneski and Waber. NEW
These 14 online laboratory experiments, designed within a simu-
lation format, allow students to “do” science by acquiring data,
performing experiments, and using data to explain biological
concepts. Assigned activities automatically flow to the instruc-
tor’s grade book. New self-designed activities ask students to plan
their procedures around an experimental question and write up
their results.

Additional Resources for Instructors

The instructors’ Examination Copy for this edition lists a com-
prehensive package of print and multimedia supplements, in-
cluding online resources, available to qualified adopters. Please
ask your local sales representative for details.
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To the Student

Biology is a challenging subject. The thousands of students we
have taught have differed in their life goals and learning styles.
Some have had excellent backgrounds in science; others, poor
ones. Regardless of their backgrounds, it is common for students
taking their first college biology course to find that they must
work harder than they expected. You can make the task easier by
using approaches to learning that have been successful for a broad
range of our students over the years. Be sure to use the Learning
System we use in this book. It is described in the Preface.

Make a Study Schedule

Many college professors suggest that students study 3 hours for
every hour spent in class. This major investment in study time is
one of the main differences between high school and college. To
succeed academically, college students must learn to manage their
time effectively. The actual number of hours you spend studying
biology will vary depending on how quickly you learn the mate-
rial, as well as on your course load and personal responsibilities,
such as work schedules and family commitments.

The most successful students are often those who are best
organized. At the beginning of the semester, make a detailed daily
calendar. Mark off the hours you are in each class, along with
travel time to and from class if you are a commuter. After you get
your course syllabi, add to your calendar the dates of all exams,
quizzes, papers, and reports. As a reminder, it also helps to add
an entry for each major exam or assignment 1 week before the
test or due date. Now add your work schedule and other personal
commitments to your calendar. Using a calendar helps you find
convenient study times.

Many of our successful biology students set aside 2 hours a
day to study biology rather than depend on a weekly marathon
session for 8 or 10 hours during the weekend (when that kind
of session rarely happens). Put your study hours into your daily
calendar, and stick to your schedule.

Determine Whether the Professor Emphasizes
Text Material or Lecture Notes
Some professors test almost exclusively on material covered in

lecture. Others rely on their students’ learning most, or even
all, of the content in assigned chapters. Find out what your pro-

fessor’s requirements are, because the way you study will vary
accordingly.

How to study when professors test lecture material

If lectures are the main source of examination questions, make
your lecture notes as complete and organized as possible. Before
going to class, skim over the chapter, identifying key terms and
examining the main figures, so that you can take effective lecture
notes. Spend no more than 1 hour on this.

Within 24 hours after class, rewrite (or type) your notes. Be-
fore rewriting, however, read the notes and make marginal notes
about anything that is not clear. Then read the corresponding
material in your text. Highlight or underline any sections that
clarify questions you had in your notes. Read the entire chapter,
including parts that are not covered in lecture. This extra infor-
mation will give you breadth of understanding and will help you
grasp key concepts.

After reading the text, you are ready to rewrite your notes,
incorporating relevant material from the text. It also helps to use
the Glossary to find definitions for unfamiliar terms. Many stu-
dents develop a set of flash cards of key terms and concepts as a
way to study. Flash cards are a useful tool to help you learn sci-
entific terminology. They are portable and can be used at times
when other studying is not possible, for example, when riding
a bus.

Flash cards are not effective when the student tries to second-
guess the professor. (“She won’t ask this, so I won’t make a flash
card of it.”) Flash cards are also a hindrance when students rely
on them exclusively. Studying flash cards instead of reading the
text is a bit like reading the first page of each chapter in a mystery
novel: It’s hard to fill in the missing parts, because you are learn-
ing the facts in a disconnected way.

How to study when professors
test material in the book

If the assigned readings in the text are going to be tested, you must
use your text intensively. After reading the chapter introduction,
read the list of Learning Objectives for the first section. These
objectives are written in behavioral terms; that is, they ask you to
“do” something in order to demonstrate mastery. The objectives
give you a concrete set of goals for each section of the chapter. At
the end of each section, you will find Review questions keyed to
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the Learning Objectives. Test yourself, going back over the mate-
rial to check your responses.

Read each chapter section actively. Many students read and
study passively. An active learner always has questions in mind
and is constantly making connections. For example, there are
many processes that must be understood in biology. Don’t try to
blindly memorize these; instead, think about causes and effects
so that every process becomes a story. Eventually, you’ll see that
many processes are connected by common elements.

You will probably have to read each chapter two or three
times before mastering the material. The second and third times
through will be much easier than the first, because you’ll be rein-
forcing concepts that you have already partially learned.

After reading the chapter, write a four- to six-page chapter
outline by using the subheads as the body of the outline (first-
level heads are boldface, in color, and all caps; second-level heads
are in color and not all caps). Flesh out your outline by adding
important concepts and boldface terms with definitions. Use this
outline when preparing for the exam.

Now it is time to test yourself. Answer the Test Your Under-
standing questions, and check your answers. Write answers to
each of the Critical Thinking questions. Finally, review the Learn-
ing Objectives in the Chapter Summary, and try to answer them
before reading the summary provided. If your professor has told
you that some or all of the exam will be short-answer or essay
format, write out the answer for each Learning Objective. Re-
member that this is a self-test. If you do not know an answer to a
question, find it in the text. If you can’t find the answer, use the
Index.

Learn the Vocabulary

One stumbling block for many students is learning the many
terms that make up the language of biology. In fact, it would
be much more difficult to learn and communicate if we did not
have this terminology, because words are really tools for thinking.
Learning terminology generally becomes easier if you realize that
most biological terms are modular. They consist of mostly Latin
and Greek roots; once you learn many of these, you will have a
good idea of the meaning of a new word even before it is defined.
For this reason, we have included an Appendix on Understanding
Biological Terms. To be sure you understand the precise defini-
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tion of a term, use the Index and Glossary. The more you use
biological terms in speech and writing, the more comfortable you
will be.

Form a Study Group

Active learning is facilitated if you do some of your studying in a
small group. In a study group, the roles of teacher and learner can
be interchanged: a good way to learn material is to teach. A study
group lets you meet challenges in a nonthreatening environment
and can provide some emotional support. Study groups are effec-
tive learning tools when combined with individual study of text
and lecture notes. If, however, you and other members of your
study group have not prepared for your meetings by studying in-
dividually in advance, the study session can be a waste of time.

Prepare for the Exam

Your calendar tells you it is now 1 week before your first biology
exam. If you have been following these suggestions, you are well
prepared and will need only some last-minute reviewing. No all-
nighters will be required.

During the week prior to the exam, spend 2 hours each day
actively studying your lecture notes or chapter outlines. It helps
many students to read these notes out loud (most people listen
to what they say!). Begin with the first lecture/chapter covered on
the exam, and continue in the order on the lecture syllabus. Stop
when you have reached the end of your 2-hour study period. The
following day, begin where you stopped the previous day. When
you reach the end of your notes, start at the beginning and study
them a second time. The material should be very familiar to you
by the second or third time around. At this stage, use your text-
book only to answer questions or clarify important points.

The night before the exam, do a little light studying, eat a nu-
tritious dinner, and get a full night’s sleep. That way, you’ll arrive
in class on exam day with a well-rested body (and brain) and the
self-confidence that goes with being well prepared.

Eldra P. Solomon
Linda R. Berg
Diana W. Martin
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A View of Life

KEY CONCEPTS

Basic themes of biology include evolution, information
transfer, and energy for life.

Characteristics of life include growth and development,
self-regulated metabolism, response to stimuli, and
reproduction.

Biological organization is hierarchical and includes chemi-
cal, cell, tissue, organ, organ system, and organism levels;
ecological organization includes population, community,
ecosystem, and biosphere levels.

The tree of life includes three major branches, or domains.

Species evolve by natural selection, adapting to changes
in their environment.

Biologists ask questions, develop hypotheses, make
predictions, and collect data by careful observation and
experiment.

A cardiac muscle cell dividing
into two new cells.

eart disease is the leading cause of death in the United States
H and other developed countries. When cardiac muscle is dam-
aged, for example, by a myocardial infarction (a “heart attack”),
the injured muscle does not repair itself. Instead, the muscle is re-
placed by scar tissue that impairs the heart’s ability to pump blood.
Researcher Mark T. Keating and his team at the Howard Hughes
Medical Institute at Children’s Hospital Boston discovered that the
small, tropical zebrafish can regenerate up to 20% of its heart mus-
cle within two months after the tissue is injured or removed. The
challenge is to find the mechanisms that stimulate regeneration
and learn how to manipulate them.

Felix Engel, an investigator working with Keating, identified
that a growth factor (known as fibroblast growth factor) can stimu-
late cardiac muscle cells to replicate their DNA. The research team
also discovered that the protein known as p38 inhibits cardiac
muscle growth in fetal rats. They wondered how they could inhibit
the inhibitor so that cardiac muscle could repair itself. In 2005,
these investigators reported that when they treated cardiac muscle
cells with the growth factor in combination with a compound that
inhibits p38, cardiac muscle cells activate a group of genes in-
volved in cell division and finally divide (see photograph).

A research group in Germany is pioneering another approach
to treating heart damage. This group, led by Gustav Steinhoff at

the University of Rostock, injected stem cells (collected from the



patient’s own bone marrow) into the cardiac muscle of patients
who had heart damage as a result of myocardial infarction. One
year after receiving the injected stem cells, patients who had this
treatment in addition to bypass surgery showed significantly bet-
ter heart function compared with patients who had only surgery.
Searching for ways to repair damaged hearts is one example of the
thousands of new research studies in progress.

This is an exciting time to begin studying biology, the science
of life. The remarkable new discoveries biologists are making al-
most daily affect every aspect of our lives, including our health,
food, safety, relationships with humans and other organisms, and
our ability to enjoy the life that surrounds us. New knowledge pro-
vides new insights into the human species and the millions of other
organisms with which we share this planet.

Biology affects our personal, governmental, and societal deci-
sions. For example, the U.S. Supreme Court abolished the death
penalty for juvenile offenders in 2005, based on research findings

that the brain does not complete its development until after ado-

I THREE BASIC THEMES

Learning Objective

1 Describe three basic themes of biology.
In this first chapter we introduce three basic themes of biology:

1. Evolution. Populations of organisms have evolved through
time from earlier forms of life. Scientists have accumulated
a wealth of evidence showing that the diverse life-forms on
this planet are related and that populations have evolved, that
is, have changed over time, from earlier forms of life. The
process of evolution is the framework for the science of biol-
ogy and is a major theme of this book.

2. Information transfer. Information must be transmitted
within organisms and among organisms. The survival and
function of every cell and every organism depend on the
orderly transmission of information. Evolution depends on
the transmission of genetic information from one generation
to another.

3. Energy for life. Energy from the sun flows through living
systems from producers to consumers. All life processes,
including the thousands of chemical transactions that main-
tain life’s organization, require a continuous input of energy.

Evolution, information transmission, and energy flow are
forces that give life its unique characteristics. We begin our study
of biology by developing a more precise understanding of the
fundamental characteristics of living systems.

Review

I Why are evolution, information transfer, and energy consid-
ered basic to life?

2 Chapter 1

lescence. (At the time of this ruling, 20 states still permitted capital
punishment for offenders younger than age 18.) Adolescents have
not reached neurophysiological maturity and cannot be held ac-
countable for their crimes to the same extent as adults.

Whatever your college major or career goals, knowledge of
biological concepts is a vital tool for understanding this world
and for meeting many of the personal, societal, and global chal-
lenges that confront us. Among these challenges are decreasing
biological diversity, diminishing natural resources, the expanding
human population, and prevention and cure of diseases, such as
cancer, Alzheimer’s disease, malaria, acquired immunodeficiency
syndrome (AIDS), and avian flu. Meeting these challenges will re-
quire the combined efforts of biologists and other scientists, politi-
cians, and biologically informed citizens.

This book is a starting point for an exploration of biology. It
provides you with the basic knowledge and the tools to become
a part of this fascinating science and a more informed member of

society. m

I What does the term evolution mean as applied to popula-
tions of organisms?

I CHARACTERISTICS OF LIFE

Learning Objective

2 Distinguish between living and nonliving things by describing
the features that characterize living organisms.

We easily recognize that a pine tree, a butterfly, and a horse are
living things, whereas a rock is not. Despite their diversity, the or-
ganisms that inhabit our planet share a common set of character-
istics that distinguish them from nonliving things. These features
include a precise kind of organization, growth and development,
self-regulated metabolism, the ability to respond to stimuli, repro-
duction, and adaptation to environmental change.

Organisms are composed of cells

Although they vary greatly in size and appearance, all organisms
consist of basic units called cells. New cells are formed only by
the division of previously existing cells. These concepts are ex-
pressed in the cell theory (discussed in Chapter 4), a fundamen-
tal unifying concept of biology.

Some of the simplest life-forms, such as protozoa, are uni-
cellular organisms, meaning that each consists of a single cell
(0 Fig. 1-1). In contrast, the body of a cat or a maple tree is made
of billions of cells. In such complex multicellular organisms, life
processes depend on the coordinated functions of component
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(a) Unicellular organisms consist of one intricate cell that performs
all the functions essential to life. Ciliates, such as this Paramecium,
move about by beating their hairlike cilia.

I Figure 1-1  Unicellular and multicellular life-forms

cells that may be organized to form tissues, organs, and organ
systems.

Every cell is enveloped by a protective plasma membrane
that separates it from the surrounding external environment. The
plasma membrane regulates passage of materials between cell
and environment. Cells have specialized molecules that contain
genetic instructions and transmit genetic information. In most
cells, the genetic instructions are encoded in deoxyribonucleic
acid, more simply known as DNA. Cells typically have internal
structures called organelles that are specialized to perform spe-
cific functions.

There are two fundamentally different types of cells: prokary-
otic and eukaryotic. Prokaryotic cells are exclusive to bacteria
and to microscopic organisms called archaea. All other organisms
are characterized by their eukaryotic cells. These cells typically
contain a variety of organelles enclosed by membranes, including
a nucleus, which houses DNA. Prokaryotic cells are structurally
simpler; they do not have a nucleus or other membrane-enclosed
organelles.

Organisms grow and develop

Biological growth involves an increase in the size of individual
cells of an organism, in the number of cells, or in both. Growth
may be uniform in the various parts of an organism, or it may be
greater in some parts than in others, causing the body propor-
tions to change as growth occurs. Some organisms—most trees,
for example—continue to grow throughout their lives. Many
animals have a defined growth period that terminates when a
characteristic adult size is reached. An intriguing aspect of the
growth process is that each part of the organism typically contin-
ues to function as it grows.

Living organisms develop as well as grow. Development in-
cludes all the changes that take place during an organism’s life.
Like many other organisms, every human begins life as a fertil-

McMurray Photography

(b) Multicellular organisms, such as this African buffalo (Syncerus
caffer) and the plants on which it grazes, may consist of billions of
cells specialized to perform specific functions.

ized egg that then grows and develops. The structures and body
form that develop are exquisitely adapted to the functions the
organism must perform.

Organisms regulate their
metabolic processes

Within all organisms, chemical reactions and energy transforma-
tions occur that are essential to nutrition, the growth and repair
of cells, and the conversion of energy into usable forms. The sum
of all the chemical activities of the organism is its metabolism.

Metabolic processes occur continuously in every organism,
and they must be carefully regulated to maintain homeostasis, an
appropriate, balanced internal environment. When enough of a
cell product has been made, its manufacture must be decreased or
turned off. When a particular substance is required, cell processes
that produce it must be turned on. These homeostatic mechanisms
are self-regulating control systems that are remarkably sensitive
and efficient.

The regulation of glucose (a simple sugar) concentration in
the blood of complex animals is a good example of a homeo-
static mechanism. Your cells require a constant supply of glucose,
which they break down to obtain energy. The circulatory system
delivers glucose and other nutrients to all the cells. When the
concentration of glucose in the blood rises above normal limits,
glucose is stored in the liver and in muscle cells. When you have
not eaten for a few hours, the glucose concentration begins to fall.
Your body converts stored nutrients to glucose, bringing the glu-
cose concentration in the blood back to normal levels. When the
glucose concentration decreases, you also feel hungry and restore
nutrients by eating.

A View of Life 3
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Figure 1-2 Biological movement

These bacteria (Helicobacter pylori), equipped with flagella for
locomotion, have been linked to stomach ulcers. The photograph was
taken using a scanning electron microscope. The bacteria are not really
red and blue. Their color has been artificially enhanced.

David M. Dennis/Tom Stack & Associates
David M. Dennis/Tom Stack & Associates

(a) Hairs on the leaf surface of the Venus
flytrap (Dionaea muscipula) detect the touch
of an insect, and the leaf responds by folding.

the insect.

(b) The edges of the leaf come together and
interlock, preventing the fly’s escape. The leaf
then secretes enzymes that kill and digest

Organisms respond to stimuli

All forms of life respond to stimuli, physical or chemical changes
in their internal or external environment. Stimuli that evoke a
response in most organisms are changes in the color, inten-
sity, or direction of light; changes in temperature, pressure, or
sound; and changes in the chemical composition of the sur-
rounding soil, air, or water. Responding to stimuli involves move-
ment, though not always locomotion (moving from one place to
another).

In simple organisms, the entire individual may be sensitive
to stimuli. Certain unicellular organisms, for example, respond
to bright light by retreating. In some organisms, locomotion is
achieved by the slow oozing of the cell, the process of amoe-
boid movement. Other organisms move by beating tiny, hair-
like extensions of the cell called cilia or longer structures known
as flagella (N Fig. 1-2). Some bacteria move by rotating their
flagella.

Most animals move very obviously. They wiggle, crawl, swim,
run, or fly by contracting muscles. Sponges, corals, and oysters
have free-swimming larval stages, but most are sessile as adults,
meaning that they do not move from place to place. In fact, they
may remain firmly attached to a surface, such as the sea bottom
or a rock. Many sessile organisms have cilia or flagella that beat
rhythmically, moving the surrounding water, which contains
the food and oxygen the organisms require. Complex animals,
such as grasshoppers, lizards, and humans, have highly special-
ized cells that respond to specific types of stimuli. For example,
cells in the retina of the human eye
respond to light.

Although their responses may
notbe as obvious as those of animals,
plants do respond to light, gravity,
water, touch, and other stimuli. For
example, plants orient their leaves
to the sun and grow toward light.
Many plant responses involve differ-
ent growth rates of various parts of
the plant body.

A few plants, such as the Venus
flytrap of the Carolina swamps, are
very sensitive to touch and catch
insects (I Fig. 1-3). Their leaves are
hinged along the midrib, and they
have a scent that attracts insects.
Trigger hairs on the leaf surface
detect the arrival of an insect and
stimulate the leaf to fold. When
the edges come together, they in-
terlock, preventing the insect’s es-
cape. The leaf then secretes enzymes
that kill and digest the insect. The
Venus flytrap usually grows in soil
deficient in nitrogen. The plant ob-

! ".'

tains part of the nitrogen required
for its growth from the insects it

Figure 1-3 Plants respond to stimuli

4 Chapter 1

“eats.”

www.thomsonedu.com/biology/solomon


www.thomsonedu.com/biology/solomon

Organisms reproduce ally reproducing organisms is by genetic mutation, a permanent
change in the genes.

In most plants and animals, sexual reproduction is carried
out by the fusion of an egg and a sperm cell to form a fertilized

At one time, people thought worms arose spontaneously from
horsehair in a water trough, maggots from decaying meat, and
frogs from the mud of the Nile. Thanks to the work of several
scientists, including the Italian physician Francesco Redi in the
17th century and French chemist Louis Pasteur in the 19th cen-
tury, we now know that organisms arise only from previously
existing organisms.

Simple organisms, such as amoebas, perpetuate themselves
by asexual reproduction (I Fig. 1-4a). When an amoeba has
grown to a certain size, it reproduces by splitting in half to form .
two new amoebas. Before an amoeba divides, its hereditary mate- Popu lations evolve and become
rial (set of genes) duplicates, and one complete set is distributed adapted to the environment
to each new cell. Except for size, each new amoeba is similar to

egg (! Fig. 1-4b). The new organism develops from the fertilized
egg. Offspring produced by sexual reproduction are the product
of the interaction of various genes contributed by the mother
and the father. This genetic variation is important in the vital
processes of evolution and adaptation.

The ability of a population to evolve over many generations and
adapt to its environment equips it to survive in a changing world.
Adaptations are inherited characteristics that enhance an organ-
ism’s ability to survive in a particular environment. The long,
flexible tongue of the frog is an adaptation for catching insects,
the feathers and lightweight bones of birds are adaptations for
flying, and the thick fur coat of the polar bear is an adaptation
for surviving frigid temperatures. Adaptations may be structural,
physiological, biochemical, behavioral, or a combination of all
four (I Fig. 1-5). Every biologically successful organism is a com-
plex collection of coordinated adaptations produced through

the parent cell. The only way that variation occurs among asexu-

evolutionary processes.

Review

I What characteristics distinguish a living organism from a
nonliving object?

Cabisco /Visuals Unlimited

100 um I What would be the consequences to an organism if its

— homeostatic mechanisms failed? Explain your answer.
I What do we mean by adaptations?

(a) Asexual reproduction. One individual gives rise to two
or more offspring that are similar to the parent. Difflugia, a
unicellular amoeba, is shown dividing to form two amoebas.

McMurray Photography

Figure 1-5 Adaptations

L. E. Gilbert/Biological Photo Service

These Burchell’s zebras (Equus burchelli), photographed at Ngoron-

(b) Sexual reproduction. Typically, two parents each contribute goro Crater in Tanzania, are behaviorally adapted to position them-
a gamete (sperm or egg). Gametes fuse to produce the offspring, selves to watch for lions and other predators. Stripes are thought to
which has a combination of the traits of both parents. A pair of be an adaptation for visual protection against predators. They serve
tropical flies are shown mating. as camouflage or to break up form when spotted from a distance. The

zebra stomach is adapted for feeding on coarse grass passed over by
other grazers, an adaptation that helps the animal survive when food
Figure 1-4 Asexual and sexual reproduction is scarce.
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LEVELS OF BIOLOGICAL
ORGANIZATION

Learning Objective

3 Construct a hierarchy of biological organization, including
levels characteristic of individual organisms and ecological
levels.

Whether we study a single organism or the world of life as a
whole, we can identify a hierarchy of biological organization
(W Fig. 1-6). At every level, structure and function are precisely
coordinated. One way to study a particular level is by looking at
its components. Biologists can gain insights about cells by study-
ing atoms and molecules. Learning about a structure by study-
ing its parts is called reductionism. However, the whole is more
than the sum of its parts. Each level has emergent properties,
characteristics not found at lower levels. Populations of organ-
isms have emergent properties such as population density, age
structure, and birth and death rates. The individuals that make
up a population do not have these characteristics. Consider also
the human brain. The brain is composed of millions of neurons
(nerve cells). We could study millions of individual neurons and
have no clue about the functional capacities of the brain. Only
when the neurons are wired together in precise fashion are the
emergent properties, such as the capacity for thought, judgment,
and motor coordination, evident.

Organisms have several
levels of organization

The chemical level, the most basic level of organization, includes
atoms and molecules. An atom is the smallest unit of a chemical
element that retains the characteristic properties of that element.
For example, an atom of iron is the smallest possible amount of
iron. Atoms combine chemically to form molecules. Two atoms
of hydrogen combine with one atom of oxygen to form a single
molecule of water. Although composed of two types of atoms that
are gases, water is a liquid with very different properties, an ex-
ample of emergent properties.

At the cell level many types of atoms and molecules associate
with one another to form cells. However, a cell is much more than
a heap of atoms and molecules. Its emergent properties make it
the basic structural and functional unit of life, the simplest com-
ponent of living matter that can carry on all the activities neces-
sary for life.

During the evolution of multicellular organisms, cells asso-
ciated to form tissues. For example, most animals have muscle
tissue and nervous tissue. Plants have epidermis, a tissue that
serves as a protective covering, and vascular tissues that move
materials throughout the plant body. In most complex organ-
isms, tissues organize into functional structures called organs,
such as the heart and stomach in animals and roots and leaves
in plants. In animals, each major group of biological functions
is performed by a coordinated group of tissues and organs called
an organ system. The circulatory and digestive systems are ex-

6 Chapter 1

amples of organ systems. Functioning together with great preci-
sion, organ systems make up a complex, multicellular organism.
Again, emergent properties are evident. An organism is much
more than its component organ systems.

Several levels of ecological organization
can be identified

Organisms interact to form still more complex levels of biologi-
cal organization. All the members of one species living in the
same geographic area at the same time make up a population.
The populations of various types of organisms that inhabit a par-
ticular area and interact with one another form a community. A
community can consist of hundreds of different types of organ-
isms. As populations within a community evolve, the community
changes.

A community together with its nonliving environment is an
ecosystem. An ecosystem can be as small as a pond (or even a
puddle) or as vast as the Great Plains of North America or the
Arctic tundra. All of Earth’s ecosystems together are known as the
biosphere. The biosphere includes all of Earth that is inhabited
by living organisms—the atmosphere, the hydrosphere (water in
any form), and the lithosphere (Earth’s crust). The study of how
organisms relate to one another and to their physical environ-
ment is called ecology (derived from the Greek oikos, meaning
“house”).

Review

I What are the levels of organization within an organism?
I What are the levels of ecological organization?

I INFORMATION TRANSFER

Learning Objective

4 Summarize the importance of information transfer to living
systems, giving specific examples.

For an organism to grow, develop, carry on self-regulated me-
tabolism, respond to stimuli, and reproduce, it must have precise
instructions and its cells must be able to communicate. The in-
formation an organism requires to carry on these life processes
is coded and delivered in the form of chemical substances and
electrical impulses. Organisms must also communicate informa-
tion to one another.

DNA transmits information from
one generation to the next

Humans give birth only to human babies, not to giraffes or rose-
bushes. In organisms that reproduce sexually, each offspring is
a combination of the traits of its parents. In 1953, James Watson
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I Figure 1-6 Animated The hierarchy of biological organization
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Figure 1-7 DNA

Organisms transmit information from one generation to the next by
DNA, the hereditary material. As shown in this model, DNA consists of
two chains of atoms twisted into a helix. Each chain consists of subunits
called nucleotides. The sequence of nucleotides makes up the genetic
code.

and Francis Crick worked out the structure of DNA, the large
molecule that makes up the genes, the units of hereditary mate-
rial (I Fig. 1-7). A DNA molecule consists of two chains of at-
oms twisted into a helix. Each chain is made up of a sequence
of chemical subunits called nucleotides. There are four types of
nucleotides in DNA; and each sequence of three nucleotides is
part of the genetic code.

Watson and Crick’s work led to the understanding of this ge-
netic code. The information coded in sequences of nucleotides in
DNA transmits genetic information from generation to genera-
tion. The code works somewhat like an alphabet. The nucleotides
can “spell” an amazing variety of instructions for making organ-

8 Chapter 1

isms as diverse as bacteria, frogs, and redwood trees. The genetic
code is universal, that is, virtually identical in all organisms—a
dramatic example of the unity of life.

Information is transmitted by chemical
and electrical signals

Genes control the development and functioning of every or-
ganism. The DNA that makes up the genes contains the “reci-
pes” for making all the proteins required by the organism. Pro-
teins are large molecules important in determining the structure
and function of cells and tissues. For example, brain cells differ
from muscle cells in large part because they have different types
of proteins. Some proteins are important in communication
within and among cells. Certain proteins on the surface of a cell
serve as markers so that other cells “recognize” them. Some cell-
surface proteins serve as receptors that combine with chemical
messengers.

Cells use proteins and many other types of molecules to com-
municate with one another. In a multicellular organism, cells
produce chemical compounds, such as hormones, that signal
other cells. Hormones and other chemical messengers can signal
cells in distant organs to secrete a particular required substance.
In this way chemical signals help regulate growth, development,
and metabolic processes. The mechanisms involved in cell sig-
naling often involve complex biochemical processes.

Cell signaling is currently an area of intense research. A ma-
jor focus has been the transfer of information among cells of the
immune system. A better understanding of how cells commu-
nicate promises new insights into how the body protects itself
against disease organisms. Learning to manipulate cell signaling
may lead to new methods of delivering drugs into cells and new
treatments for cancer and other diseases.

Some organisms use electrical signals to transmit informa-
tion. Most animals have nervous systems that transmit informa-
tion by way of both electrical impulses and chemical compounds
known as neurotransmitters. Information transmitted from
one part of the body to another is important in regulating life
processes. In complex animals, the nervous system gives the ani-
mal information about its outside environment by transmitting
signals from sensory receptors such as the eyes and ears to the
brain.

Information must also be transmitted from one organism
to another. Mechanisms for this type of communication include
the release of chemicals, visual displays, and sounds. Typically,
organisms use a combination of several types of communication
signals. A dog may signal aggression by growling, using a par-
ticular facial expression, and laying its ears back. Many animals
perform complex courtship rituals in which they display parts of
their bodies, often elaborately decorated, to attract a mate.

Review

I What is the function of DNA?
I What are two examples of cell signaling?
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EVOLUTION: THE BASIC UNIFYING
CONCEPT OF BIOLOGY

Learning Objectives

5 Demonstrate the binomial system of nomenclature by using
specific examples, and classify an organism (such as a human)
in its domain, kingdom, phylum, class, order, family, genus,
and species.

6 Identify the three domains and six kingdoms of living organ-
isms, and give examples of organisms assigned to each
group.

7  Give a brief overview of the theory of evolution, and explain
why it is the principal unifying concept in biology.

8 Apply the theory of natural selection to any given adaptation,
and suggest a logical explanation of how the adaptation may
have evolved.

The theory of evolution explains how populations of organisms
have changed over time. This theory has become the most impor-
tant unifying concept of biology. We can define the term evolu-
tion as the process by which populations of organisms change
over time. As we will discuss, evolution involves passing genes for
new traits from one generation to another, leading to differences
in populations.

The evolutionary perspective is important in every special-
ized field within biology. Biologists try to understand the struc-
ture, function, and behavior of organisms and their interactions
with one another by considering them in light of the long, con-
tinuing process of evolution. Although we discuss evolution in
depth in Chapters 18 through 22, we present a brief overview
here to give you the background necessary to understand other
aspects of biology. First we examine how biologists organize the
millions of organisms that have evolved, and then we summarize
the mechanisms that drive evolution.

Biologists use a binomial system
for naming organisms

Biologists have identified about 1.8 million species of extant
(currently living) organisms and estimate that several million
more remain to be discovered. To study life, we need a system
for organizing, naming, and classifying its myriad forms. Sys-
tematics is the field of biology that studies the diversity of or-
ganisms and their evolutionary relationships. Taxonomy, a sub-
specialty of systematics, is the science of naming and classifying
organisms.

In the 18th century Carolus Linnaeus, a Swedish botanist,
developed a hierarchical system of naming and classifying or-
ganisms that, with some modification, is still used today. The
most narrow category of classification is the species, a group
of organisms with similar structure, function, and behavior. A
species consists of one or more populations whose members are
capable of breeding with one another; in nature, they do not
breed with members of other species. Members of a population

TABLE 1-1

Category Cat Human White Oak
Domain Eukarya Eukarya Eukarya
Kingdom Animalia Animalia Plantae

Phylum Chordata Chordata Anthophyta
Subphylum Vertebrata Vertebrata None

Class Mammalia Mammalia Eudicotyledones
Order Carnivora Primates Fagales

Family Felidae Hominidae Fagaceae
Genus Felis Homo Quercus
Species Felis catus Homo sapiens Quercus alba

have a common gene pool (all the genes present in the popula-
tion) and share a common ancestry. Closely related species are
grouped in the next broader category of classification, the genus
(pl., genera).

The Linnaean system of naming species is known as the bi-
nomial system of nomenclature because each species is assigned
a two-part name. The first part of the name is the genus, and the
second part, the specific epithet, designates a particular species
belonging to that genus. The specific epithet is often a descriptive
word expressing some quality of the organism. It is always used
together with the full or abbreviated generic name preceding it.
The generic name is always capitalized; the specific epithet is gen-
erally not capitalized. Both names are always italicized or under-
lined. For example, the domestic dog, Canis familiaris (abbrevi-
ated C. familiaris), and the timber wolf, Canis lupus (C. lupus),
belong to the same genus. The domestic cat, Felis catus, belongs
to a different genus. The scientific name of the American white
oak is Quercus alba, whereas the name of the European white
oak is Quercus robur. Another tree, the white willow, Salix alba,
belongs to a different genus. The scientific name for our own spe-
cies is Homo sapiens (“wise man”).

Taxonomic classification is hierarchical

Just as closely related species may be grouped in a common ge-
nus, related genera can be grouped in a more inclusive group, a
family. Families are grouped into orders, orders into classes, and
classes into phyla (sing., phylum). Biologists group phyla into
kingdoms, and kingdoms are assigned to domains. Each formal
grouping at any given level is a taxon (pl., faxa). Note that each
taxon is more inclusive than the taxon below it. Together they
form a hierarchy ranging from species to domain (ll Table 1-1
and I Fig. 1-8).

Consider a specific example. The family Canidae, which
includes all doglike carnivores (animals that eat mainly meat),
consists of 12 genera and about 34 living species. Family Cani-
dae, along with family Ursidae (bears), family Felidae (catlike
animals), and several other families that eat mainly meat, are all
placed in order Carnivora. Order Carnivora, order Primates (to
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Key Point

Biologists use a hierarchical classification scheme with a series of taxonomic categories from species
to domain; each category is more general and more inclusive than the one below it.
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SPECIES
Pan troglodytes

I Figure 1-8

Classification of the chimpanzee (Pan troglodytes)



which chimpanzees and humans belong), and several other or-
ders belong to class Mammalia (mammals). Class Mammalia is
grouped with several other classes that include fishes, amphib-
ians, reptiles, and birds in subphylum Vertebrata. The vertebrates
belong to phylum Chordata, which is part of kingdom Animalia.
Animals are assigned to domain Eukarya.

The tree of life includes three
domains and six kingdoms

Systematics has itself evolved as scientists have developed new
molecular techniques. As researchers report new data, the classi-
fication of organisms changes. Systematists have developed a tree
of life, a family tree showing the relationships among organisms,
thatis based on similarities in the organisms’ molecules. Although
the tree of life is a work in progress, most biologists now assign
organisms to three domains and six kingdoms (¥ Fig. 1-9).

Bacteria have long been recognized as unicellular prokaryotic
cells; they differ from all other organisms (except archaea) in that
they are prokaryotes. Microbiologist Carl Woese (pronounced
“woes”) has been a pioneer in developing molecular approaches
to systematics. Woese and his colleagues selected a molecule
known as small subunit ribosomal RNA (rRNA) that functions in
the process of manufacturing proteins in all organisms. Because
its molecular structure differs somewhat in various organisms,
Woese hypothesized that the molecular composition of rRNA in
closely related organisms would be more similar than in distantly
related organisms.

Woese’s findings showed that there are two distinct groups
of prokaryotes. He established the domain level of taxonomy
and assigned these prokaryotes to two domains: Bacteria and
Archaea. The eukaryotes, organisms with eukaryotic cells, are
classified in domain Eukarya. Woese’s work became widely ac-
cepted in the mid-1990s.

In the classification system used in this book, every organism
is assigned to a domain and to one of six kingdoms. Two king-
doms correspond to the prokaryotic domains: kingdom Archaea
corresponds to domain Archaea, and kingdom Bacteria corre-
sponds to domain Bacteria. The remaining four kingdoms are
assigned to domain Eukarya.

Kingdom Protista consists of protozoa, algae, water molds,
and slime molds. These are unicellular or simple multicellular
organisms. Some protists are adapted to carry out photosynthe-
sis, the process in which light energy is converted to the chemi-
cal energy of food molecules. Members of kingdom Plantae are
complex multicellular organisms adapted to carry out photosyn-
thesis. Among characteristic plant features are the cuticle (a waxy
covering over aerial parts that reduces water loss) and stomata
(tiny openings in stems and leaves for gas exchange); many plants
have multicellular gametangia (organs that protect developing re-
productive cells). Kingdom Plantae includes both nonvascular
plants (mosses) and vascular plants (ferns, conifers, and flower-
ing plants), those that have tissues specialized for transporting
materials throughout the plant body. Most plants are adapted to
terrestrial environments.

Kingdom Fungi is composed of the yeasts, mildews, molds,
and mushrooms. These organisms do not photosynthesize. They
obtain their nutrients by secreting digestive enzymes into food
and then absorbing the predigested food. Kingdom Animalia is
made up of multicellular organisms that eat other organisms for
nutrition. Most animals exhibit considerable tissue specialization
and body organization. These characters have evolved along with
complex sense organs, nervous systems, and muscular systems.

We have provided an introduction here to the groups of
organisms that make up the tree of life. We will refer to them
throughout this book, as we consider the many kinds of chal-
lenges organisms face and the various adaptations that have
evolved in response to them. We discuss the diversity of life in
more detail in Chapters 23 through 31, and we summarize clas-
sification in Appendix B.

Species adapt in response
to changes in their environment

Every organism is the product of numerous interactions between
environmental conditions and the genes inherited from its ances-
tors. If all individuals of a species were exactly alike, any change
in the environment might be disastrous to all, and the species
would become extinct. Adaptations to changes in the environ-
ment occur as a result of evolutionary processes that take place
over time and involve many generations.

Natural selection is an important mechanism
by which evolution proceeds

Although philosophers and naturalists discussed the concept of
evolution for centuries, Charles Darwin and Alfred Wallace first
brought a theory of evolution to general attention and suggested a
plausible mechanism, natural selection, to explain it. In his book
On the Origin of Species by Natural Selection, published in 1859,
Darwin synthesized many new findings in geology and biology.
He presented a wealth of evidence supporting his hypothesis that
present forms of life descended, with modifications, from previ-
ously existing forms. Darwin’s book raised a storm of controversy
in both religion and science, some of which still lingers.

Darwin’s theory of evolution has helped shape the biologi-
cal sciences to the present day. His work generated a great wave
of scientific observation and research that has provided much
additional evidence that evolution is responsible for the great
diversity of organisms on our planet. Even today, the details of
evolutionary processes are a major focus of investigation and
discussion.

Darwin based his theory of natural selection on the following
four observations: (1) Individual members of a species show some
variation from one another. (2) Organisms produce many more
offspring than will survive to reproduce (I Fig. 1-10). (3) Organ-
isms compete for necessary resources such as food, sunlight, and
space. Individuals with characteristics that enable them to obtain
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I Figure 1-9 Animated A survey of the kingdoms of life

In this book, organisms are assigned to three domains and six kingdoms.

and use resources are more likely to survive to reproductive ma- reproduction, a greater proportion of the population becomes
turity and produce offspring. (4) The survivors that reproduce adapted to the prevailing environmental conditions. The envi-
pass their adaptations for survival on to their offspring. Thus, the ronment selects the best-adapted organisms for survival. Note
best-adapted individuals of a population leave, on average, more that adaptation involves changes in populations rather than in in-
offspring than do other individuals. Because of this differential dividual organisms.
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I Figure 1-10 Egg masses of the wood frog
(Rana sylvatica)

Many more eggs are produced than can possibly develop into adult
frogs. Random events are largely responsible for determining which
of these developing frogs will hatch, reach adulthood, and reproduce.
However, certain traits of each organism also contribute to its prob-
ability for success in its environment. Not all organisms are as prolific
as the frog, but the generalization that more organisms are produced
than survive is true throughout the living world.

Darwin did not know about DNA or understand the mecha-
nisms of inheritance. Scientists now understand that most varia-
tions among individuals are a result of different varieties of genes
that code for each characteristic. The ultimate source of these
variations is random mutations, chemical or physical changes in

Jack Jeffrey, Inc.
Jack Jeffrey, Inc.

(a) The bill of this ‘Akiapola‘au male
(Hemignathus munroi) is adapted for
extracting insect larvae from bark. The
lower mandible (jaw) is used to peck at
and pull off bark, whereas the maxilla
(upper jaw) and tongue remove the prey.

(b) ‘I'iwi (Vestiaria cocciniea) in 'ohi'a
blossoms. The bill is adapted for feeding
on nectar in tubular flowers.

DNA that persist and can be inherited. Mutations modify genes
and by this process provide the raw material for evolution.

Populations evolve as a result of selective
pressures from changes in their environment

All the genes present in a population make up its gene pool. By
virtue of its gene pool, a population is a reservoir of variation.
Natural selection acts on individuals within a population. Se-
lection favors individuals with genes specifying traits that allow
them to respond effectively to pressures exerted by the environ-
ment. These organisms are most likely to survive and produce
offspring. As successful organisms pass on their genetic recipe
for survival, their traits become more widely distributed in the
population. Over time, as populations continue to change (and as
the environment itself changes, bringing different selective pres-
sures), the members of the population become better adapted to
their environment and less like their ancestors.

As a population adapts to environmental pressures and ex-
ploits new opportunities for finding food, maintaining safety,
and avoiding predators, the population diversifies and new spe-
cies may evolve. The Hawaiian honeycreepers, a group of re-
lated birds, are a good example. When honeycreeper ancestors
first reached Hawaii, few other birds were present, so there was
little competition. Genetic variation among honeycreepers al-
lowed some to move into different food zones, and over time,
species with various types of bills evolved (I Fig. 1-11; see also
Chapter 20 and Fig. 20-16). Some honeycreepers now have long,
curved bills, adapted for feeding on nectar from tubular flowers.
Others have short, thick bills for foraging for insects, and still
others have adapted for eating seeds.

Review

I What is the binomial system of nomenclature?

I What are the three domains and six kingdoms of living
organisms?

I How might you explain the sharp claws and teeth of tigers
in terms of natural selection?

Jack Jeffrey, Inc.

(c) Palila (Loxiodes bailleui) in mamane tree.
This finch-billed honeycreeper feeds on
immature seeds in pods of the mamane tree.
It also eats insects, berries, and young leaves.

I Figure 1-11 Adaptation and diversification in Hawaiian honeycreepers

All three species shown here are endangered, mainly because their habitats have been destroyed by humans.
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I THE ENERGY FOR LIFE

Learning Objective

9  Summarize the flow of energy through ecosystems, and con-
trast the roles of producers, consumers, and decomposers.

Life depends on a continuous input of energy from the sun, be-
cause every activity of a living cell or organism requires energy.
Whenever energy is used to perform biological work, some is
converted to heat and dispersed into the environment.

Recall that all the energy transformations and chemical pro-
cesses that occur within an organism are referred to as its me-
tabolism. Energy is necessary to carry on the metabolic activities
essential for growth, repair, and maintenance. Each cell of an or-
ganism requires nutrients that contain energy. Certain nutrients
are used as fuel for cellular respiration, a process that releases
some of the energy stored in the nutrient molecules (I Fig. 1-12).
The cell can use this energy to do work, including the synthesis
of required materials, such as new cell components. Virtually all
cells carry on cellular respiration.

Like individual organisms, ecosystems depend on a continu-
ous input of energy. A self-sufficient ecosystem contains three
types of organisms—producers, consumers, and decomposers—
and includes a physical environment in which they can survive.
These organisms depend on one another and on the environment
for nutrients, energy, oxygen, and carbon dioxide. However,
there is a one-way flow of energy through ecosystems. Organisms
can neither create energy nor use it with complete efficiency.

NUTRITION

Nutrients

A

Some used as Some used as
raw materials fuel

v

'

OTHER

ACTIVITIES
® Homeostasis
® Movement of
materials in and
out of cells
® Growth and
development
® Reproduction

SYNTHESIS
Manufacture of
needed materials
and structures

CELLULAR
RESPIRATION
Biological process
of breaking down
molecules

I Figure 1-12 Relationships among metabolic processes

These processes occur continuously in the cells of living organisms.
Cells use some of the nutrients in food to synthesize required materi-
als and cell parts. Cells use other nutrients as fuel for cellular respira-
tion, a process that releases energy stored in food. This energy is
required for synthesis and for other forms of cell work.
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During every energy transaction, some energy disperses into the
environment as heat and is no longer available to the organism
( Fig. 1-13).

Producers, or autotrophs, are plants, algae, and certain bac-
teria that produce their own food from simple raw materials.
Most of these organisms use sunlight as an energy source and
carry out photosynthesis, the process in which producers syn-
thesize complex molecules from carbon dioxide and water. The
light energy is transformed into chemical energy, which is stored
within the chemical bonds of the food molecules produced. Oxy-

Light
energy

Heat

\

AV Ftrb
Consumer | ) #
(caterpillar) /4

Consumer
(robin)

Producer
(plant)

Decomposers | :
| (bacteria, fungi)

I Figure 1-13 Animated Energy flow

Continuous energy input from the sun operates the biosphere. During
photosynthesis, producers use the energy from sunlight to make com-
plex molecules from carbon dioxide and water. Consumers, such as
the caterpillar and robin shown here, obtain energy, carbon, and other
required materials when they eat producers or consumers that have
eaten producers. Wastes and dead organic material supply decompos-
ers with energy and carbon. During every energy transaction, some
energy is lost to biological systems, dispersing into the environment as
heat.
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gen, which is required by plant cells and the cells of most other
organisms, is produced as a by-product of photosynthesis:

Carbon dioxide + water + light energy —
sugars (food) + oxygen

Animals are consumers, or heterotrophs— that is, organisms
that depend on producers for food, energy, and oxygen. Consum-
ers obtain energy by breaking down sugars and other food mole-
cules originally produced during photosynthesis. When chemical
bonds are broken during this process of cellular respiration, their
stored energy is made available for life processes:

Sugars (and other food molecules) + oxygen —
carbon dioxide + water + energy

Consumers contribute to the balance of the ecosystem. For ex-
ample, consumers produce carbon dioxide required by produc-
ers. (Note that producers also carry on cellular respiration.) The
metabolism of consumers and producers helps maintain the life-
sustaining mixture of gases in the atmosphere.

Most bacteria and fungi are decomposers, heterotrophs that
obtain nutrients by breaking down nonliving organic material
such as wastes, dead leaves and branches, and the bodies of dead
organisms. In their process of obtaining energy, decomposers
make the components of these materials available for reuse. If
decomposers did not exist, nutrients would remain locked up in
wastes and dead bodies, and the supply of elements required by
living systems would soon be exhausted.

Review

I What components do you think a balanced forest ecosystem
might include?

I In what ways do consumers depend on producers? On
decomposers? Include energy considerations in your
answer.

I THE PROCESS OF SCIENCE

Learning Objectives
10 Design a study to test a given hypothesis, using the proce-
dure and terminology of the scientific method.

11 Compare the reductionist and systems approaches to bio-
logical research.

Biology is a science. The word science comes from a Latin word
meaning “to know.” Science is a way of thinking and a method
of investigating the natural world in a systematic manner. We test
ideas, and based on our findings, we modify or reject these ideas.
The process of science is investigative, dynamic, and often con-
troversial. The observations made, the range of questions asked,
and the design of experiments depend on the creativity of the in-
dividual scientist. However, science is influenced by cultural, so-
cial, historical, and technological contexts, so the process changes
over time.

The scientific method involves a series of ordered steps.
Using the scientific method, scientists make careful observa-

Mark Moffett/Minden Pictures

I Figure 1-14 Biologist at work

This biologist studying the rainforest canopy in Costa Rica is part of

an international effort to study and preserve tropical rain forests. Re-
searchers study the interactions of organisms and the effects of human
activities on the rain forests.

tions, ask critical questions, and develop hypotheses, which are
tentative explanations. Using their hypotheses, scientists make
predictions that can be tested by making further observations
or by performing experiments. They gather data, information
that they can analyze, often using computers and sophisticated
statistical methods. They interpret the results of their experi-
ments and draw conclusions from them. As we will discuss,
scientists pose many hypotheses that cannot be tested by using
all of the steps of the scientific method in a rigid way. Scien-
tists use the scientific method as a generalized framework or
guide.

Biologists explore every imaginable aspect of life from the
structure of viruses and bacteria to the interactions of the com-
munities of our biosphere. Some biologists work mainly in
laboratories, and others do their work in the field (¥ Fig. 1-14).
Perhaps you will decide to become a research biologist and help
unravel the complexities of the human brain, discover new hor-
mones that cause plants to flower, identify new species of animals
or bacteria, or develop new stem cell strategies to treat cancer,
AIDS, or heart disease. Applications of basic biological research
have provided the technology to transplant kidneys, livers, and
hearts; manipulate genes; treat many diseases; and increase world
food production. Biology has been a powerful force in providing
the quality of life that most of us enjoy. You may choose to enter
an applied field of biology, such as environmental science, den-
tistry, medicine, pharmacology, or veterinary medicine. Many
interesting careers in the biological sciences are discussed in the
Careers section on our website.
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Figure 1-15 s this animal a bird?

The kiwi bird of New Zealand is about the size of a chicken. lts tiny 2-
inch wings cannot be used for flight. The survivor of an ancient order of
birds, the kiwi has bristly, hairlike feathers and other characteristics that
qualify it as a bird.

Science requires systematic
thought processes

Science is systematic. Scientists organize, and often quantify,
knowledge, making it readily accessible to all who wish to build
on its foundation. In this way, science is both a personal and a
social endeavor. Science is not mysterious. Anyone who under-
stands its rules and procedures can take on its challenges. What
distinguishes science is its insistence on rigorous methods to ex-
amine a problem. Science seeks to give precise knowledge about
the natural world; the supernatural is not accessible to scientific
methods of inquiry. Science is not a replacement for philosophy,
religion, or art. Being a scientist does not prevent one from par-
ticipating in other fields of human endeavor, just as being an art-
ist does not prevent one from practicing science.

Deductive reasoning begins with general principles

Scientists use two types of systematic thought processes: deduc-
tion and induction. With deductive reasoning, we begin with
supplied information, called premises, and draw conclusions on
the basis of that information. Deduction proceeds from general
principles to specific conclusions. For example, if you accept the
premise that all birds have wings and the second premise that
sparrows are birds, you can conclude deductively that sparrows
have wings. Deduction helps us discover relationships among
known facts. A fact is information, or knowledge, based on
evidence.

Inductive reasoning begins
with specific observations

Inductive reasoning is the opposite of deduction. We begin with
specific observations and draw a conclusion or discover a general
principle. For example, you know that sparrows have wings, can
fly, and are birds. You also know that robins, eagles, pigeons, and
hawks have wings, can fly, and are birds. You might induce that
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all birds have wings and fly. In this way, you can use the inductive
method to organize raw data into manageable categories by an-
swering this question: What do all these facts have in common?

A weakness of inductive reasoning is that conclusions gen-
eralize the facts to all possible examples. When we formulate the
general principle, we go from many observed examples to all pos-
sible examples. This is known as an inductive leap. Without it, we
could not arrive at generalizations. However, we must be sensi-
tive to exceptions and to the possibility that the conclusion is not
valid. For example, the kiwi bird of New Zealand does not have
functional wings (I Fig. 1-15). We can never conclusively prove
a universal generalization. The generalizations in inductive con-
clusions come from the creative insight of the human mind, and
creativity, however admirable, is not infallible.

Scientists make careful observations
and ask critical questions

In 1928, British bacteriologist Alexander Fleming observed that
a blue mold had invaded one of his bacterial cultures. He almost
discarded it, but then he noticed that the area contaminated by
the mold was surrounded by a zone where bacterial colonies did
not grow well. The bacteria were disease organisms of the ge-
nus Staphylococcus, which can cause boils and skin infections.
Anything that could kill them was interesting! Fleming saved the
mold, a variety of Penicillium (blue bread mold). He isolated the
antibiotic penicillin from the mold. However, he had difficulty
culturing it.

Even though Fleming recognized the potential practical
benefit of penicillin, he did not develop the chemical techniques
needed to purify it, and more than 10 years passed before the
drug was put to significant use. In 1939, Sir Howard Florey and
Ernst Boris Chain developed chemical procedures to extract and
produce the active agent penicillin from the mold. Florey took
the process to laboratories in the United States, and penicillin
was first produced to treat wounded soldiers in World War II. In
recognition of their work, Fleming, Florey, and Chain shared the
1945 Nobel Prize in Physiology or Medicine.

Chance often plays a role
in scientific discovery

Fleming did not set out to discover penicillin. He benefited from
the chance growth of a mold in one of his culture dishes. How-
ever, we may wonder how many times the same type of mold
grew on the cultures of other bacteriologists who failed to make
the connection and simply threw away their contaminated cul-
tures. Fleming benefited from chance, but his mind was prepared
to make observations and formulate critical questions, and his
pen was prepared to publish them. Significant discoveries are
usually made by those who are in the habit of looking critically
at nature and recognizing a phenomenon or problem. Of course,
the technology necessary for investigating the problem must also
be available.
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A hypothesis is a testable statement

Scientists make careful observations, ask critical questions, and
develop hypotheses. A hypothesis is a tentative explanation for
observations or phenomena. Hypotheses can be posed as “if . . .
then ...” statements. For example, if students taking introduc-
tory biology attend classes, then they will make a higher grade on
the exam than students who do not attend classes.

In the early stages of an investigation, a scientist typically
thinks of many possible hypotheses. A good hypothesis exhibits
the following characteristics: (1) It is reasonably consistent with
well-established facts. (2) It is capable of being tested; that is, it
should generate definite predictions, whether the results are posi-
tive or negative. Test results should also be repeatable by indepen-
dent observers. (3) It is falsifiable, which means it can be proven
false, as we will discuss in the next section.

After generating hypotheses, the scientist decides which, if
any, could and should be subjected to experimental test. Why
not test them all? Time and money are important considerations
in conducting research. Scientists must establish priority among
the hypotheses to decide which to test first.

A falsifiable hypothesis can be tested

In science, a well-stated hypothesis can be tested. If no evidence
is found to support it, the hypothesis is rejected. The hypothesis
can be shown to be false. Even results that do not support the
hypothesis may be valuable and may lead to new hypotheses. If
the results do support a hypothesis, a scientist may use them to
generate related hypotheses.

Let us consider a hypothesis that we can test by careful ob-
servation: Female mammals (animals that have hair and produce
milk for their young) bear live young. The hypothesis is based on
the observations that dogs, cats, cows, lions, and humans all are
mammals and all bear live young. Consider further that a new
species, species X, is identified as a mammal. Biologists predict
that females of species X will bear live young. (Is this inductive or
deductive reasoning?) If a female of the new species gives birth to
live offspring, the hypothesis is supported.

Before the Southern Hemisphere was explored, most people
would probably have accepted the hypothesis without question,
because all known furry, milk-producing animals did, in fact,
bear live young. But biologists discovered that two Australian
animals (the duck-billed platypus and the spiny anteater) had fur
and produced milk for their young but laid eggs (I Fig. 1-16).
The hypothesis, as stated, was false no matter how many times it
had previously been supported. As a result, biologists either had
to consider the platypus and the spiny anteater as nonmammals
or had to broaden their definition of mammals to include them.
(They chose to do the latter.)

A hypothesis is not true just because some of its predictions
(the ones people happen to have thought of or have thus far been
able to test) have been shown to be true. After all, they could be
true by coincidence. In fact, a hypothesis can be supported by
data, but it cannot really be proven true.

An unfalsifiable hypothesis cannot be proven false; in fact, it
cannot be scientifically investigated. Belief in an unfalsifiable hy-
pothesis, such as the existence of invisible and undetectable elves,
must be rationalized on grounds other than scientific ones.

Tom McHugh /Photo Researchers, Inc.

Figure 1-16

The duck-billed platypus (Ornithorhynchus anatinus) is classified as a
mammal because it has fur and produces milk for its young. However,
unlike most mammals, it lays eggs.

Is this animal a mammal?

Models are important in developing
and testing hypotheses

Hypotheses have many potential sources, including direct obser-
vations or even computer simulations. Increasingly in biology,
hypotheses may be derived from models that scientists have de-
veloped to provide a comprehensive explanation for a large num-
ber of observations. Examples of such testable models include the
model of the structure of DNA and the model of the structure of
the plasma membrane (discussed in Chapter 5).

The best design for an experiment can sometimes be estab-
lished by performing computer simulations. Virtual testing and
evaluation are undertaken before the experiment is performed in
the laboratory or field. Modeling and computer simulation save
time and money.

Many predictions can be tested
by experiment

A hypothesis is an abstract idea, but based on their hypothe-
ses, scientists can make predictions that can be tested. For ex-
ample, we might predict that biology students who study for
10 hours will do better on an exam than students who do not
study. As used here, a prediction is a deductive, logical conse-
quence of a hypothesis. It does not have to be a future
event.

Some predictions can be tested by controlled experiments.
Early biologists observed that the nucleus was the most promi-
nent part of the cell, and they hypothesized that cells would be
adversely affected if they lost their nuclei. Biologists predicted
that if the nucleus were removed from the cell, then the cell would
die. They then experimented by surgically removing the nucleus
of a unicellular amoeba. The amoeba continued to live and move,
but it did not grow, and after a few days it died. These results
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suggested that the nucleus is necessary for the
metabolic processes that provide for growth
and cell reproduction.

But, the investigators asked, what if the op-
eration itself, not the loss of the nucleus, caused
the amoeba to die? They performed a controlled
experiment, subjecting two groups of amoebas
to the same operative trauma (I Fig. 1-17). In
the experimental group, the nucleus was re-
moved; in the control group, it was not. Ideally,
an experimental group differs from a control
group only with respect to the variable being
studied. In the control group, the researcher
inserted a microloop into each amoeba and
pushed it around inside the cell to simulate re-
moval of the nucleus; then the instrument was
withdrawn, leaving the nucleus inside. Amoe-
bas treated with such a sham operation recov-
ered and subsequently grew and divided, but
the amoebas without nuclei died. This experi-
ment showed that the removal of the nucleus,
not simply the operation, caused the death of
the amoebas. The conclusion is that amoebas
cannot live without their nuclei. The results
support the hypothesis that if cells lose their
nuclei, they are adversely affected. The nucleus
is essential for the survival of the cell.

Researchers must avoid bias

In scientific studies, researchers must avoid bias
or preconceived notions of what should hap-
pen. For example, to prevent bias, most medical
experiments today are carried out in a double-
blind fashion. When a drug is tested, one group

OBSERVATION: The nucleus is the most prominent part of the cell.

ASK CRITICAL QUESTIONS: Why is the nucleus so large? What is its importance?
DEVELOP HYPOTHESIS: Cells will be adversely affected if they lose their nuclei.
MAKE A PREDICTION THAT CAN BE TESTED: If the nucleus is removed from an
amoeba, the amoeba will die.

PERFORM EXPERIMENTS TO TEST THE PREDICTION: Using a microloop,
researchers removed the nucleus from each amoeba in the experimental group.
Amoebeas in the control group were subjected to the same surgical procedure, but
their nuclei were not removed.

(a) Experimental group. When its nucleus is surgically
removed with a microloop, the amoeba dies.

(b) Control group. A control amoeba subjected to similar
surgical procedures (including insertion of a microloop),
but without actual removal of the nucleus, does not die.

RESULTS: Amoebas without nuclei died. Amoebas in the control group lived.
CONCLUSION: Amoebas cannot live without their nuclei. The hypothesis is supported.

of patients receives the new medication, and a
control group of matched patients receives a
placebo (a harmless starch pill similar in size,
shape, color, and taste to the pill being tested). This is a double-
blind study, because neither the patient nor the physician knows
who is getting the experimental drug and who is getting the pla-
cebo. The pills or treatments are coded in some way, and the code
is broken only after the experiment is over and the results are
recorded. Not all experiments can be so neatly designed; for ex-
ample, it is often difficult to establish appropriate controls.

Scientists interpret the results of
experiments and make conclusions

Scientists gather data in an experiment, interpret their results,
and then draw conclusions from them. In the amoeba experi-
ment described earlier, investigators concluded that the data sup-
ported the hypothesis that the nucleus is essential for the survival
of the cell. Even results that do not support the hypothesis may
be valuable and may lead to new hypotheses. If the results do
support a hypothesis, a scientist may use them to generate related
hypotheses.
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Figure 1-17 Testing a prediction regarding the importance of the nucleus

Let us discuss another experiment. Research teams study-
ing chimpanzee populations in Africa have observed that chim-
panzees can learn specific ways to use tools from one another.
Behavior that is learned from others in a population and passed
to future generations is what we call culture. In the past, most
biologists have thought that only humans had culture. It has been
difficult to test this type of learning in the field, and the idea has
been controversial. Investigators at Yerkes National Primate Re-
search Center in Atlanta recently performed an experiment to
test their hypothesis that chimpanzees can learn particular ways
to use tools by observing other chimps (I Fig. 1-18).

The investigators predicted that if they taught one chimp to
use a stick to obtain food from a dispenser, other chimps would
learn the technique from the educated one. They divided chim-
panzees into two experimental groups with 16 in each group.
Then they taught a high-ranking female in each group to use
a stick to obtain food from an apparatus. The two chimps were
taught different methods. One chimp was taught to poke the stick
inside the device to free the food. The other was taught to use the
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David Bygott

OBSERVATION: African chimpanzees appear to mimic the use of tools.

ASK CRITICAL QUESTIONS: Do chimpanzees learn how to use tools from one another?
DEVELOP HYPOTHESIS: Chimpanzees can learn particular ways to use tools by observing other chimps.
MAKE A PREDICTION THAT CAN BE TESTED: If one chimp is taught to use a stick to obtain food from a dispenser, other chimps will

learn the technique from the educated chimp.

PERFORM EXPERIMENTS TO TEST THE PREDICTION: One female in each of two groups of 16 chimps was educated in a specific
way to use a stick to obtain food. The two educated chimps were then returned to their respective groups. In a control group, chimpanzees

were not taught how to use a stick.

RESULTS: Chimps in each experimental group observed the use of
the stick by the educated chimp, and a majority began to use the
stick in the same way. When tested two months later, many of the
chimps in each group continued to use the stick. The results pre-
sented here have been simplified and are based on the number of
chimps observed to use the learned method at least 10 times. All but
one chimp in each group learned the technology, but a few used it
only a few times. Some chimps taught themselves the alternative
method and used that alternative. However, most conformed to the
group’s use of the method that the investigator taught to the edu-
cated chimp.

CONCLUSION: Chimpanzees learn specific ways to use tools by
observing other chimps. The hypothesis is supported.

stick to lift a hook that removed a blockage, allowing the food to
roll forward out of the device.

A third group served as a control group. The chimps in the
control group were given access to the sticks and the apparatus
with the food inside but were not taught how to use the sticks. All
of the control-group chimps manipulated the apparatus with the
stick, but none succeeded in releasing food.

When the chimps were returned to their groups, other
chimps observed how the educated chimps used the stick, and

12

Control Exp. 1 Exp. 2

(a) Number of chimpanzees successfully employing
specific method of tool use

12

Control Exp. 1 Exp. 2

(b) Number of chimpanzees successfully employing
learned method of tool use two months later

Figure 1-18 Testing a prediction about learning
in chimpanzee populations

Wild chimpanzees are shown observing a member of their group
using a tool.

a large majority began to use sticks in the same way. The chimps
in each group learned the specific style of using the stick that
their educated chimp had been taught. All but two of the chimps
learned to use the stick. Two months later, the apparatus was
reintroduced to the chimps. Again, most of the chimps used
the learned technique for obtaining food. The results of the ex-
periment supported the hypothesis. The researchers concluded
that chimpanzees are capable of culturally transmitting learned
technology.
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Actual ratio 100% blue

20% blue
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(a) Taking a single selection can result in sampling error. If the only
marble selected is blue, we might assume all the marbles are blue.
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Multiple selections

produce

Assumption

Actual ratio 30% blue

70% whit;
20% blue 0% white
80% white

(b) The greater the number of selections we take of an unknown,
the more likely we can make valid assumptions about it.

Figure 1-19 Animated Statistical probability

Sampling error can lead to inaccurate conclusions

One reason for inaccurate conclusions is sampling error. Be-
cause not all cases of what is being studied can be observed or
tested (scientists cannot study every amoeba or every chimpan-
zee population), scientists must be content with a sample. How
can scientists know whether that sample is truly representative of
whatever they are studying? If the sample is too small, it may not
be representative because of random factors. A study with only
two, or even nine, amoebas may not yield reliable data that can be
generalized to other amoebas. If researchers test a large number
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of subjects, they are more likely to draw accurate scientific con-
clusions (I Fig. 1-19). The scientist seeks to state with some level
of confidence that any specific conclusion has a certain statistical
probability of being correct.

Experiments must be repeatable

When researchers publish their findings in a scientific jour-
nal, they typically describe their methods and procedures in
sufficient detail so that other scientists can repeat the experi-
ments. When the findings are replicated, the conclusions are,
of course, strengthened.

A theory is supported by tested hypotheses

Nonscientists often use the word theory incorrectly to refer to a
hypothesis or even to some untestable idea they wish to promote.
A theory is actually an integrated explanation of some aspect of
the natural world that is based on a number of hypotheses, each
supported by consistent results from many observations or exper-
iments. A theory relates data that previously appeared unrelated.
A good theory grows, building on additional facts as they be-
come known. It predicts new facts and suggests new relationships
among phenomena. It may even suggest practical applications.

A good theory, by showing the relationships among classes
of facts, simplifies and clarifies our understanding of the natural
world. As Einstein wrote, “In the whole history of science from
Greek philosophy to modern physics, there have been constant
attempts to reduce the apparent complexity of natural phenom-
ena to simple, fundamental ideas and relations.” Developing
theories is indeed a major goal of science.

Many hypotheses cannot be tested
by direct experiment

Some well-accepted theories do not lend themselves to hypoth-
esis testing by ordinary experiments. Often, these theories de-
scribe events that occurred in the distant past. We cannot directly
observe the origin of the universe from a very hot, dense state
about 13.7 billion years ago (the Big Bang theory). However,
physicists and cosmologists have been able to formulate many
hypotheses related to the Big Bang and to test many of the predic-
tions derived from these hypotheses.

Similarly, humans did not observe the evolution of major
groups of organisms because that process took place over mil-
lions of years and occurred before humans had evolved. How-
ever, many hypotheses about evolution have been posed, and
predictions based on them have been tested. For example, if com-
plex organisms evolved from simple life-forms, we would find
the fossils of the simplest organisms in the oldest strata (rock lay-
ers). As we explore more recent strata, we would expect to find
increasingly complex organisms. Indeed, scientists have found
this progression of simple to complex fossils. In addition to fos-
sils, evidence for evolution comes from many sources, including
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physical and molecular similarities between organisms. Evidence
also comes from recent and current studies of evolution in ac-
tion. Many aspects of ongoing evolution can, in fact, be studied
in the laboratory or in the field. The evidence for evolution is so
compelling that almost all scientists today accept evolution as a
well-established theory.

Paradigm shifts allow new discoveries

A paradigm is a set of assumptions or concepts that constitute
a way of thinking about reality. For example, from the time of
Aristotle to the mid-19th century, biologists thought that organ-
isms were either plants (kingdom Plantae) or animals (kingdom
Animalia). This concept was deeply entrenched. However, with
the development of microscopes, investigators discovered tiny
life-forms—Dbacteria and protists—that were neither plant nor
animal. Some biologists were able to make a paradigm shift, that
is, they changed their view of reality, to accommodate this new
knowledge. They assigned these newly discovered organisms to
new kingdoms.

Systems biology integrates different
levels of information

In the reductionist approach to biology, researchers study the
simplest components of biological processes. Their goal is to
synthesize their knowledge of many small parts to understand
the whole. Reductionism has been (and continues to be) impor-
tant in biological research. However, as biologists and their tools
have become increasingly sophisticated, huge amounts of data
have been generated, bringing the science of biology to a differ-
ent level.

Systems biology is a field of biology that builds on infor-
mation provided by the reductionist approach, adding large data
sets generated by computers. Systems biology is also referred to
as integrative biology or integrative systems biology. Reductionism
and systems biology are complementary approaches. Using re-
ductionism, biologists have discovered basic information about
components, such as molecules, genes, cells, and organs. Systems
biologists, who focus on systems as a whole rather than on in-
dividual components, need this basic knowledge to study, for
example, the interactions among various parts and levels of an
organism.

Systems biologists integrate data from various levels of com-
plexity with the goal of understanding the big picture—how bio-
logical systems function. For example, systems biologists are de-
veloping models of different aspects of cell function. One group
of researchers has developed a model consisting of nearly 8000
chemical signals involved in a molecular network that leads to
programmed cell death. By understanding cell communication,
the interactions of genes and proteins in metabolic pathways, and
physiological processes, systems biologists hope to eventually de-
velop a model of the whole organism.

The development of systems biology has been fueled by the
huge amount of data generated by the Human Genome Project.

Researchers working in this project identified the DNA sequences
that make up the estimated 25,000 genes of the human genome,
the complete set of genes that make up the human genetic mate-
rial. Computer software developed for the Human Genome Proj-
ect can analyze large data sets. These programs are being used to
integrate data about protein interactions and many other aspects
of molecular biology. Systems biologists view biology in terms of
information systems. Increasingly, they depend on mathematics,
statistics, and engineering principles.

Science has ethical dimensions

Scientific investigation depends on a commitment to practical
ideals, such as truthfulness and the obligation to communicate
results. Honesty is particularly important in science. Consider
the great (though temporary) damage done whenever an unprin-
cipled or even desperate researcher, whose career may depend
on the publication of a research study, knowingly disseminates
false data. Until the deception is uncovered, researchers may
devote thousands of dollars and hours of precious professional
labor to futile lines of research inspired by erroneous reports.
Deception can also be dangerous, especially in medical research.
Fortunately, science tends to correct itself through consistent use
of the scientific process. Sooner or later, someone’s experimental
results are sure to cast doubt on false data.

In addition to being ethical about their own work, scientists
face many societal and political issues surrounding areas such
as genetic research, stem cell research, cloning, and human and
animal experimentation. For example, some stem cells that show
great potential for treating human disease come from early em-
bryos. The cells can be taken from 5- or 6-day-old human em-
bryos and then cultured in laboratory glassware. (At this stage,
the embryo is a group of cells about 0.15 mm long [0.006 in].)
Such cells could be engineered to treat failing hearts or brains
harmed by stroke, injury, Parkinson’s disease, or Alzheimer’s
disease. They could save the lives of burn victims and perhaps
be engineered to treat specific cancers. Scientists, and the larger
society, will need to determine whether the potential benefits of
any type of research outweigh its ethical risks.

The era of the genome brings with it ethical concerns and
responsibilities. How do people safeguard the privacy of genetic
information? How can we be certain that knowledge of our indi-
vidual genetic codes would not be used against us when we seek
employment or health insurance? Scientists must be ethically
responsible and must help educate people about their work, in-
cluding its benefits relative to its risks. Interestingly, at the very
beginning of the Human Genome Project, part of its budget was
allocated for research on the ethical, legal, and social implications
of its findings.

Review

I What are the characteristics of a good hypothesis?
I What is meant by a “controlled” experiment?
I What is systems biology?
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SUMMARY WITH KEY TERMS

Learning Objectives

1

2 Distinguish between living and nonliving things by describing

Thomson

Describe three basic themes of biology (page 2).

I Three basic themes of biology are evolution, transfer of
information, and energy for life. The process of evolution
results in populations changing over time and explains
how the ancestry of organisms can be traced back to
earlier forms of life. Information must be transmitted

within cells, among cells, among organisms, and from one

generation to the next. Life requires continuous energy
from the sun.

the features that characterize living organisms (page 2).

I Every living organism is composed of one or more cells.
Living things grow by increasing the size and/or number
of their cells.

I Metabolism includes all the chemical activities that take
place in the organism, including the chemical reactions
essential to nutrition, growth and repair, and conversion
of energy to usable forms. Homeostasis refers to the ap-
propriate, balanced internal environment.

I Organisms respond to stimuli, physical or chemical
changes in their external or internal environment. Re-

sponses typically involve movement. Some organisms use

tiny extensions of the cell, called cilia, or longer flagella
to move from place to place. Other organisms are sessile
and remain rooted to some surface.

I In asexual reproduction, offspring are typically identical

to the single parent; in sexual reproduction, offspring are

the product of the fusion of gametes, and genes are typi-
cally contributed by two parents.

I Populations evolve and become adapted to their environ-

ment. Adaptations are traits that increase an organism's
ability to survive in its environment.
Construct a hierarchy of biological organization, including
levels characteristic of individual organisms and ecological
levels (page 6).

I Biological organization is hierarchical. A complex organism

is organized at the chemical, cell, tissue, organ, organ
system, and organism levels. Cells associate to form tis-

sues that carry out specific functions. In most multicellular

organisms, tissues organize to form functional structures
called organs, and an organized group of tissues and

organs form an organ system. Functioning together, organ

systems make up a complex, multicellular organism.
I The basic unit of ecological organization is the popula-

tion. Various populations form communities; a community

and its physical environment are an ecosystem; all of
Earth’s ecosystems together make up the biosphere.

Learn more about biological organization by

clicking on the figure in ThomsonNOW.

4

22

Summarize the importance of information transfer to living

systems, giving specific examples (page 6).

I Organisms transmit information chemically, electrically,
and behaviorally.

I DNA, which makes up the genes, is the hereditary mate-
rial. Information encoded in DNA is transmitted from one
generation to the next. DNA contains the instructions
for the development of an organism and for carrying out
life processes. DNA codes for proteins, which are impor-

Chapter 1

tant in determining the structure and function of cells and
tissues.

Hormones, chemical messengers that transmit messages
from one part of an organism to another, are an important
type of cell signaling.

Many organisms use electrical signals to transmit informa-
tion; most animals have nervous systems that transmit
electrical impulses and release neurotransmitters.

5 Demonstrate the binomial system of nomenclature by using
several specific examples, and classify an organism (such as
a human) in its domain, kingdom, phylum, class, order, family,
genus, and species (page 9).

Millions of species have evolved. A species is a group of
organisms with similar structure, function, and behavior
that, in nature, breed only with one another. Members of
a species have a common gene pool and share a common
ancestry.

Biologists use a binomial system of nomenclature in
which the name of each species includes a genus name
and a specific epithet.

Taxonomic classification is hierarchical; it includes spe-
cies, genus, family, order, class, phylum, kingdom, and
domain. Each grouping is referred to as a taxon.

6 Identify the three domains and six kingdoms of living organ-
isms, and give examples of organisms assigned to each
group (page 9).

Thomson
on the figure in ThomsonNOW.

Bacteria and archaea have prokaryotic cells; all other or-

ganisms have eukaryotic cells. Prokaryotes make up two

of the three domains.

Organisms are classified in three domains: Archaea, Bac-

teria, and Eukarya; and six kingdoms: Archaea, Bacteria,
Protista (protozoa, algae, water molds, and slime molds),
Fungi (molds and yeasts), Plantae, and Animalia.

Learn more about life's diversity by clicking

7 Give a brief overview of the theory of evolution, and explain
why it is the principal unifying concept in biology (page 9).

Evolution is the process by which populations change
over time in response to changes in the environment. The
theory of evolution explains how millions of species came
to be and helps us understand the structure, function,
behavior, and interactions of organisms.

Natural selection, the major mechanism by which evolu-
tion proceeds, favors individuals with traits that enable
them to cope with environmental changes. These individu-
als are most likely to survive and to produce offspring.

Charles Darwin based his theory of natural selection on
his observations that individuals of a species vary; organ-
isms produce more offspring than survive to reproduce;
individuals that are best adapted to their environment are
more likely to survive and reproduce; and as successful
organisms pass on their hereditary information, their traits
become more widely distributed in the population.

The source of variation in a population is random
mutation.

8 Apply the theory of natural selection to any given adaptation,
and suggest a logical explanation of how the adaptation may
have evolved (page 9).
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I When the ancestors of Hawaiian honeycreepers first
reached Hawaii, few other birds were present, so there
was little competition for food. Through many genera-
tions, honeycreepers with longer, more curved bills be-
came adapted for feeding on nectar from tubular flowers.
Perhaps those with the longest, most curved bills were
best able to survive in this food zone and lived to transmit
their genes to their offspring. Those with shorter, thicker
bills were more successful foraging for insects and passed
their genes to new generations of offspring. Eventually,
different species evolved that were adapted to specific
food zones.

9 Summarize the flow of energy through ecosystems, and con-
trast the roles of producers, consumers, and decomposers
(page 14).

I Activities of living cells require energy; life depends on
continuous energy input from the sun. During photosyn-
thesis, plants, algae, and certain bacteria use the energy
of sunlight to synthesize complex molecules from carbon
dioxide and water.

I Virtually all cells carry on cellular respiration, a biochemi-
cal process in which they capture the energy stored in
nutrients by producers. Some of that energy is then used
to synthesize required materials or to carry out other cell
activities.

I A self-sufficient ecosystem includes producers, or auto-
trophs, which make their own food; consumers, which eat
producers or organisms that have eaten producers; and
decomposers, which obtain energy by breaking down
wastes and dead organisms. Consumers and decomposers
are heterotrophs, organisms that depend on producers
as an energy source and for food and oxygen.

Thomson Learn more about energy flow by clicking
on the figure in ThomsonNOW.

10 Design a study to test a given hypothesis, using the proce-
dure and terminology of the scientific method (page 15).
I The process of science is a dynamic approach to investi-

gation. The scient ific method is a general framework that
scientists use in their work; it includes observing, recogniz-

TEST YOUR UNDERSTANDING

1. Metabolism (a) is the sum of all the chemical activities of
an organism (b) results from an increase in the number of
cells (c) is characteristic of plant and animal kingdoms only
(d) refers to chemical changes in an organism’s environment
(e) does not take place in producers

2. Homeostasis (a) is the appropriate, balanced internal envi-
ronment (b) generally depends on the action of cilia (¢) is the
long-term response of organisms to changes in their environ-
ment (d) occurs at the ecosystem level, not in cells or organ-
isms (e) may be sexual or asexual

3. Structures used by some organisms for locomotion are
(a) cilia and nuclei (b) flagella and DNA (c¢) nuclei and
membranes (d) cilia and sessiles (e) cilia and flagella

4. An amoeba splits into two smaller amoebas. This is an ex-
ample of (a) locomotion (b) neurotransmission (c) asexual
reproduction (d) sexual reproduction (e) metabolism

ing a problem or stating a critical question, developing a

hypothesis, making a prediction that can be tested, mak-
ing further observations and/or performing experiments,

interpreting results, and drawing conclusions that support
or falsify the hypothesis.

I Deductive reasoning and inductive reasoning are two
categories of systematic thought used in the scientific
method. Deductive reasoning proceeds from general
principles to specific conclusions and helps people
discover relationships among known facts. Inductive
reasoning begins with specific observations and draws
conclusions from them. Inductive reasoning helps people
discover general principles.

I A hypothesis is a tentative explanation for observations or
phenomena. A hypothesis can be tested. If no evidence is
found to support it, the hypothesis is rejected.

I A well-designed scientific experiment typically includes
both a control group and an experimental group and
must be as free as possible from bias. The control group
should be as closely matched to the experimental group
as possible. Ideally, the experimental group differs from
the control group only with respect to the variable being
studied.

Thomson Do your own random sampling by clicking on
the figure in ThomsonNOW.

I Atheory is an integrated explanation of some aspect of
the natural world that is based on a number of hypoth-
eses, each supported by consistent results from many
observations or experiments.

Compare the reductionist and systems approaches to bio-
logical research (page 15).

I Using reductionism, researchers study the simplest com-
ponents of biological processes, for example, molecules
or cells.

I Systems biology uses knowledge provided by reduction-
ism. Systems biologists integrate data from various levels
of complexity with the goal of understanding how biologi-
cal systems function.

Cells (a) are the building blocks of living organisms (b) al-
ways have nuclei (c) are not found among the bacteria (d) a,
b,andc(e)aandb

An increase in the size or number of cells best describes
(a) homeostasis (b) biological growth (c) chemical level of
organization (d) asexual reproduction (e) adaptation

DNA (a) makes up the genes (b) functions mainly to trans-
mit information from one species to another (c) cannot be
changed (d) is a neurotransmitter (e) is produced during cel-
lular respiration

Cellular respiration (a) is a process whereby sunlight is
used to synthesize cell components with the release of
energy (b) occurs in heterotrophs only (c) is carried on
by both autotrophs and heterotrophs (d) causes chemical
changes in DNA (e) occurs in response to environmental
changes
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10.

11.

12.

13.

14.

CRITICAL THINKING

. What would happen if a homeostatic mechanism failed?

24

. Which of the following is a correct sequence of levels of

biological organization? (a) cell, organ, tissue, organ system
(b) chemical, cell, organ, tissue (c) chemical, cell, tissue,
organ (d) tissue, organ, cell, organ system (e) chemical, cell,
ecosystem, population

Which of the following is a correct sequence of levels of
biological organization? (a) organism, population, ecosystem,
community (b) organism, population, community, ecosystem
(c) population, biosphere, ecosystem, community (d) species,
population, ecosystem, community (e) ecosystem, popula-
tion, community, biosphere

Protozoa are assigned to kingdom (a) Protista (b) Fungi
(¢) Bacteria (d) Animalia (e) Plantae

Yeasts and molds are assigned to kingdom (a) Protista
(b) Fungi (c) Bacteria (d) Archaea (e) Plantae

In the binomial system of nomenclature, the first part of an
organism’s name designates the (a) specific epithet (b) genus
(c) class (d) kingdom (e) phylum

Which of the following is a correct sequence of levels of clas-
sification? (a) genus, species, family, order, class, phylum,
kingdom (b) genus, species, order, phylum, class, kingdom

Describe a homeostatic mechanism at work in your body
(other than the regulation of glucose cited in the chapter).

. Contrast the reductionist approach with systems biology.

How are the two approaches complementary? Which ap-
proach is more likely to consider emergent properties?

. What are some characteristics of a good hypothesis?

. Make a prediction and devise a suitably controlled experi-

ment to test each of the following hypotheses: (a) A type of
mold found in your garden does not produce an effective an-
tibiotic. (b) The growth rate of a bean seedling is affected by
temperature. (c) Estrogen alleviates symptoms of Alzheimer’s
disease in elderly women.

Chapter 1

15.

16.

17.

18.

o

(c) genus, species, order, family, class, phylum, kingdom
(d) species, genus, family, order, class, phylum, kingdom
(e) species, genus, order, family, class, kingdom, phylum

Darwin suggested that evolution takes place by (a) mutation
(b) changes in the individuals of a species (c) natural selection
(d) interaction of hormones (e) homeostatic responses to
each change in the environment

A testable statement is a(an) (a) theory (b) hypothesis
(c) principle (d) inductive leap (e) critical question

Ideally, an experimental group differs from a control group

(a) only with respect to the hypothesis being tested (b) only
with respect to the variable being studied (c) in that it is less
subject to bias (d) in that it is less vulnerable to sampling er-
ror (e) in that its subjects are more reliable

A systems biologist would most likely work on (a) better un-
derstanding the components of cells (b) developing a better
system of classification of organisms (c) devising a new series
of steps for the scientific method (d) researching a series of
reactions that communicate information in the cell (e) identi-
fying the connections and interactions of neurons in order to
learn about brain function

. Evolution Link. In what ways does evolution depend on

transfer of information? In what ways does transfer of infor-
mation depend on evolution?

. Evolution Link. How might an understanding of evolu-

tionary processes help a biologist doing research in (a) ani-
mal behavior, for example, the hunting behavior of lions?
(b) the development of a new antibiotic to replace one to
which bacteria have become resistant? (c) conservation of
a specific plant in a rain forest?

Thomson"

Additional questions are available in
ThomsonNOW at www.thomsonedu.com/
login
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Atoms and Molecules:
The Chemical Basis of Life

KEY CONCEPTS

Carbon, hydrogen, oxygen, and nitrogen are the most
abundant elements in living things.

The chemical properties of an atom are determined by its
highest-energy electrons, known as valence electrons.

A molecule consists of atoms joined by covalent bonds.
Other important chemical bonds include ionic bonds.
Hydrogen bonds and van der Waals interactions are weak
attractions.

The energy of an electron is transferred in a redox reaction.

Water molecules are polar, having regions of partial posi-

tive and partial negative charge that permit them to form
hydrogen bonds with one another and with other charged
substances.

Acids are hydrogen ion donors; bases are hydrogen ion
acceptors. The pH scale is a convenient measure of the
hydrogen ion concentration of a solution.

Water is a basic requirement for
all life. A jaguar (Panthera onca),
the largest cat in the Western
Hemisphere, pauses to drink
water from a rainforest stream.

knowledge of chemistry is essential for understanding or-
A ganisms and how they function. This jaguar and the plants
of the tropical rain forest, as well as abundant unseen insects and
microorganisms, share fundamental similarities in their chemical
composition and basic metabolic processes. These chemical simi-
larities provide strong evidence for the evolution of all organisms
from a common ancestor and explain why much of what biolo-
gists learn from studying bacteria or rats in laboratories can be
applied to other organisms, including humans. Furthermore, the
basic chemical and physical principles governing organisms are
not unique to living things, for they apply to nonliving systems
as well.

The success of the Human Genome Project and related stud-
ies has relied heavily on biochemistry and molecular biology,
the chemistry and physics of the molecules that constitute liv-
ing things. A biochemist may investigate the precise interactions
among a cell’s atoms and molecules that maintain the energy flow
essential to life, and a molecular biologist may study how proteins
interact with deoxyribonucleic acid (DNA) in ways that control
the expression of certain genes. However, an understanding of
chemistry is essential to all biologists. An evolutionary biologist
may study evolutionary relationships by comparing the DNA of
different types of organisms. An ecologist may study how energy
is transferred among the organisms living in an estuary or moni-
tor the biological effects of changes in the salinity of the water. A
botanist may study unique compounds produced by plants and
may even be a “chemical prospector,” seeking new sources of

medicinal agents.
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In this chapter we lay a foundation for understanding how the
structure of atoms determines the way they form chemical bonds to
produce complex compounds. Most of our discussion focuses on
small, simple substances known as inorganic compounds. Among
the biologically important groups of inorganic compounds are wa-
ter, many simple acids and bases, and simple salts. We pay particu-

lar attention to water, the most abundant substance in organisms

I ELEMENTS AND ATOMS

Learning Objectives
1 Name the principal chemical elements in living things, and
give an important function of each.

2 Compare the physical properties (mass and charge) and
locations of electrons, protons, and neutrons. Distinguish be-
tween the atomic number and the mass number of an atom.

3 Define the terms orbital and electron shell. Relate electron
shells to principal energy levels.

Elements are substances that cannot be broken down into sim-
pler substances by ordinary chemical reactions. Each element has
a chemical symbol: usually the first letter or first and second let-
ters of the English or Latin name of the element. For example, O
is the symbol for oxygen, C for carbon, H for hydrogen, N for
nitrogen, and Na for sodium (from the Latin word natrium). Just
four elements— oxygen, carbon, hydrogen, and nitrogen—are
responsible for more than 96% of the mass of most organisms.
Others, such as calcium, phosphorus, potassium, and magne-
sium, are also consistently present but in smaller quantities. Some
elements, such as iodine and copper, are known as trace elements,
because they are required only in minute amounts. I Table 2-1
lists the elements that make up organisms and briefly explains the
importance of each in typical plants and animals.

An atom is defined as the smallest portion of an element
that retains its chemical properties. Atoms are much too small
to be visible under a light microscope. However, by sophisti-
cated techniques (such as scanning tunneling microscopy, with
magnifications as great as 5 million times) researchers have
been able to photograph the positions of some large atoms in
molecules.

The components of atoms are tiny particles of matter (any-
thing that has mass and takes up space) known as subatomic par-
ticles. Physicists have discovered a number of subatomic parti-
cles, but for our purposes we need consider only three: electrons,
protons, and neutrons. An electron is a particle that carries a
unit of negative electric charge; a proton carries a unit of positive
charge; and a neutron is an uncharged particle. In an electrically
neutral atom, the number of electrons is equal to the number of
protons.

Clustered together, protons and neutrons compose the
atomic nucleus. Flectrons, however, have no fixed locations and
move rapidly through the mostly empty space surrounding the
atomic nucleus.
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and on Earth’s surface, and we examine how its unique properties
affect living things as well as their nonliving environment. In Chap-
ter 3 we extend our discussion to organic compounds, carbon-
containing compounds that are generally large and complex. In all
but the simplest organic compounds, two or more carbon atoms

are bonded to each other to form the backbone, or skeleton, of

the molecule. m

TABLE 2-1

Functions of Elements in Organisms

Element
(chemical
symbol)

@ Oxygen
e Carbon

H Hydrogen

@ Nitrogen
@ Calcium

P} Phosphorus

K Potassium

S Sulfur
Na Sodium

@ Magnesium

@ Chlorine

@ Iron

Functions

Required for cellular respiration; present in
most organic compounds; component of water

Forms backbone of organic molecules; each
carbon atom can form four bonds with other
atoms

Present in most organic compounds; compo-
nent of water; hydrogen ion (H) is involved in
some energy transfers

Component of proteins and nucleic acids;
component of chlorophyll in plants

Structural component of bones and teeth;
calcium ion (Ca®") is important in muscle
contraction, conduction of nerve impulses, and
blood clotting; associated with plant cell wall

Component of nucleic acids and of phospho-
lipids in membranes; important in energy trans-
fer reactions; structural component of bone
Potassium ion (K") is a principal positive ion
(cation) in interstitial (tissue) fluid of animals;
important in nerve function; affects muscle con-
traction; controls opening of stomata in plants

Component of most proteins

Sodium ion (Na”) is a principal positive ion
(cation) in interstitial (tissue) fluid of animals;
important in fluid balance; essential for
conduction of nerve impulses; important in
photosynthesis in plants

Needed in blood and other tissues of animals;
activates many enzymes; component of chloro-
phyll in plants

Chloride ion (CI7) is principal negative ion
(anion) in interstitial (tissue) fluid of animals;
important in water balance; essential for photo-
synthesis

Component of hemoglobin in animals; acti-
vates certain enzymes

*Other elements found in very small (trace) amounts in animals, plants, or both

include iodine (I), manganese (Mn), copper (Cu), zinc (Zn), cobalt (Co), fluorine
(F), molybdenum (Mo), selenium (Se), boron (B), silicon (Si), and a few others.
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Key Point

structures, and chemical behavior.

The periodic table provides information about the elements: their compositions,

Chemical symbol o | 8
7 _ Atomic number OXYGEN
H | 1 ‘
HYDROGEN —I- Chemical name N | 7
NITROGEN
Number Mg | L2 c | 6 @ 2+6
of e~ in MAGNESIUM AT. MASS 16.00 amu
each —1 CARBON
energy | AT. MASS 1.01 amu TS
level H AT. MASS 14.0ifamu He Ne | 10
Na | 1 %3 @ ‘ NEON
SODIM L [Be BC IN JO |F |Ne
2¢8e2 ‘
Na |[Mg | [ AT.MASS 24.31amu Bod Al Isi [P s lc [ar
“ AT. MASS 12.01 amu
v K [ca [sc [Ti [v [cr [Mn|Fe [Co [Ni [Cu [zn |Ga |Ge/|As [Se\[Br \IKr 558
2¢801 AT. MASS 20.18 amu
GEIMASSIZe odlamy Rb [Sr Zr [Nb [Mo [Tc [Ru [Rh [Pd [Ag [cd [in Sb [Te Xe
K | 19 Cs [Ba |(L) Ta |W |Re |Os [Ir |Pt P | 1 Bi |Po [At"|Rn CHLORINE
POTASSIUM PHOSPHORUS
S 16
Ca | 20 SULFUR
Fr |Ra |(A) | —cacom @
\‘/ La |d Sm [Eu |Gdl5 Tm |Y . 2487
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2.8+6
A) Ac [T S 552 Pu |Am |Cm |Bk |Cf |Es |Fm [Md |Narwass32.07ama
AT. MASS 40.08 amu | | |

I Figure 2-1 The periodic table

Note the Bohr models depicting the electron configuration of atoms
of some biologically important elements. Although the Bohr model
does not depict electron configurations accurately, it is commonly used

An atom is uniquely identified
by its number of protons

Every element has a fixed number of protons in the atomic nu-
cleus, known as the atomic number. It is written as a subscript
to the left of the chemical symbol. Thus, |H indicates that the hy-
drogen nucleus contains 1 proton, and O means that the oxygen
nucleus contains 8 protons. The atomic number determines an
atom’s identity and defines the element.

The periodic table is a chart of the elements arranged in or-
der by atomic number (! Fig. 2-1 and Appendix A). The periodic

because of its simplicity and convenience. A complete periodic table is
given in Appendix A.

table is useful because it lets us simultaneously correlate many of
the relationships among the various elements.

Figure 2-1 includes representations of the electron con-
figurations of several elements important in organisms. These
Bohr models, which show the electrons arranged in a series of
concentric circles around the nucleus, are convenient to use,
but inaccurate. The space outside the nucleus is actually ex-
tremely large compared to the nucleus, and as you will see,
electrons do not actually circle the nucleus in fixed concentric
pathways.
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Protons plus neutrons determine
atomic mass

The mass of a subatomic particle is exceedingly small, much
too small to be conveniently expressed in grams or even micro-
grams.' Such masses are expressed in terms of the atomic mass
unit (amu), also called the dalton in honor of John Dalton, the
English chemist who formulated an atomic theory in the early
1800s. One amu is equal to the approximate mass of a single pro-
ton or a single neutron. Protons and neutrons make up almost all
the mass of an atom. The mass of a single electron is only about
1/1800 the mass of a proton or neutron.

The atomic mass of an atom is a number that indicates ap-
proximately how much matter it contains compared with another
atom. This value is determined by adding the number of protons
to the number of neutrons and expressing the result in atomic
mass units or daltons.” The mass of the electrons is ignored be-
cause it is so small. The atomic mass number is indicated by a
superscript to the left of the chemical symbol. The common form
of the oxygen atom, with 8 protons and 8 neutrons in its nucleus,
has an atomic number of 8 and a mass of 16 amu. It is indicated
by the symbol *$O.

The characteristics of protons, electrons, and neutrons are
summarized in the following table:

Approximate

Particle Charge Mass Location
Proton Positive 1amu Nucleus
Neutron Neutral 1amu Nucleus
Electron Negative Approx. 1/1800 amu Outside nucleus

Isotopes of an element differ
in number of neutrons

Most elements consist of a mixture of atoms with different num-
bers of neutrons and thus different masses. Such atoms are called
isotopes. Isotopes of the same element have the same number of
protons and electrons; only the number of neutrons varies. The
three isotopes of hydrogen, {H (ordinary hydrogen), H (deu-
terium), and ;H (tritium), contain 0, 1, and 2 neutrons, respec-
tively. Il Figure 2-2 shows Bohr models of two isotopes of carbon,
12C and '¢C. The mass of an element is expressed as an average
of the masses of its isotopes (weighted by their relative abun-
dance in nature). For example, the atomic mass of hydrogen is not
1.0 amu, but 1.0079 amu, reflecting the natural occurrence of
small amounts of deuterium and tritium in addition to the more
abundant ordinary hydrogen.

Because they have the same number of electrons, all isotopes
of a given element have essentially the same chemical character-

'Tables of commonly used units of scientific measurement are printed
inside the back cover of this text.

*Unlike weight, mass is independent of the force of gravity. For conve-

nience, however, we consider mass and weight equivalent. Atomic weight
has the same numerical value as atomic mass, but it has no units.
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Carbon-12 ('2C)
(6p, 6n)

Carbon-14 (1¢C)
(6p, 8n)

Figure 2-2 Isotopes

Carbon-12 ("2C) is the most common isotope of carbon. Its nucleus
contains 6 protons and 6 neutrons, so its atomic mass is 12. Carbon-14
("3C) is a rare radioactive carbon isotope. It contains 8 neutrons, so its
atomic mass is 14.

istics. However, some isotopes are unstable and tend to break
down, or decay, to a more stable isotope (usually becoming a
different element); such radioisotopes emit radiation when they
decay. For example, the radioactive decay of '¢C occurs as a neu-
tron decomposes to form a proton and a fast-moving electron,
which is emitted from the atom as a form of radiation known
as a beta (B) particle. The resulting stable atom is the common
form of nitrogen, '3N. Using sophisticated instruments, scientists
can detect and measure 8 particles and other types of radiation.
Radioactive decay can also be detected by a method known as
autoradiography, in which radiation causes the appearance of
dark silver grains in photographic film (¥ Fig. 2-3).
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Figure 2-3 Autoradiography

The chromosomes of the fruit fly, Drosophila melanogaster, shown in
this light micrograph, have been covered with photographic film in
which silver grains (dark spots) are produced when tritium (H) that
has been incorporated into DNA undergoes radioactive decay. The
concentrations of silver grains (arrows) mark the locations of specific
DNA molecules.

www.thomsonedu.com/biology/solomon


www.thomsonedu.com/biology/solomon

Because the different isotopes of a given element have the
same chemical characteristics, they are essentially interchange-
able in molecules. Molecules containing radioisotopes are usually
metabolized and/or localized in the organism in a similar way to
their nonradioactive counterparts, and they can be substituted.
For this reason, radioisotopes such as *H (tritium), "*C, and *’P
are extremely valuable research tools used, for example, in dating
fossils (see Fig. 18-9), tracing biochemical pathways, determining
the sequence of genetic information in DNA (see Fig. 15-11), and
understanding sugar transport in plants.

In medicine, radioisotopes are used for both diagnosis and
treatment. The location and/or metabolism of a substance such
as a hormone or drug can be followed in the body by labeling
the substance with a radioisotope such as carbon-14 or tritium.
Radioisotopes are used to test thyroid gland function, to provide
images of blood flow in the arteries supplying the cardiac muscle,
and to study many other aspects of body function and chemistry.
Because radiation can interfere with cell division, radioisotopes
have been used therapeutically in treating cancer, a disease often
characterized by rapidly dividing cells.

Electrons move in orbitals corresponding
to energy levels

Electrons move through characteristic regions of 3-D space, or
orbitals. Each orbital contains a maximum of 2 electrons. Be-
cause it is impossible to know an electron’s position at any given
time, orbitals are most accurately depicted as “electron clouds,”
shaded areas whose density is proportional to the probability that
an electron is present there at any given instant. The energy of an
electron depends on the orbital it occupies. Electrons in orbit-
als with similar energies, said to be at the same principal energy
level, make up an electron shell (I Fig. 2-4).

In general, electrons in a shell with a greater average distance
from the nucleus have greater energy than those in a shell close to
the nucleus. The reason is that energy is required to move a nega-
tively charged electron farther away from the positively charged
nucleus. The most energetic electrons, known as valence elec-
trons, are said to occupy the valence shell. The valence shell is
represented as the outermost concentric ring in a Bohr model. As
we will see in the next sections, it is these valence electrons that
play a key role in chemical reactions.

An electron can move to an orbital farther from the nucleus
by receiving more energy, or it can give up energy and sink to
a lower energy level in an orbital nearer the nucleus. Changes
in electron energy levels are important in energy conversions in
organisms. For example, during photosynthesis, light energy ab-
sorbed by chlorophyll molecules causes electrons to move to a
higher energy level (see Fig. 9-3).

Review
I Do all atoms of an element have the same atomic number?
The same atomic mass?

I What is a radioisotope? What are some ways radioisotopes
are used in biological research?

I  How do electrons in different orbitals of the same electron
shell compare with respect to their energy?

I CHEMICAL REACTIONS

Learning Objectives
4 Explain how the number of valence electrons of an atom is
related to its chemical properties.

5 Distinguish among simplest, molecular, and structural chemi-
cal formulas.

6 Explain why the mole concept is so useful to chemists.

The chemical behavior of an atom is determined primarily by
the number and arrangement of its valence electrons. The va-
lence shell of hydrogen or helium is full (stable) when it contains
2 electrons. The valence shell of any other atom is full when it
contains 8 electrons. When the valence shell is not full, the atom
tends to lose, gain, or share electrons to achieve a full outer shell.
The valence shells of all isotopes of an element are identical; for
this reason, they have similar chemical properties and can sub-
stitute for each other in chemical reactions (for example, tritium
can substitute for ordinary hydrogen).

Elements in the same vertical column (belonging to the same
group) of the periodic table have similar chemical properties be-
cause their valence shells have similar tendencies to lose, gain, or
share electrons. For example, chlorine and bromine, included in
a group commonly known as the halogens, are highly reactive.
Because their valence shells have 7 electrons, they tend to gain an
electron in chemical reactions. By contrast, hydrogen, sodium,
and potassium each have a single valence electron, which they
tend to give up or share with another atom. Helium (He) and
neon (Ne) belong to a group referred to as the noble gases. They
are quite unreactive, because their valence shells are full. Notice
in Figure 2-1 the incomplete valence shells of some of the ele-
ments important in organisms, including carbon, hydrogen, oxy-
gen, and nitrogen, and compare them with the full valence shell
of neon in Figure 2-4d.

Atoms form compounds and molecules

Two or more atoms may combine chemically. When atoms of
different elements combine, the result is a chemical compound.
A chemical compound consists of atoms of two or more differ-
ent elements combined in a fixed ratio. For example, water is a
chemical compound composed of hydrogen and oxygen in a ra-
tio of 2:1. Common table salt, sodium chloride, is a chemical
compound made up of sodium and chlorine in a 1:1 ratio.

Two or more atoms may become joined very strongly to form
a stable particle called a molecule. For example, when two atoms
of oxygen combine chemically, a molecule of oxygen is formed.
Water is a molecular compound, with each molecule consisting
of two atoms of hydrogen and one of oxygen. However, as you
will see, not all compounds are made up of molecules. Sodium
chloride (common table salt) is an example of a compound that
is not molecular.
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Key Point

Electrons occupy orbitals corresponding to energy levels.

z Nucleus

z
1s

2s
y

2p,
2p,

2p,

Bohr model of a neon atom at right.

(c) Orbitals of the first and second principal energy levels of a neon
atom are shown superimposed. Note that the single 2s orbital plus
three 2p orbitals make up neon's full valence shell of 8 electrons.
Compare this more realistic view of the atomic orbitals with the

(a) The first principal energy level contains a maximum
of 2 electrons, occupying a single spherical orbital
(designated 1s). The electrons depicted in the diagram
could be present anywhere in the blue area.

S

(b) The second principal energy level includes four orbitals, each with a maximum of 2 electrons: one spherical (2s) and
three dumbbell-shaped (2p) orbitals at right angles to one another.

(d) Neon atom (Bohr model)

I Figure 2-4 Animated Atomic orbitals

Each orbital is represented as an “electron cloud.” The arrows labeled x, y, and z establish the

imaginary axes of the atom.

Simplest, molecular, and structural chemical
formulas give different information

A chemical formula is a shorthand expression that describes the
chemical composition of a substance. Chemical symbols indicate
the types of atoms present, and subscript numbers indicate the
ratios among the atoms. There are several types of chemical for-
mulas, each providing specific kinds of information.

In a simplest formula (also known as an empirical formula),
the subscripts give the smallest whole-number ratios for the at-
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oms present in a compound. For example, the simplest formula
for hydrazine is NH,, indicating a 1:2 ratio of nitrogen to hy-
drogen. (Note that when a single atom of a type is present, the
subscript number 1 is never written.)

In a molecular formula, the subscripts indicate the actual
numbers of each type of atom per molecule. The molecular for-
mula for hydrazine is N,H,, which indicates that each molecule
of hydrazine consists of two atoms of nitrogen and four atoms of
hydrogen. The molecular formula for water, H,O, indicates that
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each molecule consists of two atoms of hydrogen and one atom
of oxygen.

A structural formula shows not only the types and numbers
of atoms in a molecule but also their arrangement. For example,
the structural formula for water is H—O—H. As you will learn in
Chapter 3, it is common for complex organic molecules with dif-
ferent structural formulas to share the same molecular formula.

One mole of any substance contains
the same number of units

The molecular mass of a compound is the sum of the atomic
masses of the component atoms of a single molecule; thus, the
molecular mass of water, H,0O, is (hydrogen: 2 X 1 amu) + (oxy-
gen: 1 X 16 amu), or 18 amu. (Because of the presence of isotopes,
atomic mass values are not whole numbers, but for easy calcula-
tion each atomic mass value has been rounded off to a whole
number.) Similarly, the molecular mass of glucose (C4H;,0),
a simple sugar that is a key compound in cell metabolism, is
(carbon: 6 X 12 amu) + (hydrogen: 12 X 1 amu) + (oxygen:
6 X 16 amu), or 180 amu.

The amount of an element or compound whose mass in
grams is equivalent to its atomic or molecular mass is 1 mole
(mol). Thus, 1 mol of water is 18 grams (g), and 1 mol of glucose
has a mass of 180 g. The mole is an extremely useful concept, be-
cause it lets us make meaningful comparisons between atoms and
molecules of very different mass. The reason is that 1 mol of any
substance always has exactly the same number of units, whether
those units are small atoms or large molecules. The very large
number of units in a mole, 6.02 X 10%, is known as Avogadro’s
number, named for the Italian physicist Amadeo Avogadro, who
first calculated it. Thus, 1 mol (180 g) of glucose contains 6.02 X
10% molecules, as does 1 mol (2 g) of molecular hydrogen (H,).
Although it is impossible to count atoms and molecules individu-
ally, a scientist can calculate them simply by weighing a sample.
Molecular biologists usually deal with smaller values, either mil-
limoles (mmol, one thousandth of a mole) or micromoles (pmol,
one millionth of a mole).

The mole concept also lets us make useful comparisons
among solutions. A 1-molar solution, represented by 1 M,
contains 1 mol of that substance dissolved in a total volume of
1 liter (L). For example, we can compare 1 L of a 1-M solution
of glucose with 1 L of a 1-M solution of sucrose (table sugar, a
larger molecule). They differ in the mass of the dissolved sugar
(180 g and 340 g, respectively), but they each contain 6.02 X
10 sugar molecules.

Chemical equations describe
chemical reactions

During any moment in the life of an organism—a bacterial cell,
a mushroom, or a butterfly—many complex chemical reactions
are taking place. Chemical reactions, such as the reaction be-
tween glucose and oxygen, can be described by means of chemi-
cal equations:

CeH;,06 + 60, —

Glucose

6 CO, + 6 H,O + energy

Oxygen Carbon dioxide Water

In a chemical equation, the reactants, the substances that partici-
pate in the reaction, are generally written on the left side, and the
products, the substances formed by the reaction, are written on
the right side. The arrow means “yields” and indicates the direc-
tion in which the reaction proceeds.

Chemical compounds react with each other in quantitatively
precise ways. The numbers preceding the chemical symbols or
formulas (known as coefficients) indicate the relative number
of atoms or molecules reacting. For example, 1 mol of glucose
burned in a fire or metabolized in a cell reacts with 6 mol of oxy-
gen to form 6 mol of carbon dioxide and 6 mol of water.

Many reactions can proceed simultaneously in the reverse
direction (to the left) and the forward direction (to the right). At
dynamic equilibrium, the rates of the forward and reverse reac-
tions are equal (see Chapter 7). Reversible reactions are indicated
by double arrows:

co, + HO << HCO,

Carbon dioxide Water Carbonic acid

In this example, the arrows are drawn in different lengths to
indicate that when the reaction reaches equilibrium, there will be
more reactants (CO, and H,0) than product (H,COs;).

Review
I Why is a radioisotope able to substitute for an ordinary
(nonradioactive) atom of the same element in a molecule?

I Which kind of chemical formula provides the most
information?

I How many atoms would be included in 1 g of hydrogen
atoms? In 2 g of hydrogen molecules?

I CHEMICAL BONDS

Learning Objective

7 Distinguish among covalent bonds, ionic bonds, hydrogen
bonds, and van der Waals interactions. Compare them in
terms of the mechanisms by which they form and their rela-
tive strengths.

Atoms can be held together by forces of attraction called chemi-
cal bonds. Each bond represents a certain amount of chemical
energy. Bond energy is the energy necessary to break a chemical
bond. The valence electrons dictate how many bonds an atom
can form. The two principal types of strong chemical bonds are
covalent bonds and ionic bonds.

In covalent bonds electrons are shared

Covalent bonds involve the sharing of electrons between atoms
in a way that results in each atom having a filled valence shell. A
molecule consists of atoms joined by covalent bonds. A simple
example of a covalent bond is the joining of two hydrogen atoms
in a molecule of hydrogen gas, H,. Each atom of hydrogen has
1 electron, but 2 electrons are required to complete its valence
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Key Point

Covalent bonds form when atoms share electrons.

Hydrogen (H Hydrogen (H)

Oxygen (O) Oxygen (O

a double covalent bond.

OLORC DX,

Molecular hydrogen (H,) or H—H

(a) Single covalent bond formation. Two hydrogen atoms achieve stability by sharing a pair of electrons,
thereby forming a molecule of hydrogen. In the structural formula on the right, the straight line between the
hydrogen atoms represents a single covalent bond.

Molecular oxygen (Oy) —0
(double bond is formed)

(b) Double covalent bond formation. In molecular oxygen, two oxygen atoms share two pairs of
electrons, forming a double covalent bond. The parallel straight lines in the structural formula represent

Figure 2-5 Electron sharing in covalent compounds

shell. The hydrogen atoms have equal capacities to attract elec-
trons, so neither donates an electron to the other. Instead, the two
hydrogen atoms share their single electrons so that the 2 electrons
are attracted simultaneously to the 2 protons in the two hydrogen
nuclei. The 2 electrons whirl around both atomic nuclei, thus
forming the covalent bond that joins the two atoms. Similarly,
unlike atoms can also be linked by covalent bonds to form mol-
ecules; the resulting compound is a covalent compound.

A simple way of representing the electrons in the valence shell
of an atom is to use dots placed around the chemical symbol of
the element. Such a representation is called the Lewis structure of
the atom, named for G. N. Lewis, an American chemist who de-
veloped this type of notation. In a water molecule, two hydrogen
atoms are covalently bonded to an oxygen atom:

H-+ H-+-:0- —> H:0:H

Oxygen has 6 valence electrons; by sharing electrons with two
hydrogen atoms, it completes its valence shell of 8. At the same
time, each hydrogen atom obtains a complete valence shell of
2. (Note that in the structural formula H—O—H, each pair of
shared electrons constitutes a covalent bond, represented by a
solid line. Unshared electrons are usually omitted in a structural
formula.)

The carbon atom has 4 electrons in its valence shell, all of
which are available for covalent bonding:

32 Chapter 2

When one carbon and four hydrogen atoms share electrons, a
molecule of the covalent compound methane, CH,, is formed:

H ]
HZQZH or H*‘C*H
H H

Lewis structure Structural formula

The nitrogen atom has 5 electrons in its valence shell. Recall
that each orbital can hold a maximum of 2 electrons. Usually 2
electrons occupy one orbital, leaving 3 available for sharing with
other atoms:

. N .
When a nitrogen atom shares electrons with three hydrogen at-

oms, a molecule of the covalent compound ammonia, NHj, is
formed:

H:N:H or H—N—H

|
H H

Lewis structure Structural formula

When one pair of electrons is shared between two atoms, the
covalent bond is called a single covalent bond (! Fig. 2-5a). Two
hydrogen atoms share a single pair of electrons. Two oxygen at-
oms may achieve stability by forming covalent bonds with each
other. Each oxygen atom has 6 electrons in its outer shell. To be-
come stable, the two atoms share two pairs of electrons, forming

www.thomsonedu.com/biology/solomon


www.thomsonedu.com/biology/solomon

molecular oxygen (I Fig. 2-5b).When two pairs of electrons are
shared in this way, the covalent bond is called a double covalent
bond, which is represented by two parallel solid lines. Similarly,
a triple covalent bond is formed when three pairs of electrons
are shared between two atoms (represented by three parallel solid
lines).

The number of covalent bonds usually formed by the atoms
in biologically important molecules is summarized as follows:

Atom Symbol Covalent Bonds
Hydrogen H 1
Oxygen (@) 2
Carbon C 4
Nitrogen N 3
Phosphorus P 5
Sulfur S 2

The function of a molecule is related to its shape

In addition to being composed of atoms with certain properties,
each kind of molecule has a characteristic size and a general over-
all shape. Although the shape of a molecule may change (within
certain limits), the functions of molecules in living cells are dic-
tated largely by their geometric shapes. A molecule that consists
of two atoms is linear. Molecules composed of more than two
atoms may have more complicated shapes. The geometric shape
of a molecule provides the optimal distance between the atoms to
counteract the repulsion of electron pairs.

When an atom forms covalent bonds with other atoms, the
orbitals in the valence shell may become rearranged in a process
known as orbital hybridization, thereby affecting the shape of
the resulting molecule. For example, when four hydrogen atoms
combine with a carbon atom to form a molecule of methane
(CH,), the hybridized valence shell orbitals of the carbon form
a geometric structure known as a tetrahedron, with one hy-
drogen atom present at each of its four corners (I Fig. 2-6; see
Fig. 3-2a).

We will explore the importance of molecular shape in more
detail in Chapter 3 and in our discussion of the properties of
water in this chapter.

o

Methane (CH,)

Figure 2-6 Orbital hybridization in methane

The four hydrogens are located at the corners of a tetrahedron be-
cause of hybridization of the valence shell orbitals of carbon.

Covalent bonds can be nonpolar or polar

Atoms of different elements vary in their affinity for electrons.
Electronegativity is a measure of an atom’s attraction for shared
electrons in chemical bonds. Very electronegative atoms such as
oxygen, nitrogen, fluorine, and chlorine are sometimes called
“electron greedy.” When covalently bonded atoms have similar
electronegativities, the electrons are shared equally and the co-
valent bond is described as nonpolar. The covalent bond of the
hydrogen molecule is nonpolar, as are the covalent bonds of mo-
lecular oxygen and methane.

In a covalent bond between two different elements, such as
oxygen and hydrogen, the electronegativities of the atoms may be
different. If so, electrons are pulled closer to the atomic nucleus
of the element with the greater electron affinity (in this case,
oxygen). A covalent bond between atoms that differ in electro-
negativity is called a polar covalent bond. Such a bond has two
dissimilar ends (or poles), one with a partial positive charge and
the other with a partial negative charge. Each of the two covalent
bonds in water is polar, because there is a partial positive charge
at the hydrogen end of the bond and a partial negative charge
at the oxygen end, where the “shared” electrons are more likely
to be.

Covalent bonds differ in their degree of polarity, ranging
from those in which the electrons are equally shared (as in the
nonpolar hydrogen molecule) to those in which the electrons are
much closer to one atom than to the other (as in water). Oxygen
is quite electronegative and forms polar covalent bonds with car-
bon, hydrogen, and many other atoms. Nitrogen is also strongly
electronegative, although less so than oxygen.

A molecule with one or more polar covalent bonds can be
polar even though it is electrically neutral as a whole. The reason
is that a polar molecule has one end with a partial positive charge
and another end with a partial negative charge. One example is
water (I Fig. 2-7). The polar bonds between the hydrogens and
the oxygen are arranged in a V shape, rather than linearly. The
oxygen end constitutes the negative pole of the molecule, and the
end with the two hydrogens is the positive pole.

lonic bonds form between cations and anions

Some atoms or groups of atoms are not electrically neutral. A
particle with 1 or more units of electric charge is called an ion.
An atom becomes an ion if it gains or loses 1 or more electrons.
An atom with 1, 2, or 3 electrons in its valence shell tends to
lose electrons to other atoms. Such an atom then becomes posi-
tively charged, because its nucleus contains more protons than
the number of electrons orbiting around the nucleus. These
positively charged ions are termed cations. Atoms with 5, 6, or
7 valence electrons tend to gain electrons from other atoms and
become negatively charged anions.

The properties of ions are quite different from those of the
electrically neutral atoms from which they were derived. For
example, although chlorine gas is a poison, chloride ions (Cl™)
are essential to life (see Table 2-1). Because their electric charges
provide a basis for many interactions, cations and anions are in-
volved in energy transformations within the cell, the transmis-
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oxygen end

of molecule

Hydrogen (H Oxygen (O) Hydrogen (H

Oxygen part

Hydrogen parts

Partial
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at hydrogen
end of
molecule
Water molecule (H,0)

I Figure 2-7 Water, a polar molecule

Note that the electrons tend to stay closer to the nucleus of the oxy-
gen atom than to the hydrogen nuclei. This results in a partial negative
charge on the oxygen portion of the molecule and a partial positive

sion of nerve impulses, muscle contraction, and many other bio-
logical processes (I Fig. 2-8).

A group of covalently bonded atoms can also become an ion
(polyatomic ion). Unlike a single atom, a group of atoms can lose
or gain protons (derived from hydrogen atoms) as well as elec-
trons. Therefore, a group of atoms can become a cation if it loses
1 or more electrons or gains 1 or more protons. A group of atoms
becomes an anion if it gains 1 or more electrons or loses 1 or
more protons.

An ionic bond forms as a consequence of the attraction be-
tween the positive charge of a cation and the negative charge of
an anion. An ionic compound is a substance consisting of anions
and cations bonded by their opposite charges.

A good example of how ionic bonds are formed is the attrac-
tion between sodium ions and chloride ions. A sodium atom has
1 electron in its valence shell. It cannot fill its valence shell by ob-

Muscle fiber

I Figure 2-8 lons and biological processes

Sodium, potassium, and chloride ions are essential for this nerve cell to
stimulate these muscle fibers, initiating a muscle contraction. Calcium
ions in the muscle cell are required for muscle contraction.
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charge at the hydrogen end. Although the water molecule as a whole
is electrically neutral, it is a polar covalent compound.

taining 7 electrons from other atoms, because it would then have
a large unbalanced negative charge. Instead, it gives up its single
valence electron to a very electronegative atom, such as chlorine,
which acts as an electron acceptor (I Fig. 2-9). Chlorine cannot
give up the 7 electrons in its valence shell, because it would then
have a large positive charge. Instead, it strips an electron from an
electron donor (sodium, in this example) to complete its valence
shell.

When sodium reacts with chlorine, sodium’s valence elec-
tron is transferred completely to chlorine. Sodium becomes a cat-
ion, with 1 unit of positive charge (Na™). Chlorine becomes an
anion, a chloride ion with 1 unit of negative charge (Cl~). These
ions attract each other as a result of their opposite charges. This
electrical attraction in ionic bonds holds them together to form
NaCl, sodium chloride, or common table salt.

The term molecule does not adequately explain the proper-
ties of ionic compounds such as NaCl. When NaCl is in its solid
crystal state, each ion is actually surrounded by six ions of op-
posite charge. The simplest formula, NaCl, indicates that sodium
ions and chloride ions are present in a 1:1 ratio, but the actual
crystal has no discrete molecules composed of one Na™ and one
Cl" ion

Compounds joined by ionic bonds, such as sodium chloride,
have a tendency to dissociate (separate) into their individual ions
when placed in water:

in H,0
—

Cl™

Chloride ion

Nat +

Sodium ion

NaCl

Sodium chloride

In the solid form of an ionic compound (that is, in the absence
of water), ionic bonds are very strong. Water, however, is an ex-
cellent solvent; as a liquid it is capable of dissolving many sub-
stances, particularly those that are polar or ionic, because of the
polarity of water molecules. The localized partial positive charge
(on the hydrogen atoms) and partial negative charge (on the
oxygen atom) on each water molecule attract and surround the
anions and cations, respectively, on the surface of an ionic solid.
As a result, the solid dissolves. A dissolved substance is referred
to as a solute. In solution, each cation and anion of the ionic
compound is surrounded by oppositely charged ends of the wa-
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11 protons 17 protons
: @

17 electrons
Chlorine (Cl)

11 electrons
Sodium (Na)

I | ‘
10 electrons 18 electrons
Sodium ion (Na*) Chloride ion (CI")

Sodium chloride (NaCl)

Arrangement of atoms in a
crystal of salt

I Figure 2-9 Animated lonic bonding

Sodium becomes a positively charged ion when it donates its single
valence electron to chlorine, which has 7 valence electrons. With this
additional electron, chlorine completes its valence shell and becomes
a negatively charged chloride ion. These sodium and chloride ions are
attracted to one another by their unlike electric charges, forming the
ionic compound sodium chloride.

ter molecules. This process is known as hydration (I Fig. 2-10).
Hydrated ions still interact with one another to some extent, but
the transient ionic bonds formed are much weaker than those in
a solid crystal.

Hydrogen bonds are weak attractions

Another type of bond important in organisms is the hydrogen
bond. When hydrogen combines with oxygen (or with another
relatively electronegative atom such as nitrogen), it acquires a

I Figure 2-10 Animated Hydration of an ionic
compound

When the crystal of NaCl is added to water, the sodium and chloride

ions are pulled apart. When the NaCl is dissolved, each Na* and Cl™ is

surrounded by water molecules electrically attracted to it.

partial positive charge because its electron spends more time
closer to the electronegative atom. Hydrogen bonds tend to form
between an atom with a partial negative charge and a hydrogen
atom that is covalently bonded to oxygen or nitrogen (! Fig. 2-11).
The atoms involved may be in two parts of the same large mole-
cule or in two different molecules. Water molecules interact with
one another extensively through hydrogen bond formation.
Hydrogen bonds are readily formed and broken. Although
individually relatively weak, hydrogen bonds are collectively

Electronegative
atoms

Hydrogen
bond

I Figure 2-11 Animated Hydrogen bonding

A hydrogen bond (dotted line) can form between two molecules with
regions of unlike partial charge. Here, the nitrogen atom of an ammo-
nia molecule is joined by a hydrogen bond to a hydrogen atom of

a water molecule.
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strong when present in large numbers. Furthermore, they have a
specific length and orientation. As you will see in Chapter 3, these
features are very important in determining the 3-D structure of
large molecules such as DNA and proteins.

van der Waals interactions are weak forces

Even electrically neutral, nonpolar molecules can develop tran-
sient regions of weak positive and negative charge. These slight
charges develop as a consequence of the fact that electrons are in
constant motion. A region with a temporary excess of electrons
will have a weak negative charge, whereas one with an electron
deficit will have a weak positive charge. Adjacent molecules may
interact in regions of slight opposite charge. These attractive
forces, called van der Waals interactions, operate over very short
distances and are weaker and less specific than the other types of
interactions we have considered. They are most important when
they occur in large numbers and when the shapes of the mole-
cules permit close contact between the atoms. Although a single
interaction is very weak, the binding force of a large number of
these interactions working together can be significant.

Review

I Are all compounds composed of molecules? Explain.

I What are the ways an atom or molecule can become an anion
or a cation?

I How do ionic and covalent bonds differ?

I Under what circumstances can weak forces such as hydrogen
bonds and van der Waals interactions play significant roles in
biological systems?

I REDOX REACTIONS

Learning Objective

8 Distinguish between the terms oxidation and reduction, and
relate these processes to the transfer of energy.

Many energy conversions that go on in a cell involve reactions in
which an electron transfers from one substance to another. The
reason is that the transfer of an electron also involves the transfer
of the energy of that electron. Such an electron transfer is known
as an oxidation—reduction, or redox reaction. Oxidation and re-
duction always occur together. Oxidation is a chemical process
in which an atom, ion, or molecule loses electrons. Reduction
is a chemical process in which an atom, ion, or molecule gains
electrons. (The term refers to the fact that the gain of an elec-
tron results in the reduction of any positive charge that might be
present.)

Rusting—the combining of iron (symbol Fe) with oxygen—
is a simple illustration of oxidation and reduction:

4 Fe + 3 OzH 2 Fezo3

Iron (IIT) oxide
In rusting, each iron atom becomes oxidized as it loses 3 electrons.

4 Fe—> 4 Fe*" + 12¢”
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The e~ represents an electron; the + superscript in Fe’* rep-
resents an electron deficit. (When an atom loses an electron, it
acquires 1 unit of positive charge from the excess of 1 proton.
In our example, each iron atom loses 3 electrons and acquires
3 units of positive charge.) Recall that the oxygen atom is very
electronegative, able to remove electrons from other atoms. In
this reaction, oxygen becomes reduced when it accepts electrons
from the iron.

30,7 1267 —> 60"

Redox reactions occur simultaneously because one substance
must accept the electrons that are removed from the other. In
a redox reaction, one component, the oxidizing agent, accepts 1
or more electrons and becomes reduced. Oxidizing agents other
than oxygen are known, but oxygen is such a common one that
its name was given to the process. Another reaction component,
the reducing agent, gives up 1 or more electrons and becomes
oxidized. In our example, there was a complete transfer of elec-
trons from iron (the reducing agent) to oxygen (the oxidizing
agent). Similarly, Figure 2-9 shows that an electron was trans-
ferred from sodium (the reducing agent) to chlorine (the oxidiz-
ing agent).

Electrons are not easily removed from covalent compounds
unless an entire atom is removed. In cells, oxidation often in-
volves the removal of a hydrogen atom (an electron plus a proton
that “goes along for the ride”) from a covalent compound; reduc-
tion often involves the addition of the equivalent of a hydrogen
atom (see Chapter 7).

Review

I Why must oxidation and reduction occur simultaneously?

I Why are redox reactions important in some energy
transfers?

I WATER

Learning Objective

9 Explain how hydrogen bonds between adjacent water mole-
cules govern many of the properties of water.

A large part of the mass of most organisms is water. In human
tissues the percentage of water ranges from 20% in bones to 85%
in brain cells; about 70% of our total body weight is water. As
much as 95% of a jellyfish and certain plants is water. Water is
the source, through photosynthesis, of the oxygen in the air we
breathe, and its hydrogen atoms become incorporated into many
organic compounds. Water is also the solvent for most biological
reactions and a reactant or product in many chemical reactions.

Water is important not only as an internal constituent of or-
ganisms but also as one of the principal environmental factors af-
fecting them (¥ Fig. 2-12). Many organisms live in the ocean or in
freshwater rivers, lakes, or puddles. Water’s unique combination
of physical and chemical properties is considered to have been
essential to the origin of life, as well as to the continued survival
and evolution of life on Earth.
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Hydrogen bonds form
between water molecules

As discussed, water molecules are polar; that is, one end of each
molecule bears a partial positive charge and the other a partial
negative charge (see Fig. 2-7). The water molecules in liquid wa-
ter and in ice associate by hydrogen bonds. The hydrogen atom of
one water molecule, with its partial positive charge, is attracted to
the oxygen atom of a neighboring water molecule, with its partial
negative charge, forming a hydrogen bond. An oxygen atom in
a water molecule has two regions of partial negative charge, and
each of the two hydrogen atoms has a par-
tial positive charge. Each water molecule
can therefore form hydrogen bonds
with a maximum of four neighboring
water molecules (I Fig. 2-13).
Water molecules have a strong ten-
dency to stick to one an-
other, a property known

as cohesion. This is due
to the hydrogen bonds
among the molecules. Be-
cause of the cohesive nature

Figure 2-13 Hydrogen bonding of water molecules

Each water molecule can form hydrogen bonds (dotted lines) with as
many as four neighboring water molecules.

of water molecules, any force exerted on part of a column of wa-
ter is transmitted to the column as a whole. The major mecha-
nism of water movement in plants (see Chapter 34) depends on
the cohesive nature of water. Water molecules also display ad-
hesion, the ability to stick to many other kinds of substances,
most notably those with charged groups of atoms or molecules
on their surfaces. These adhesive forces explain how water makes
things wet.

A combination of adhesive and cohesive forces accounts for
capillary action, which is the tendency of water to move in nar-
row tubes, even against the force of gravity (I Fig. 2-14). For ex-
ample, water moves through the microscopic spaces between soil
particles to the roots of plants by capillary action.

Water has a high degree of surface tension because of the co-
hesion of its molecules, which have a much greater attraction for
one another than for molecules in the air. Thus, water molecules
at the surface crowd together, producing a strong layer as they
are pulled downward by the attraction of other water molecules
beneath them (¥ Fig. 2-15).

Water molecules interact with hydrophilic
substances by hydrogen bonding

Because its molecules are polar, water is an excellent solvent, a
liquid capable of dissolving many kinds of substances, especially
polar and ionic compounds. Earlier we discussed how polar wa-
ter molecules pull the ions of ionic compounds apart so that they
dissociate (see Fig. 2-10). Because of its solvent properties and
the tendency of the atoms in certain compounds to form ions in
solution, water plays an important role in facilitating chemical

] (a) _, (b)
|
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Figure 2-14 Capillary action

(a) In a narrow tube, there is adhesion between the water molecules
and the glass wall of the tube. Other water molecules inside the

tube are then “pulled along” because of cohesion, which is due to
hydrogen bonds between the water molecules. (b) In the wider tube,
a smaller percentage of the water molecules line the glass wall. As a
result, the adhesion is not strong enough to overcome the cohesion
of the water molecules beneath the surface level of the container, and
water in the tube rises only slightly.
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I Figure 2-15 Surface tension of water

Hydrogen bonding between water molecules is responsible for the
surface tension of water, which causes a dimpled appearance of the
surface as these water striders (Gerris) walk across it. Fine hairs at
the ends of the legs of these insects create highly water-repellent
"cushions” of air.

reactions. Substances that interact readily with water are hydro-
philic (“water-loving”). Examples include table sugar (sucrose,
a polar compound) and table salt (NaCl, an ionic compound),
which dissolve readily in water. Not all substances in organisms
are hydrophilic, however. Many hydrophobic (“water-fearing”)
substances found in living things are especially important be-
cause of their ability to form associations or structures that are
not disrupted. Hydrophobic interactions occur between groups
of nonpolar molecules. Such molecules are insoluble in water and
tend to cluster together. This is not due to formation of bonds
between the nonpolar molecules but rather to the fact that the
hydrogen-bonded water molecules exclude them and in a sense
“drive them together.” Hydrophobic interactions explain why oil
tends to form globules when added to water. Examples of hydro-
phobic substances include fatty acids and cholesterol, discussed
in Chapter 3.

Water helps maintain a stable temperature

Hydrogen bonding explains the way water responds to changes
in temperature. Water exists in three forms, which differ in their
degree of hydrogen bonding: gas (vapor), liquid, and ice, a crys-
talline solid (¥ Fig. 2-16). Hydrogen bonds are formed or broken
as water changes from one state to another.

Raising the temperature of a substance involves adding heat
energy to make its molecules move faster, that is, to increase the
energy of motion—Kkinetic energy— of the molecules (see Chap-
ter 7). The term heat refers to the total amount of kinetic energy
in a sample of a substance; temperature is a measure of the av-
erage kinetic energy of the particles. For the molecules to move
more freely, some of the hydrogen bonds of water must be bro-
ken. Much of the energy added to the system is used up in break-
ing the hydrogen bonds, and only a portion of the heat energy is
available to speed the movement of the water molecules, thereby
increasing the temperature of the water. Conversely, when liquid
water changes to ice, additional hydrogen bonds must be formed,
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making the molecules less free to move and liberating a great deal
of heat into the environment.

Heat of vaporization, the amount of heat energy required
to change 1 g of a substance from the liquid phase to the vapor
phase, is expressed in units called calories. A calorie (cal) is the
amount of heat energy (equivalent to 4.184 joules [J]) required to
raise the temperature of 1 g of water 1 degree Celsius (C). Water
has a high heat of vaporization—540 cal—Dbecause its molecules
are held together by hydrogen bonds. The heat of vaporization of
most other common liquid substances is much less. As a sample
of water is heated, some molecules are moving much faster than
others (they have more heat). These faster-moving molecules are
more likely to escape the liquid phase and enter the vapor phase
(see Fig. 2-16a). When they do, they take their heat with them,
lowering the temperature of the sample, a process called evapo-
rative cooling. For this reason, the human body can dissipate
excess heat as sweat evaporates from the skin, and a leaf can keep
cool in the bright sunlight as water evaporates from its surface.

Hydrogen bondingis also responsible for water’s high specific
heat; that is, the amount of energy required to raise the tempera-
ture of water is quite large. The specific heat of water is 1 cal /g of
water per degree Celsius. Most other common substances, such as
metals, glass, and ethyl alcohol, have much lower specific heat val-
ues. The specific heat of ethyl alcohol, for example, is 0.59 cal /g/
1°C (2.46 J/g/1°C).

Because so much heat input is required to raise the tempera-
ture of water (and so much heat is lost when the temperature is
lowered), the ocean and other large bodies of water have rela-
tively constant temperatures. Thus, many organisms living in
the ocean are provided with a relatively constant environmental
temperature. The properties of water are crucial in stabilizing
temperatures on Earth’s surface. Although surface water is only
a thin film relative to Earth’s volume, the quantity is enormous
compared to the exposed landmass. This relatively large mass of
water resists both the warming effect of heat and the cooling ef-
fect of low temperatures.

Hydrogen bonding causes ice to have unique properties with
important environmental consequences. Liquid water expands as
it freezes because the hydrogen bonds joining the water molecules
in the crystalline lattice keep the molecules far enough apart to
give ice a density about 10% less than the density of liquid water
(see Fig. 2-16¢). When ice has been heated enough to raise its
temperature above 0°C (32°F), the hydrogen bonds are broken,
freeing the molecules to slip closer together. The density of water
is greatest at 4°C. Above that temperature water begins to expand
again as the speed of its molecules increases. As a result, ice floats
on the denser cold water.

This unusual property of water has been important to the
evolution of life. If ice had a greater density than water, the ice
would sink; eventually all ponds, lakes, and even the ocean would
freeze solid from the bottom to the surface, making life impos-
sible. When a deep body of water cools, it becomes covered with
floating ice. The ice insulates the liquid water below it, retard-
ing freezing and permitting organisms to survive below the icy
surface.

The high water content of organisms helps them maintain
relatively constant internal temperatures. Such minimizing of
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(c) Ice (solid)

I Figure 2-16 Animated Three forms of water

(a) When water boils, as in this hot spring at Yellowstone National (b) Water molecules in a liquid state continually form, break, and re-
Park, many hydrogen bonds are broken, causing steam, consisting of form hydrogen bonds with one another. () In ice, each water molecule
minuscule water droplets, to form. If most of the remaining hydrogen participates in four hydrogen bonds with adjacent molecules, resulting
bonds break, the molecules move more freely as water vapor (a gas). in a regular, evenly distanced crystalline lattice structure.

temperature fluctuationsisimportantbecause biological reactions

can take place only within a relatively narrow temperature range. I ACIDS, BASES, AND SALTS

Review Learning Objectives

I Why does water form hydrogen bonds? 10 Contrast acids and bases, and discuss their properties.

I What are some properties of water that result from hydrogen 11 Convert the hydrogen ion concentration (moles per liter) of a
bonding? How do these properties contribute to the role of solution to a pH value, and describe how buffers help mini-
water as an essential component of organisms? mize changes in pH.

I How can weak forces, such as hydrogen bonds, have signifi- 12 Describe the composition of a salt, and explain why salts are
cant effects in organisms? important in organisms.
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Water molecules have a slight tendency to ionize, that is, to dis-
sociate into hydrogen ions (H*) and hydroxide ions (OH™). The
H" immediately combines with a negatively charged region of a
water molecule, forming a hydronium ion (H;0"). However, by
convention, H*, rather than the more accurate H;O™, is used. In
pure water, a small number of water molecules ionize. This slight
tendency of water to dissociate is reversible as hydrogen ions and
hydroxide ions reunite to form water.

HOH —=-H" + OH"

Because each water molecule splits into one hydrogen ion and
one hydroxide ion, the concentrations of hydrogen ions and
hydroxide ions in pure water are exactly equal (0.0000001 or
1077 mol/L for each ion). Such a solution is said to be neutral,
that is, neither acidic nor basic (alkaline).

An acid is a substance that dissociates in solution to yield
hydrogen ions (H) and anions.

Acid —— H* + Anion

An acid is a proton donor. (Recall that a hydrogen ion, or HY, is
nothing more than a proton.) Hydrochloric acid (HCI) is a com-
mon inorganic acid.

A base is defined as a proton acceptor. Most bases are sub-
stances that dissociate to yield a hydroxide ion (OH™) and a cat-
ion when dissolved in water.

NaOH —> Na* + OH~
OH™ + H"'—>H,0

A hydroxide ion can act as a base by accepting a proton (H™) to
form water. Sodium hydroxide (NaOH) is a common inorganic
base. Some bases do not dissociate to yield hydroxide ions di-
rectly. For example, ammonia (NHj3) acts as a base by accepting
a proton from water, producing an ammonium ion (NH,") and
releasing a hydroxide ion.

NH, + H,0 —> NH," + OH"

pH is a convenient measure of acidity

The degree of a solution’s acidity is generally expressed in terms
of pH, defined as the negative logarithm (base 10) of the hydro-
gen ion concentration (expressed in moles per liter):

pH = —log,[H"]

The brackets refer to concentration; therefore, the term [H"]
means “the concentration of hydrogen ions,” which is expressed
in moles per liter because we are interested in the number of hy-
drogen ions per liter. Because the range of possible pH values is
broad, alogarithmic scale (with a 10-fold difference between suc-
cessive units) is more convenient than a linear scale.

Hydrogen ion concentrations are nearly always less than
1 mol/L. One gram of hydrogen ions dissolved in 1 L of water
(a 1-M solution) may not sound impressive, but such a solution
would be extremely acidic. The logarithm of a number less than 1
is a negative number; thus, the negative logarithm corresponds to
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TABLE 2-2

Calculating pH Values and Hydroxide lon
Concentrations from Hydrogen lon Concentrations

Substance [H*]* log[H] pH [OHT]'
Gastric juice 0.01,1072 -2 2 10712
Pure water, 0.0000001, 10~/ -7 7 1077
neutral

solution

Household 0.00000000001, 10~ -1 1 1073
ammonia

*[H™"] = hydrogen ion concentration (mol/L)

f[OH "] = hydroxide ion concentration (mol/L)

a positive pH value. (Solutions with pH values less than zero can
be produced but do not occur under biological conditions.)

Whole-number pH values are easy to calculate. For instance,
consider our example of pure water, which has a hydrogen ion
concentration of 0.0000001 (10~7) mol/L. The logarithm is —7.
The negative logarithm is 7; therefore, the pH is 7. I Table 2-2
shows how to calculate pH values from hydrogen ion concentra-
tions, and the reverse. For comparison, the table also includes the
hydroxide ion concentrations, which can be calculated because
the product of the hydrogen ion concentration and the hydroxide
ion concentrationis 1 X 10~

[H*][OH ]=1x 10"

Pure water is an example of a neutral solution; with a pH of
7, it has equal concentrations of hydrogen ions and hydroxide
ions (the concentration of each is 1077 mol/L). An acidic solu-
tion has a hydrogen ion concentration that is higher than its hy-
droxide ion concentration and has a pH value of less than 7. For
example, the hydrogen ion concentration of a solution with pH
1 is 10 times that of a solution with pH 2. A basic solution has a
hydrogen ion concentration that is lower than its hydroxide ion
concentration and has a pH greater than 7.
The pH values of some common substances are shown in
Figure 2-17. Although some very acidic compartments exist
within cells (see Chapter 4), most of the interior of an animal or
plant cell is neither strongly acidic nor strongly basic but an es-
sentially neutral mixture of acidic and basic substances. Although
certain bacteria are adapted to life in extremely acidic environ-
ments (discussed in Chapter 24), a substantial change in pH is
incompatible with life for most cells. The pH of most types of
plant and animal cells (and their environment) ordinarily ranges
from around 7.2 to 7.4.

Buffers minimize pH change

Many homeostatic mechanisms operate to maintain appropriate
pH values. For example, the pH of human blood is about 7.4
and must be maintained within very narrow limits. If the blood
becomes too acidic (for example, as a result of respiratory dis-
ease), coma and death may result. Excessive alkalinity can result

www.thomsonedu.com/biology/solomon


www.thomsonedu.com/biology/solomon

Battery acid 0.0

Hydrochloric acid 0.8

Stomach acid 1.0

Stomach gastric juice 2.0

Vinegar 3.0

Beer 4.5

Black coffee 5.0

Rainwater 6.25
Cow milk 6.5

Distilled water 7.0
Blood 7.4

Seawater 8.0

Bleach 9.0

Mono Lake, California 9.9

Household ammonia 11.5

Oven cleaner 13.0

Lye 14.0

I Figure 2-17 Animated pH values of some common
solutions

A neutral solution (pH 7) has equal concentrations of H* and OH"™.

Acidic solutions, which have a higher concentration of H* than OH,

have pH values less than 7; pH values greater than 7 characterize basic

solutions, which have an excess of OH™.

in overexcitability of the nervous system and even convulsions.
Organisms contain many natural buffers. A buffer is a substance
or combination of substances that resists changes in pH when an
acid or base is added. A buffering system includes a weak acid or
aweak base. A weak acid or weak base does not ionize completely.
At any given instant, only a fraction of the molecules are ionized;
most are not dissociated.

One of the most common buffering systems functions in the
blood of vertebrates (see Chapter 45). Carbon dioxide, produced
as a waste product of cell metabolism, enters the blood, the main
constituent of which is water. The carbon dioxide reacts with the
water to form carbonic acid, a weak acid that dissociates to yield
a hydrogen ion and a bicarbonate ion. The following expression
describes the buffering system:

CO, + H,0 — H,CO; — H" + HCO;

Carbon Water Carbonic Bicarbonate
dioxide acid ion

As the double arrows indicate, all the reactions are reversible. Be-
cause carbonic acid is a weak acid, undissociated molecules are
always present, as are all the other components of the system.
The expression describes the system when it is at dynamic equilib-
rium, that is, when the rates of the forward and reverse reactions
are equal and the relative concentrations of the components are
not changing. A system at dynamic equilibrium tends to stay at
equilibrium unless a stress is placed on it, which causes it to shift
to reduce the stress until it attains a new dynamic equilibrium. A
change in the concentration of any component is one such stress.
Therefore, the system can be “shifted to the right” by adding re-
actants or removing products. Conversely, it can be “shifted to
the left” by adding products or removing reactants.

Hydrogen ions are the important products to consider in this
system. The addition of excess hydrogen ions temporarily shifts
the system to the left, as they combine with the bicarbonate ions
to form carbonic acid. Eventually a new dynamic equilibrium
is established. At this point the hydrogen ion concentration is
similar to the original concentration, and the product of the hy-
drogen ion and hydroxide ion concentrations is restored to the
equilibrium value of 1 X 107",

If hydroxide ions are added, they combine with the hydro-
gen ions to form water, effectively removing a product and thus
shifting the system to the right. As this occurs, more carbonic
acid ionizes, effectively replacing the hydrogen ions that were
removed.

Organisms contain many weak acids and weak bases, which
allows them to maintain an essential reserve of buffering capacity
and helps them avoid pH extremes.

An acid and a base react to form a salt

When an acid and a base are mixed in water, the H' of the acid
unites with the OH ™ of the base to form a molecule of water. The
remainder of the acid (an anion) combines with the remainder
of the base (a cation) to form a salt. For example, hydrochloric
acid reacts with sodium hydroxide to form water and sodium

chloride:
HCI + NaOH — H,0 + NaCl

A salt is a compound in which the hydrogen ion of an acid is
replaced by some other cation. Sodium chloride, NaCl, is a
salt in which the hydrogen ion of HCI has been replaced by the
cation Na™.
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When a salt, an acid, or a base is dissolved in water, its disso-
ciated ions can conduct an electric current; these substances are
called electrolytes. Sugars, alcohols, and many other substances
do not form ions when dissolved in water; they do not conduct an
electric current and are referred to as nonelectrolytes.

Cells and extracellular fluids (such as blood) of animals and
plants contain a variety of dissolved salts that are the source of
the many important mineral ions essential for fluid balance and
acid—base balance. Nitrate and ammonium ions from the soil are
the important nitrogen sources for plants. In animals, nerve and
muscle function, blood clotting, bone formation, and many other
aspects of body function depend on ions. Sodium, potassium,
calcium, and magnesium are the chief cations present; chloride,
bicarbonate, phosphate, and sulfate are important anions. The

concentrations and relative amounts of the various cations and
anions are kept remarkably constant. Any marked change results
in impaired cell functions and may lead to death.

Review

I A solution has a hydrogen ion concentration of 0.01 mol/L.
What is its pH? What is its hydroxide ion concentration? Is it
acidic, basic, or neutral? How does this solution differ from
one with a pH of 1?

I What would be the consequences of adding or removing
a reactant or a product from a reversible reaction that is at
dynamic equilibrium?

I Why are buffers important in organisms? Why can't strong
acids or bases work as buffers?

I Why are acids, bases, and salts referred to as electrolytes?

SUMMARY WITH KEY TERMS

Learning Objectives

1 Name the principal chemical elements in living things, and
give an important function of each (page 26).

I An element is a substance that cannot be decomposed
into simpler substances by normal chemical reactions.
About 96% of an organism’s mass consists of carbon, the
backbone of organic molecules; hydrogen and oxygen,
the components of water; and nitrogen, a component of
proteins and nucleic acids.

2 Compare the physical properties (mass and charge) and
locations of electrons, protons, and neutrons. Distinguish be-
tween the atomic number and the mass number of an atom
(page 26).

I Each atom is composed of a nucleus containing positively
charged protons and uncharged neutrons. Negatively
charged electrons encircle the nucleus.

I An atom is identified as belonging to a particular element
by its number of protons (atomic number). The atomic
mass of an atom is equal to the sum of its protons and
neutrons.

I Asingle proton or a single neutron each has a mass
equivalent to one atomic mass unit. The mass of a single
electron is only about 1/1800 amu.

3 Define the terms orbital and electron shell. Relate electron

shells to principal energy levels (page 26).

I In the space outside the nucleus, electrons move rapidly
in electron orbitals. An electron shell consists of elec-
trons in orbitals at the same principal energy level.
Electrons in a shell distant from the nucleus have greater
energy than those in a shell closer to the nucleus.

Thomson Learn more about atomic orbitals by clicking
on the figure in ThomsonNOW.

4 Explain how the number of valence electrons of an atom is

related to its chemical properties (page 29).

I The chemical properties of an atom are determined chiefly
by the number and arrangement of its most energetic
electrons, known as valence electrons. The valence shell
of most atoms is full when it contains 8 electrons; that
of hydrogen or helium is full when it contains 2. An atom
tends to lose, gain, or share electrons to fill its valence
shell.

42 Chapter 2

5 Distinguish among simplest, molecular, and structural chemi-
cal formulas (page 29).

I Different atoms are joined by chemical bonds to form
compounds. A chemical formula gives the types and rela-
tive numbers of atoms in a substance.

I Asimplest formula gives the smallest whole-number ratio
of the component atoms. A molecular formula gives the
actual numbers of each type of atom in a molecule. A
structural formula shows the arrangement of the atoms in
a molecule.

6 Explain why the mole concept is so useful to chemists
(page 29).

I One mole (the atomic or molecular mass in grams) of any
substance contains 6.02 X 10%% atoms, molecules, or ions,
enabling scientists to “count” particles by weighing a
sample. This number is known as Avogadro’s number.

7 Distinguish among covalent bonds, ionic bonds, hydrogen
bonds, and van der Waals interactions. Compare them in
terms of the mechanisms by which they form and their rela-
tive strengths (page 31).

I Covalent bonds are strong, stable bonds formed when
atoms share valence electrons, forming molecules. When
covalent bonds are formed, the orbitals of the valence
electrons may become rearranged in a process known as
orbital hybridization. Covalent bonds are nonpolar if the
electrons are shared equally between the two atoms. Co-
valent bonds are polar if one atom is more electronega-
tive (has a greater affinity for electrons) than the other.

I Anionic bond is formed between a positively charged
cation and a negatively charged anion. lonic bonds are
strong in the absence of water but relatively weak in aque-
ous solution.

Thomson Learn more about ionic bonding by clicking on
the figure in ThomsonNOW.

I Hydrogen bonds are relatively weak bonds formed when
a hydrogen atom with a partial positive charge is attracted
to an atom (usually oxygen or nitrogen) with a partial
negative charge already bonded to another molecule or
in another part of the same molecule.
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Thomson

Learn more about hydrogen bonding by click-

ing on the figure in ThomsonNOW.

8

9

I van der Waals interactions are weak forces based on
fluctuating electric charges.

Distinguish between the terms oxidation and reduction,

and relate these processes to the transfer of energy

(page 36).

I Oxidation and reduction reactions (redox reactions) are
chemical processes in which electrons (and their energy)
are transferred from a reducing agent to an oxidizing
agent. In oxidation, an atom, ion, or molecule loses
electrons (and their energy). In reduction, an atom, ion,
or molecule gains electrons (and their energy).

Explain how hydrogen bonds between adjacent water mol-

ecules govern many of the properties of water (page 36).

I Water is a polar molecule because one end has a partial
positive charge and the other has a partial negative
charge. Because its molecules are polar, water is an excel-
lent solvent for ionic or polar solutes.

I Water molecules exhibit the property of cohesion because
they form hydrogen bonds with one another; they also ex-
hibit adhesion through hydrogen bonding to substances
with ionic or polar regions.

I Because hydrogen bonds must be broken to raise its
temperature, water has a high specific heat, which helps
organisms maintain a relatively constant internal tempera-
ture; this property also helps keep the ocean and other
large bodies of water at a constant temperature.

I Water has a high heat of vaporization. Hydrogen bonds
must be broken for molecules to enter the vapor phase.
These molecules carry a great deal of heat, which ac-
counts for evaporative cooling.

Thomson

I The hydrogen bonds between water molecules in ice
cause it to be less dense than liquid water. The fact that
ice floats makes the aquatic environment less extreme
than it would be if ice sank to the bottom.

Learn more about the three forms of water by

clicking on the figure in ThomsonNOW.

10

Thomson

Contrast acids and bases, and discuss their properties

(page 39).

I Acids are proton (hydrogen ion, H*) donors; bases are
proton acceptors. An acid dissociates in solution to yield
H* and an anion. Many bases dissociate in solution to
yield hydroxide ions (OH™), which then accept protons to
form water.

Convert the hydrogen ion concentration (moles per liter) of a

solution to a pH value, and describe how buffers help mini-

mize changes in pH (page 39).

I pH is the negative log of the hydrogen ion concentra-
tion of a solution (expressed in moles per liter). A neutral
solution with equal concentrations of H* and OH™~
(1077 mol/L) has a pH of 7, an acidic solution has a pH
less than 7, and a basic solution has a pH greater than 7.

Learn more about the pH of common solutions

by clicking on the figure in ThomsonNOW.

TEST YOUR UNDERSTANDING

1.

Which of the following elements is mismatched with its
properties or function? (a) carbon—forms the backbone of
organic compounds (b) nitrogen— component of proteins
(c) hydrogen—rvery electronegative (d) oxygen—can par-
ticipate in hydrogen bonding (e) all of the above are correctly
matched

Which of the following applies to a neutron? (a) positive
charge and located in an orbital (b) negligible mass and
located in the nucleus (c) positive charge and located in the
nucleus (d) uncharged and located in the nucleus (e) un-
charged and located in an orbital

32P, a radioactive form of phosphorus, has (a) an atomic
number of 32 (b) an atomic mass of 15 (c) an atomic mass of
47 (d) 32 electrons (e) 17 neutrons

Which of the following facts allows you to determine that
atom A and atom B are isotopes of the same element? (a) they
each have 6 protons (b) they each have 4 neutrons (c) the sum
of the electrons and neutrons in each is 14 (d) they each have
4 valence electrons (e) they each have an atomic mass of 14

H and }H have (a) different chemical properties, because they
have different atomic numbers (b) the same chemical proper-
ties, because they have the same number of valence electrons

I A buffering system is based on a weak acid or a weak
base. A buffer resists changes in the pH of a solution
when acids or bases are added.

Describe the composition of a salt, and explain why salts are

important in organisms (page 39).

I Asaltis a compound in which the hydrogen atom of an
acid is replaced by some other cation. Salts provide the
many mineral ions essential for life functions.

(¢) different chemical properties, because they differ in their
number of protons and electrons (d) the same chemical prop-
erties, because they have the same atomic mass (e) the same
chemical properties, because they have the same number of
protons, electrons, and neutrons

. Sodium and potassium atoms behave similarly in chemical

reactions because (a) they have the same number of neutrons
(b) each has a single valence electron (c) they have the same
atomic mass (d) they have the same number of electrons

(e) they have the same number of protons

. The orbitals composing an atom’s valence electron shell

(a) are arranged as concentric spheres (b) contain the atom’s
least energetic electrons (c) may change shape when covalent
bonds are formed (d) never contain more than 1 electron
each (e) more than one of the preceding is correct

. Which of the following bonds and properties are correctly

matched? (a) ionic bonds—are strong only if the participat-
ing ions are hydrated (b) hydrogen bonds—are responsible
for bonding oxygen and hydrogen to form a single water
molecule (c) polar covalent bonds— can occur between two
atoms of the same element (d) covalent bonds—may be
single, double, or triple (e) hydrogen bonds—are stronger
than covalent bonds
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10.

11.

12.

13.
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. In aredox reaction (a) energy is transferred from a reducing

agent to an oxidizing agent (b) a reducing agent becomes oxi-
dized as it accepts an electron (c) an oxidizing agent accepts a
proton (d) a reducing agent donates a proton (e) the electrons
in an atom move from its valence shell to a shell closer to its
nucleus

Water has the property of adhesion because (a) hydrogen
bonds form between adjacent water molecules (b) hydrogen
bonds form between water molecules and hydrophilic sub-
stances (c) it has a high specific heat (d) covalent bonds hold
an individual water molecule together (e) it has a great deal
of kinetic energy

The high heat of vaporization of water accounts for (a) evapo-
rative cooling (b) the fact that ice floats (c) the fact that heat is
liberated when ice forms (d) the cohesive properties of water
(e) capillary action

Water has a high specific heat because (a) hydrogen bonds
must be broken to raise its temperature (b) hydrogen bonds
must be formed to raise its temperature (¢) it is a poor insula-
tor (d) it has low density considering the size of the molecule
(e) it can ionize

A solution at pH 7 is considered neutral because (a) its
hydrogen ion concentration is 0 mol/L (b) its hydroxide ion

CRITICAL THINKING

1.

Element A has 2 electrons in its valence shell (which is com-
plete when it contains 8 electrons). Would you expect element
A to share, donate, or accept electrons? What would you ex-
pect of element B, which has 4 valence electrons, and element
C, which has 72

. A hydrogen bond formed between two water molecules is

only about 1/20 as strong as a covalent bond between hydro-
gen and oxygen. In what ways would the physical properties
of water be different if these hydrogen bonds were stronger
(for example, 1/10 the strength of covalent bonds)?

. Consider the following reaction (in water).

HCl— H" + CI”

Name the reactant(s) and product(s). Does the expression
indicate that the reaction is reversible? Could HCI be used
as a buffer?

Chapter 2

14.

15.

16.

17.

-

concentration is 0 mol/L (c) the product of its hydrogen ion
concentration and its hydroxide ion concentration is 0 mol/L
(d) its hydrogen ion concentration is equal to its hydroxide
ion concentration (e) it is nonpolar

A solution with a pH of 2 has a hydrogen ion concentration
that is the hydrogen ion concentration
of a solution with a pH of 4. (a) 1/2 (b) 1/100 (c) 2 times
(d) 10 times (e) 100 times

Which of the following cannot function as a buffer? (a) phos-
phoric acid, a weak acid (b) sodium hydroxide, a strong base
(c) sodium chloride, a salt that ionizes completely (d) a and ¢
(e)band ¢

NaOH and HCl react to form Na*, Cl~, and water. Which of
the following statements is true? (a) Na* is an anion, and CI~
is a cation (b) Na™ and Cl~ are both anions (c) a hydrogen
bond can form between Na* and CI™ (d) Na* and CI™ are
electrolytes (e) Na™ is an acid, and Cl~ is a base

Which of the following statements is true? (a) the number of
individual particles (atoms, ions, or molecules) contained in
one mole varies depending on the substance (b) Avogadro’s
number is the number of particles contained in one mole of
a substance (c) Avogadro’s number is 10% particles (d) one
mole of '*C has a mass of 12 g (¢) b and d

. Evolution Link. Initiatives designed to discover evidence

for life (biosignatures or biomarkers) in the atmospheres of
distant planets have been proposed by the U.S. National Aero-
nautics and Space Administration (NASA) and the European
Space Agency (ESA). If implemented, both the Terrestrial
Planet Finder project (NASA) and the Darwin project (ESA)
will use special space telescopes to detect atmospheric water
vapor, as well as oxygen and carbon dioxide. Why is water
considered the most fundamental indicator that life could
have evolved on these planets?

Thomson"

Additional questions are available in
ThomsonNOW at www.thomsonedu.com/
login
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KEY CONCEPTS

Carbon atoms join with one another or other atoms to form
large molecules with a wide variety of shapes.

Hydrocarbons are nonpolar and hydrophobic, but their
properties can be altered by adding functional groups:
hydroxyl and carbonyl groups (polar), carboxyl and phos-
phate groups (acidic), and amino groups (basic).

Carbohydrates are composed of sugar subunits (mono-
saccharides), which can be joined to form disaccharides,
storage polysaccharides, and structural polysaccharides.

Lipids store energy (triacylglycerol) and are the main
structural components of cell membranes (phospholipids).

Proteins have multiple levels of structure and are composed
of amino acid subunits joined by peptide bonds.

Nucleic acids (DNA and RNA) are informational molecules
composed of long chains of nucleotide subunits. ATP and
some other nucleotides have a central role in energy
metabolism.

The Chemistry of Life: Organic Compounds

This young girl is using a leaf to

feed her baby brother.

oth inorganic and organic forms of carbon occur widely in na-
Bture. Many types of organic compounds will become incorpo-
rated into the body of the baby in the photograph as he grows.
Organic compounds are those in which carbon atoms are co-
valently bonded to one another to form the backbone of the
molecule. Some very simple carbon compounds are considered
inorganic if the carbon is not bonded to another carbon or to hy-
drogen. The carbon dioxide we exhale as a waste product from the
breakdown of organic molecules to obtain energy is an example of
an inorganic carbon compound. Organic compounds are so named
because at one time it was thought that they could be produced
only by living (organic) organisms. In 1828, the German chemist
Friedrich Wiihler synthesized urea, a metabolic waste product.
Since that time, scientists have learned to synthesize many organic
molecules and have discovered organic compounds not found in
any organism.

Organic compounds are extraordinarily diverse; in fact, more
than 5 million have been identified. There are many reasons for
this diversity. Organic compounds can be produced in a wide va-
riety of three-dimensional (3-D) shapes. Furthermore, the carbon
atom forms bonds with a greater number of different elements
than does any other type of atom. The addition of chemical groups
containing atoms of other elements—especially oxygen, nitrogen,
phosphorus, and sulfur—can profoundly change the properties of

an organic molecule. Diversity also results from the fact that many
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organic compounds found in organisms are extremely large macro-
molecules, which cells construct from simpler modular subunits.
For example, protein molecules are built from smaller compounds
called amino acids.

As you study this chapter, you will develop an understanding

of the major groups of organic compounds found in organisms,

I CARBON ATOMS AND MOLECULES

Learning Objectives
1 Describe the properties of carbon that make it the central
component of organic compounds.

2 Define the term isomer, and distinguish among the three
principal isomer types.

3 Identify the major functional groups present in organic
compounds, and describe their properties.

4  Explain the relationship between polymers and macro-
molecules.

Carbon has unique properties that allow the formation of the
carbon backbones of the large, complex molecules essential to
life ( Fig. 3-1). Because a carbon atom has 4 valence electrons, it
can complete its valence shell by forming a total of four covalent

I Ll
H—C—C—H H—C—C—C—H
| [

H H H H H

Ethane Propane
(a) Chains
H H H H H H H
1 |
H_C:07C|;7C|:_H H—ClifC:Cf
H H H
1-Butene 2-Butene
(b) Double bonds
H H H H H H H
| [
H—C—C—C—H H—C—C—C—C—H
| | | |
H H H H H
H—C—H H—C—H
| |
H H
Isobutane Isopentane

(c) Branched chains

including carbohydrates, lipids, proteins, and nucleic acids (DNA
and RNA). Why are these compounds of central importance to all
living things? The most obvious answer is that they constitute the
structures of cells and tissues. However, they also participate in
and regulate metabolic reactions, transmit information, and pro-

vide energy for life processes. m

bonds (see Fig. 2-2). Each bond can link it to another carbon
atom or to an atom of a different element. Carbon is particularly
well suited to serve as the backbone of a large molecule because
carbon-to-carbon bonds are strong and not easily broken. How-
ever, they are not so strong that it would be impossible for cells
to break them. Carbon-to-carbon bonds are not limited to single
bonds (based on sharing one electron pair). Two carbon atoms
can share two electron pairs with each other, forming double
bonds:

~ -
C=C

In some compounds, triple carbon-to-carbon bonds are formed:

|
H H
H H
HoY H NP
NNV c c
\ o / /C% FEEIRN
/C C\ H C H
H™| | °H |
H H H
Cyclopentane Benzene
(d) Rings
H H
- 1 A°
C—C—C
LT 1 Do
C=C
H N AN
/ \ 7N H
N N H H
No N\

Histidine (an amino acid)

(e) Joined rings and chains

Figure 3-1 Organic molecules

Note that each carbon atom forms four covalent bonds, producing a wide variety of shapes.
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(a) Carbon (C)

(b) Methane (CH,)

(c) Carbon dioxide (CO,)

Figure 3-2 Carbon bonding

(a) The 3-D arrangement of the bonds of a carbon atom is responsible
for (b) the tetrahedral architecture of methane. (c) In carbon dioxide,
oxygen atoms are joined linearly to a central carbon by polar double

bonds.

As shown in Figure 3-1, hydrocarbons, organic compounds con-
sisting only of carbon and hydrogen, can exist as unbranched or
branched chains, or as rings. Rings and chains are joined in some
compounds.

The molecules in the cell are analogous to the components
of a machine. Each component has a shape that allows it to fill
certain roles and to interact with other components (often with
a complementary shape). Similarly, the shape of a molecule is
important in determining its biological properties and function.
Carbon atoms can link to one another and to other atoms to pro-
duce a wide variety of 3-D molecular shapes, because the four
covalent bonds of carbon do not form in a single plane. Instead,
as discussed in Chapter 2, the valence electron orbitals become
elongated and project from the carbon atom toward the corners
of a tetrahedron (I Fig. 3-2). The structure is highly symmetrical,
with an angle of about 109.5 degrees between any two of these
bonds. Keep in mind that for simplicity, many of the figures in
this book are drawn as two-dimensional (2-D) graphic represen-
tations of 3-D molecules. Even the simplest hydrocarbon chains,
such as those in Figure 3-1, are not actually straight but have a
3-D zigzag structure.

Generally, there is freedom of rotation around each carbon-
to-carbon single bond. This property permits organic molecules
to be flexible and to assume a variety of shapes, depending on the
extent to which each single bond is rotated. Double and triple
bonds do not allow rotation, so regions of a molecule with such
bonds tend to be inflexible.

Isomers have the same molecular
formula but different structures

One reason for the great number of possible carbon-containing
compounds is the fact that the same components usually can
link in more than one pattern, generating an even wider variety
of molecular shapes. Compounds with the same molecular for-

H H

L
H—C—C—OH H—(l)—O—(|3—H
H H H H
Ethanol (C,HgO) Dimethyl ether (C,HgO)
(a) Structural isomers. Structural isomers differ in
the covalent arrangement of their atoms.

H H H

trans-2-butene cis-2-butene

(b) Geometric isomers. Geometric, or cis—trans,
isomers have identical covalent bonds but differ in
the order in which groups are arranged in space.

Dennis Drenner

\/\/
(c) Enantiomers. Enantiomers are isomers that are
mirror images of one another. The central carbon is
asymmetrical because it is bonded to four different
groups. Because of their 3-D structure, the two
figures cannot be superimposed no matter how
they are rotated.

Figure 3-3 Isomers

Isomers have the same molecular formula, but their atoms are
arranged differently.

mulas but different structures and thus different properties are
called isomers. Isomers do not have identical physical or chemi-
cal properties and may have different common names. Cells can
distinguish between isomers. Usually, one isomer is biologically
active and the other is not. Three types of isomers are structural
isomers, geometric isomers, and enantiomers.

Structural isomers are compounds that differ in the cova-
lent arrangements of their atoms. For example, Il Figure 3-3aillu-
strates two structural isomers with the molecular formula C,H,O.
Similarly, there are two structural isomers of the four-carbon
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hydrocarbon butane (C,H,,), one with a straight chain and the
other with a branched chain (isobutane). Large compounds have
more possible structural isomers. There are only two structural
isomers of butane, but there can be up to 366,319 isomers of
CyoHy,.

Geometric isomers are compounds that are identical in the
arrangement of their covalent bonds but different in the spatial
arrangement of atoms or groups of atoms. Geometric isomers
are present in some compounds with carbon-to-carbon double
bonds. Because double bonds are not flexible, as single bonds are,
atoms joined to the carbons of a double bond cannot rotate freely
about the axis of the bonds. These cis—trans isomers may be rep-
resented as shown in I Figure 3-3b. The designation cis (Latin,
“on this side”) indicates that the two larger components are on
the same side of the double bond. If they are on opposite sides
of the double bond, the compound is designated a trans (Latin,
“across”) isomer.

Enantiomers are isomers that are mirror images of each other
(W Fig. 3-3c). Recall that the four groups bonded to a single car-
bon atom are arranged at the vertices of a tetrahedron. If the four
bonded groups are all different, the central carbon is described
as asymmetrical. Figure 3-3c illustrates that the four groups can
be arranged about the asymmetrical carbon in two different ways
that are mirror images of each other. The two molecules are en-
antiomers if they cannot be superimposed on each other no mat-
ter how they are rotated in space. Although enantiomers have
similar chemical properties and most of their physical properties
are identical, cells recognize the difference in shape, and usually
only one form is found in organisms.

Functional groups change the properties
of organic molecules

The existence of isomers is not the only source of variety
among organic molecules. The addition of various combina-
tions of atoms generates a vast array of molecules with different
properties.

Because covalent bonds between hydrogen and carbon are
nonpolar, hydrocarbons lack distinct charged regions. For this
reason, hydrocarbons are insoluble in water and tend to clus-
ter together, through hydrophobic interactions. “Water fear-
ing,” the literal meaning of the term hydrophobic, is somewhat
misleading. Hydrocarbons interact with water, but much more
weakly than the water molecules cohere to one another through
hydrogen bonding. Hydrocarbons interact weakly with one an-
other, but the main reason for hydrophobic interactions is that
they are driven together in a sense, having been excluded by the
hydrogen-bonded water molecules.

However, the characteristics of an organic molecule can be
changed dramatically by replacing one of the hydrogens with one
or more functional groups, groups of atoms that determine the
types of chemical reactions and associations in which the com-
pound participates. Most functional groups readily form associa-
tions, such as ionic and hydrogen bonds, with other molecules.
Polar and ionic functional groups are hydrophilic because they
associate strongly with polar water molecules.
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The properties of the major classes of biologically important
organic compounds— carbohydrates, lipids, proteins, and nu-
cleic acids—are largely a consequence of the types and arrange-
ment of functional groups they contain. When we know what
kinds of functional groups are present in an organic compound,
we can predict its chemical behavior. Note that the symbol R is
used to represent the remainder of the molecule of which each
functional group is a part. For example, the methyl group, a
common nonpolar hydrocarbon group, is abbreviated R—CHs.
As you read the rest of this section, refer to I Table 3-1 for the
structural formulas of other important functional groups, as well
as for additional information.

The hydroxyl group (abbreviated R—OH) is polar because
of the presence of a strongly electronegative oxygen atom. (Do
not confuse it with the hydroxide ion, OH™, discussed in Chap-
ter 2.) If a hydroxyl group replaces one hydrogen of a hydrocar-
bon, the resulting molecule can have significantly altered proper-
ties. For example, ethane (see Fig. 3-1a) is a hydrocarbon that is a
gas at room temperature. If a hydroxyl group replaces a hydrogen
atom, the resulting molecule is ethyl alcohol, or ethanol, which
is found in alcoholic beverages (see Fig. 3-3a). Ethanol is some-
what cohesive, because the polar hydroxyl groups of adjacent
molecules interact; it is therefore liquid at room temperature.
Unlike ethane, ethyl alcohol dissolves in water because the polar
hydroxyl groups interact with the polar water molecules.

The carbonyl group consists of a carbon atom that has a
double covalent bond with an oxygen atom. This double bond is
polar because of the electronegativity of the oxygen; thus, the car-
bonyl group is hydrophilic. The position of the carbonyl group in
the molecule determines the class to which the molecule belongs.
An aldehyde has a carbonyl group positioned at the end of the
carbon skeleton (abbreviated R—CHO); a ketone has an internal
carbonyl group (abbreviated R—CO—R).

The carboxyl group (abbreviated R—COOH) in its non-
ionized form consists of a carbon atom joined by a double cova-
lent bond to an oxygen atom, and by a single covalent bond to an-
other oxygen, which is in turn bonded to a hydrogen atom. Two
electronegative oxygen atoms in such close proximity establish
an extremely polarized condition, which can cause the hydrogen
atom to be stripped of its electron and released as a hydrogen ion
(H™). The resulting ionized carboxyl group has 1 unit of negative
charge (R—COO™):

(@]

AN
o
N\

7z +
R—C — 5 R—C +H
AN

(@) o~

\H

Carboxyl groups are weakly acidic; only a fraction of the mole-
cules ionize in this way. This group therefore exists in one of two
hydrophilic states: ionic or polar. Carboxyl groups are essential
constituents of amino acids.

An amino group (abbreviated R—NH,) in its non-ionized
form includes a nitrogen atom covalently bonded to two hydro-
gen atoms. Amino groups are weakly basic because they are able
to accept a hydrogen ion (proton). The resulting ionized amino
group has 1 unit of positive charge (R—NH;¥). Amino groups
are components of amino acids and of nucleic acids.
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TABLE 3-1

Some Biologically Important Functional Groups

Functional Group

Class of Compound

and Description Structural Formula Characterized by Group
Hydroxyl R—OH Alcohols
Polar because electronegative oxygen attracts H H
covalent electrons [
H—C‘l—(‘:—OH
H H

Example, ethanol

Carbonyl (@) Aldehydes
Aldehydes: R—y)-H
Carbonyl group carbon is bonded to at least one H
atom; polar because electronegative oxygen attracts H—C—H
covalent electrons Example, formaldehyde
Ketones: O Ket
Carbonyl group carbon is bonded to two other I etones
carbons; polar because electronegative oxygen R—C—R H O H
attracts covalent electrons ‘ I ‘
H—C—J@&— ?—H
H H
Example, acetone
Carboxyl Carboxylic acids
. + (organic acids)
Weakly acidic; can release an H R R T H
Non-ionized lonized
R |
Example, amino acid
Amino Amines
Weakly basic; can accept an H* R R e}
|
Non-ionized lonized R_‘C C—OH
H
Example, amino acid
Phosphate Organic Phosphates
Weakly acidic; one or two H* can be released R R
R
Non-ionized lonized

Example, phosphate ester
(as found in ATP)

Sulfhydryl R—SH
Helps stabilize internal structure of proteins

A phosphate group (abbreviated R—PO,H,) is weakly acidic.
The attraction of electrons by the oxygen atoms can result in the
release of one or two hydrogen ions, producing ionized forms
with 1 or 2 units of negative charge. Phosphates are constituents
of nucleic acids and certain lipids.

Thiols

T
H—?—‘C—C—OH
SH NH,

Example, cysteine

The sulfhydryl group (abbreviated R—SH), consisting of an
atom of sulfur covalently bonded to a hydrogen atom, is found
in molecules called thiols. As you will see, amino acids that con-
tain a sulfhydryl group can make important contributions to the
structure of proteins.
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Monomer

Figure 3-4 A simple polymer
This small polymer of polyethylene is formed by linking two-carbon
ethylene (C,H,;) monomers. One such monomer is outlined in red. The
structure is represented by a space-filling model, which accurately
depicts the actual 3-D shape of the molecule.

Many biological molecules are polymers

Many biological molecules such as proteins and nucleic acids
are very large, consisting of thousands of atoms. Such giant mol-
ecules are known as macromolecules. Most macromolecules are
polymers, produced by linking small organic compounds called
monomers (I Fig. 3-4). Just as all the words in this book have
been written by arranging the 26 letters of the alphabet in various
combinations, monomers can be grouped to form an almost infi-
nite variety of larger molecules. The thousands of different com-
plex organic compounds present in organisms are constructed
from about 40 small, simple monomers. For example, the 20
monomers called amino acids can be linked end to end in count-
less ways to form the polymers known as proteins.

Polymers can be degraded to their component monomers by
hydrolysis reactions (“to break with water”). In a reaction regu-
lated by a specific enzyme (biological catalyst), a hydrogen from
a water molecule attaches to one monomer, and a hydroxyl from
water attaches to the adjacent monomer (I Fig. 3-5).

Monomers are covalently linked by condensation reactions.
Because the equivalent of a molecule of water is removed during
the reactions that combine monomers, the term dehydration syn-
thesis is sometimes used to describe condensation (see Fig. 3-5).

However, in biological systems the synthesis of a polymer is not
simply the reverse of hydrolysis, even though the net effect is the
opposite of hydrolysis. Synthetic processes such as condensation
require energy and are regulated by different enzymes.

In the following sections we examine carbohydrates, lip-
ids, proteins, and nucleic acids. Our discussion begins with the
smaller, simpler forms of these compounds and extends to the
linking of these monomers to form macromolecules.

Review

I What are some of the ways that the features of carbon-to-
carbon bonds influence the stability and 3-D structure of
organic molecules?

I Draw pairs of simple sketches comparing two (1) structural
isomers, (2) geometric isomers, and (3) enantiomers. Why are
these differences biologically important?

Sketch the following functional groups: methyl, amino,
carbonyl, hydroxyl, carboxyl, and phosphate. Include
both non-ionized and ionized forms for acidic and basic
groups.

I How is the fact that a group is nonpolar, polar, acidic, or basic
related to its hydrophilic or hydrophobic properties?

I Why is the equivalent of a water molecule important to both
condensation reactions and hydrolysis reactions?

I CARBOHYDRATES

Learning Objective

5 Distinguish among monosaccharides, disaccharides, and
polysaccharides. Compare storage polysaccharides with
structural polysaccharides.

Sugars, starches, and cellulose are carbohydrates. Sugars and
starches serve as energy sources for cells; cellulose is the main
structural component of the walls that surround plant cells.
Carbohydrates contain carbon, hydrogen, and oxygen atoms in
a ratio of approximately one carbon to two hydrogens to one
oxygen (CH,0),. The term carbohydrate, meaning “hydrate (wa-
ter) of carbon,” reflects the 2:1 ratio of hydrogen to oxygen, the
same ratio found in water (H,O). Carbohydrates contain one
sugar unit (monosaccharides), two sugar units (disaccharides),
or many sugar units (polysaccharides).

Condensation
Enzyme A
HO —OH HO — OH HO (@) OH +[ H,0
Hydrolysis
Monomer Monomer Dimer
Enzyme B

Figure 3-5 Animated Condensation and hydrolysis reactions

Joining two monomers yields a dimer; incorporating additional monomers produces a polymer.
Note that condensation and hydrolysis reactions are catalyzed by different enzymes.
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H
(o) H |
NS 1
N C/ H—C —OH
2| 2|
H—C—OH c=—0
3| 3|
H—C—OH H—C —OH
H H
Glyceraldehyde (C3Hg05) Dihydroxyacetone (C;Hg¢O53)

1
H—Cc=o0

H—C=0
! !
H—'C —OH H—C—H
3| 3|
H—C—OH H—C—OH
J 4|
H—C—OH H—C—OH
5| 5|
H—C—OH H—C — OH
| |
H H

Ribose (CsH1005) Deoxyribose (CsH1004)

(an aldehyde) (a ketone) (the sugar component of RNA) (the sugar component of DNA)
(a) Triose sugars (3-carbon sugars) (b) Pentose sugars (5-carbon sugars)
H
1 1 | 1
H—C=—O0 H—C—OH cC=—0
H—C — OH cC—0 H—C—OH
J 3 3
9= (|; aaty HO= T aaty RO = (I; = Figure 3-6 Monosaccharides
H _4('; — OH H —4C — OH HO _4(': —H Shown are 2-D chain structures of (a) three-carbon
| | | trioses, (b) five-carbon pentoses, and (c) six-carbon
5] 5 5] hexoses. Although it is convenient to show mono-
H—C—OH H—C—OH H—C—OH saccharides in this form, the pentoses and hexoses
6| 6| 6| are more accurately depicted as ring structures, as
H—C—OH H—C —OH H—C— OH in Figure 3-7. The carbonyl group (gray screen) is
| | | terminal in aldehyde sugars and located in an in-
H H H ternal position in ketones. Deoxyribose differs from
ribose because deoxyribose has one less oxygen; a
Glucose (CsH1.0 Fructose (CsH1.0 Galactose (CsH1.0 . .
(an ald(e(f‘lsy(;ez) o) (@ ket(or:se)u 6) (an aldéh;dg)z 6) hydrogen (white screen) instead of a hydroxyl group

(c) Hexose sugars (6-carbon sugars)

Monosaccharides are simple sugars

Monosaccharides typically contain from three to seven carbon
atoms. In a monosaccharide, a hydroxyl group is bonded to each
carbon except one; that carbon is double-bonded to an oxygen
atom, forming a carbonyl group. If the carbonyl group is at the
end of the chain, the monosaccharide is an aldehyde; if the car-
bonyl group is at any other position, the monosaccharide is a ke-
tone. (By convention, the numbering of the carbon skeleton of a
sugar begins with the carbon at or nearest the carbonyl end of the
open chain.) The large number of polar hydroxyl groups, plus the
carbonyl group, gives a monosaccharide hydrophilic properties.

Figure 3-6 shows simplified, 2-D representations of some
common monosaccharides. The simplest carbohydrates are the
three-carbon sugars (trioses): glyceraldehyde and dihydroxyac-
etone. Ribose and deoxyribose are common pentoses, sugars that

(blue screen) is attached to carbon 2. Glucose
and galactose are enantiomers that differ in the
arrangement of the hydroxyl group and hydrogen
attached to carbon 4 (red box).

contain five carbons; they are components of nucleic acids (DNA,
RNA, and related compounds). Glucose, fructose, galactose, and
other six-carbon sugars are called hexoses. (Note that the names
of carbohydrates typically end in -ose.)

Glucose (C;H,,Oq), the most abundant monosaccharide,
is used as an energy source in most organisms. During cellular
respiration (see Chapter 8), cells oxidize glucose molecules, con-
verting the stored energy to a form that can be readily used for
cell work. Glucose is also used in the synthesis of other types of
compounds such as amino acids and fatty acids. Glucose is so
important in metabolism that mechanisms have evolved to main-
tain its concentration at relatively constant levels in the blood of
humans and other complex animals (see Chapter 48).

Glucose and fructose are structural isomers: they have identi-
cal molecular formulas, but their atoms are arranged differently.
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In fructose (a ketone) the double-bonded
oxygen is linked to a carbon within the
chain rather than to a terminal carbon as
in glucose (an aldehyde). Because of these
differences, the two sugars have different
properties. For example, fructose, found
in honey and some fruits, tastes sweeter
than glucose.

Glucose and galactose are both hex-
oses and aldehydes. However, they are
mirror images (enantiomers) because
they differ in the arrangement of the
atoms attached to asymmetrical carbon
atom 4.

The linear formulas in Figure 3-6 give
a clear but somewhat unrealistic picture
of the structures of some common mono-
saccharides. As we have mentioned, mol-
ecules are not 2-D; in fact, the properties
of each compound depend largely on its
3-D structure. Thus, 3-D formulas are
helpful in understanding the relationship
between molecular structure and biolog-
ical function.

Molecules of glucose and other pen-
toses and hexoses in solution are actually

(|)H Cl)H (l)H
H—s?—H H—s?—H H—G?—H
5 5 5
C C C
H (0] H ——0H j——0 OH
J AN J AN A AN
N T R$ T T RE$ S
HO N CummmC’ OH Ho\a Y HO 3Cl: 2/H
I I I
OH H OH H OH
a-Glucose B-Glucose
(ring form) Formation of glucose ring (ring form)

(a) When dissolved in water, glucose undergoes a rearrangement of its atoms,
forming one of two possible ring structures: a-glucose or B-glucose. Although
the drawing does not show the complete 3-D structure, the thick, tapered bonds
in the lower portion of each ring represent the part of the molecule that would
project out of the page toward you.

CH,OH CH,OH
(0] (0] OH
HONG OH HONG
OH OH
a-Glucose B-Glucose

(b) The essential differences between a-glucose and B-glucose are more readily
apparent in these simplified structures. By convention, a carbon atom is assumed
to be present at each angle in the ring unless another atom is shown. Most
hydrogen atoms have been omitted.

rings rather than extended straight car-
bon chains.
Glucose in solution (as in the cell)

typically exists as a ring of five carbons
and one oxygen. It assumes this config-
uration when its atoms undergo a rear-
rangement, permitting a covalent bond to connect carbon 1 to
the oxygen attached to carbon 5 (I Fig. 3-7).When glucose forms
a ring, two isomeric forms are possible, differing only in orienta-
tion of the hydroxyl (—OH) group attached to carbon 1. When
this hydroxyl group is on the same side of the plane of the ring as
the —CH,OH side group, the glucose is designated beta glucose
(B-glucose).When it is on the side (with respect to the plane of
the ring) opposite the —CH,OH side group, the compound is
designated alpha glucose (a-glucose). Although the differences
between these isomers may seem small, they have important con-
sequences when the rings join to form polymers.

Disaccharides consist
of two monosaccharide units

A disaccharide (two sugars) contains two monosaccharide rings
joined by a glycosidic linkage, consisting of a central oxygen
covalently bonded to two carbons, one in each ring (! Fig. 3-8).
The glycosidic linkage of a disaccharide generally forms between
carbon 1 of one molecule and carbon 4 of the other molecule.
The disaccharide maltose (malt sugar) consists of two covalently
linked a-glucose units. Sucrose, common table sugar, consists of
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Figure 3-7 « and B forms of glucose

a glucose unit combined with a fructose unit. Lactose (the sugar
present in milk) consists of one molecule of glucose and one of
galactose.

As shown in Figure 3-8, a disaccharide can be hydrolyzed,
that is, split by the addition of water, into two monosaccharide
units. During digestion, maltose is hydrolyzed to form two mole-
cules of glucose:

Maltose + water — glucose + glucose
Similarly, sucrose is hydrolyzed to form glucose and fructose:

Sucrose + water — glucose + fructose

Polysaccharides can store energy
or provide structure

A polysaccharide is a macromolecule consisting of repeating
units of simple sugars, usually glucose. The polysaccharides are
the most abundant carbohydrates and include starches, glycogen,
and cellulose. Although the precise number of sugar units varies,
thousands of units are typically present in a single molecule. A
polysaccharide may be a single long chain or a branched chain.
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Glycosidic linkage
6 CH,OH 6CH,OH

CH,OH

CH,OH

H o H H o H
+ [HO _ Enzyme OH  H % OH  H
H HO OH [HO OH
H OH H OH

Maltose Glucose Glucose
C12H22011 CGH‘IZOS CGH1206
(a) Maltose may be broken down (as during digestion) to form two
molecules of glucose.The glycosidic linkage is broken in a hydrolysis
reaction, which requires the addition of water.
CH,OH CH,OH
H O H HOCH, _0O H H O H HO'CH, _0O H
H E H
OH H H Ho ) + MO [ OH H H HO S
HO o) CH,0H HO OH [HO o/ CH,OH
6
OH OH OH OH H
Sucrose Glucose Fructose
C12H22011 CGH1206 CG H1206

(b) Sucrose can be hydrolyzed to yield a molecule of glucose and a

molecule of fructose.

Figure 3-8 Hydrolysis of disaccharides

Note that an enzyme is needed to promote these reactions.

Because they are composed of different isomers and because the
units may be arranged differently, polysaccharides vary in their
properties. Those that can be easily broken down to their sub-
units are well suited for energy storage, whereas the macromo-
lecular 3-D architecture of others makes them particularly well
suited to form stable structures.

Starch, the typical form of carbohydrate used for energy
storage in plants, is a polymer consisting of a-glucose subunits.
These monomers are joined by a 1—4 linkages, which means
that carbon 1 of one glucose is linked to carbon 4 of the next
glucose in the chain (I Fig. 3-9). Starch occurs in two forms: amy-
lose and amylopectin. Amylose, the simpler form, is unbranched.
Amylopectin, the more common form, usually consists of about
1000 glucose units in a branched chain.

Plant cells store starch mainly as granules within specialized
organelles called amyloplasts (see Fig. 3-9a); some cells, such as
those of potatoes, are very rich in amyloplasts. When energy is
needed for cell work, the plant hydrolyzes the starch, releasing the
glucose subunits. Virtually all organisms, including humans and
other animals, have enzymes that can break o 1—4 linkages.

Glycogen (sometimes referred to as animal starch) is the
form in which glucose subunits, joined by @ 1—4 linkages, are

stored as an energy source in animal tissues. Glycogen is similar
in structure to plant starch but more extensively branched and
more water soluble. In vertebrates, glycogen is stored mainly in
liver and muscle cells.

Carbohydrates are the most abundant group of organic com-
pounds on Earth, and cellulose is the most abundant carbohy-
drate; it accounts for 50% or more of all the carbon in plants
(¥ Fig. 3-10). Cellulose is a structural carbohydrate. Wood is about
half cellulose, and cotton is at least 90% cellulose. Plant cells are
surrounded by strong supporting cell walls consisting mainly of
cellulose.

Cellulose is an insoluble polysaccharide composed of many
joined glucose molecules. The bonds joining these sugar units
are different from those in starch. Recall that starch is composed
of a-glucose subunits, joined by & 1—4 glycosidic linkages. Cel-
lulose contains B-glucose monomers joined by 8 1—4 linkages.
These bonds cannot be split by the enzymes that hydrolyze the
« linkages in starch. Because humans, like other animals, lack
enzymes that digest cellulose, we cannot use it as a nutrient. The
cellulose found in whole grains and vegetables remains fibrous
and provides bulk that helps keep our digestive tract functioning

properly.
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Some microorganisms digest cellulose to glucose. In fact,
cellulose-digesting bacteria live in the digestive systems of cows
and sheep, enabling these grass-eating animals to obtain nourish-
ment from cellulose. Similarly, the digestive systems of termites
contain microorganisms that digest cellulose (see Fig. 25-5b).

Cellulose molecules are well suited for a structural role. The
B-glucose subunits are joined in a way that allows extensive hy-
drogen bonding among different cellulose molecules, and they
aggregate in long bundles of fibers (see Fig. 3-10a).

Amyloplasts

Some modified and complex
carbohydrates have special roles

Many derivatives of monosaccharides are important biological
molecules. Some form important structural components. The
amino sugars galactosamine and glucosamine are compounds in
which a hydroxyl group (—OH) is replaced by an amino group
(—NH,). Galactosamine is present in cartilage, a constituent of
the skeletal system of vertebrates. N-acetyl glucosamine (NAG)
subunits, joined by glycosidic bonds, compose chitin, a main
component of the cell walls of fungi and of the external skeletons
of insects, crayfish, and other arthropods (I Fig. 3-11).
Chitin forms very tough structures because, as in cellu-
lose, its molecules interact through multiple hydrogen
bonds. Some chitinous structures, such as the shell of a
lobster, are further hardened by the addition of calcium
carbonate (CaCOj3, an inorganic form of carbon).
Carbohydrates may also combine with proteins to
form glycoproteins, compounds present on the outer
surface of cells other than bacteria. Some of these car-
bohydrate chains allow cells to adhere to one another,
whereas others provide protection. Most proteins se-
creted by cells are glycoproteins. These include the

100 um

(a) Starch (stained purple) is stored in specialized
organelles, called amyloplasts, in these cells of a
buttercup root.

Starch

(b) Starch is composed of a-glucose molecules joined by glycosidic bonds.
At the branch points are bonds between carbon 6 of the glucose in the
straight chain and carbon 1 of the glucose in the branching chain.
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(c) Starch consists of highly branched chains;
the arrows indicate the branch points. Each
chain is actually a coil or helix, stabilized by
hydrogen bonds between the hydroxyl groups
of the glucose subunits.

I Figure 3-9 Animated Starch, a storage polysaccharide
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major components of mucus, a protective material secreted
by the mucous membranes of the respiratory and digestive
systems. Carbohydrates combine with lipids to form glyco-
lipids, compounds on the surfaces of animal cells that allow
cells to recognize and interact with one another.

Review

I What features related to hydrogen bonding give stor-
age polysaccharides, such as starch and glycogen, dif-
ferent properties from structural polysaccharides, such
as cellulose and chitin?

Omikron /Photo Researchers, Inc.

I Why can't humans digest cellulose?

1um

(a) An electron micrograph of cellulose fibers
from a cell wall. The fibers consist of bundles
of cellulose molecules that interact through
hydrogen bonds.

CH,OH H  OH CH,OH
H H H H
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Cellulose

(b) The cellulose molecule is an unbranched polysaccharide consisting
of about 10,000 B-glucose units joined by glycosidic bonds.

I Figure 3-10 Animated Cellulose, a structural polysaccharide

N-acetyl glucosamine

CH,OH H NHCOCH, CH,OH H NHCOCH,
H o ,0 H H o ,0 H
H OH H H OH H
OH H H OH H H o
H H o) H H 0
H NHCOCH, CH,OH H NHCOCH, CH,OH
Chitin

Dwight R. Kuhn

(a) Chitin is a polymer composed of N-acetyl glucosamine subunits.

(b) Chitin is an important component
of the exoskeleton (outer covering)
this dragonfly is shedding.

I Figure 3-11  Chitin, a structural polysaccharide
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Learning Objective

6 Distinguish among fats, phospholipids, and steroids, and
describe the composition, characteristics, and biologjical
functions of each.

Unlike carbohydrates, which are defined by their structure, lipids
are a heterogeneous group of compounds that are categorized by
the fact that they are soluble in nonpolar solvents (such as ether
and chloroform) and are relatively insoluble in water. Lipid mole-
cules have these properties because they consist mainly of carbon
and hydrogen, with few oxygen-containing functional groups.
Hydrophilic functional groups typically contain oxygen atoms;
therefore, lipids, which have little oxygen, tend to be hydropho-
bic. Among the biologically important groups of lipids are fats,
phospholipids, carotenoids (orange and yellow plant pigments),
steroids, and waxes. Some lipids are used for energy storage, oth-
ers serve as structural components of cell membranes, and some
are important hormones.
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Triacylglycerol is formed from glycerol
and three fatty acids

The most abundant lipids in living organisms are triacylglycerols.
These compounds, commonly known as fats, are an economical
form of reserve fuel storage because, when metabolized, they yield
more than twice as much energy per gram as do carbohydrates.
Carbohydrates and proteins can be transformed by enzymes into
fats and stored within the cells of adipose (fat) tissue of animals
and in some seeds and fruits of plants.

A triacylglycerol molecule (also known as a triglyceride) con-
sists of glycerol joined to three fatty acids (I Fig. 3-12). Glycerol
is a three-carbon alcohol that contains three hydroxyl (—OH)
groups, and a fatty acid is a long, unbranched hydrocarbon chain
with a carboxyl group (—COOH) at one end. A triacylglycerol
molecule is formed by a series of three condensation reactions.
In each reaction, the equivalent of a water molecule is removed
as one of the glycerol’s hydroxyl groups reacts with the carboxyl
group of a fatty acid, resulting in the formation of a covalent link-
age known as an ester linkage (see Fig. 3-12b). The first reaction
yields a monoacylglycerol (monoglyceride); the second, a diacyl-
glycerol (diglyceride); and the third, a triacylglycerol. During di-
gestion, triacylglycerols are hydrolyzed to produce fatty acids and
glycerol (see Chapter 46). Diacylglycerol is an important mole-
cule for sending signals within the cell (see Chapters 6 and 48).

Saturated and unsaturated fatty acids
differ in physical properties

About 30 different fatty acids are commonly found in lipids, and
they typically have an even number of carbon atoms. For exam-
ple, butyric acid, present in rancid butter, has 4 carbon atoms.
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(e) Linoleic acid

A triacylglycerol

I Figure 3-12 Animated Triacylglycerol, the main storage lipid

(a) Glycerol and fatty acids are the components of fats. (b) Glycerol
is attached to fatty acids by ester linkages (in gray). The space-filling
models show the actual shapes of the fatty acids. (c) Palmitic acid, a
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saturated fatty acid, is a straight chain. (d) Oleic acid (monounsatu-
rated) and (e) linoleic acid (polyunsaturated) are bent or kinked wher-
ever a carbon-to-carbon double bond appears.
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Oleic acid, with 18 carbons, is the most widely distributed fatty
acid in nature and is found in most animal and plant fats.

Saturated fatty acids contain the maximum possible num-
ber of hydrogen atoms. Palmitic acid, a 16-carbon fatty acid,
is a common saturated fatty acid (see Fig. 3-12c¢). Fats high in
saturated fatty acids, such as animal fat and solid vegetable short-
ening, tend to be solid at room temperature. The reason is that
even electrically neutral, nonpolar molecules can develop tran-
sient regions of weak positive charge and weak negative charge.
This occurs as the constant motion of their electrons causes
some regions to have a temporary excess of electrons, whereas
others have a temporary electron deficit. These slight opposite
charges result in van der Waals interactions between adjacent
molecules (see Chapter 2). Although van der Waals interactions
are weak attractions, they are strong when many occur among
long hydrocarbon chains. These van der Waals interactions tend
to make a substance more solid by limiting the motion of its
molecules.

Unsaturated fatty acids include one or more adjacent pairs
of carbon atoms joined by a double bond. Therefore, they are not
fully saturated with hydrogen. Fatty acids with one double bond
are monounsaturated fatty acids, whereas those with more than
one double bond are polyunsaturated fatty acids. Oleic acid is a
monounsaturated fatty acid, and linoleic acid is a common poly-
unsaturated fatty acid (see Fig. 3-12d and e). Fats containing a
high proportion of monounsaturated or polyunsaturated fatty
acids tend to be liquid at room temperature. The reason is that
each double bond produces a bend in the hydrocarbon chain that
prevents it from aligning closely with an adjacent chain, thereby
limiting van der Waals interactions and permitting freer molecu-
lar motion.

Food manufacturers commonly hydrogenate or partially hy-
drogenate cooking oils to make margarine and other foodstuffs,
converting unsaturated fatty acids to saturated fatty acids and
making the fat more solid at room temperature. This process
makes the fat less healthful because saturated fatty acids in the
diet are known to increase the risk of cardiovascular disease (see
Chapter 43). The hydrogenation process has yet another effect.
Note that in the naturally occurring unsaturated fatty acids oleic
acid and linoleic acid shown in Figure 3-12, the two hydrogens
flanking each double bond are on the same side of the hydro-
carbon chain (the cis configuration). When fatty acids are arti-
ficially hydrogenated, the double bonds can become rearranged,
resulting in a trans configuration, analogous to the arrangement
shown in Figure 3-3b. Trans fatty acids are technically unsatu-
rated, but they mimic many of the properties of saturated fatty
acids. Because the trans configuration does not produce a bend
at the site of the double bond, trans fatty acids are more solid at
room temperature; like saturated fatty acids, they increase the risk
of cardiovascular disease.

At least two unsaturated fatty acids (linoleic acid and arachi-
donic acid) are essential nutrients that must be obtained from
food because the human body cannot synthesize them. However,
the amounts required are small, and deficiencies are rarely seen.
There is no dietary requirement for saturated fatty acids.

Phospholipids are components
of cell membranes

Phospholipids belong to a group of lipids called amphipathic
lipids, in which one end of each molecule is hydrophilic and
the other end is hydrophobic (I Fig. 3-13). The two ends of a
phospholipid differ both physically and chemically. A phospho-
lipid consists of a glycerol molecule attached at one end to two
fatty acids and at the other end to a phosphate group linked to
an organic compound such as choline. The organic compound
usually contains nitrogen. (Note that phosphorus and nitrogen
are absent in triacylglycerols, as shown in Figure 3-12b.) The fatty
acid portion of the molecule (containing the two hydrocarbon
“tails”) is hydrophobic and not soluble in water. However, the
portion composed of glycerol, phosphate, and the organic base
(the “head” of the molecule) is ionized and readily water solu-
ble. The amphipathic properties of phospholipids cause them to
form lipid bilayers in aqueous (watery) solution. Thus, they are
uniquely suited as the fundamental components of cell mem-
branes (discussed in Chapter 5).

Carotenoids and many other pigments
are derived from isoprene units

The orange and yellow plant pigments called carotenoids are
classified with the lipids because they are insoluble in water and
have an oily consistency. These pigments, found in the cells of
plants, play a role in photosynthesis. Carotenoid molecules, such
as (B-carotene, and many other important pigments, consist of
five-carbon hydrocarbon monomers known as isoprene units
(¥ Fig. 3-14).

Most animals convert carotenoids to vitamin A, which can
then be converted to the visual pigment retinal. Three groups of
animals—the mollusks, insects, and vertebrates—have eyes that
use retinal in the process of light reception.

Notice that carotenoids, vitamin A, and retinal all have a pat-
tern of double bonds alternating with single bonds. The electrons
that make up these bonds can move about relatively easily when
light strikes the molecule. Such molecules are pigments; they tend
to be highly colored because the mobile electrons cause them to
strongly absorb light of certain wavelengths and reflect light of
other wavelengths.

Steroids contain four rings
of carbon atoms

A steroid consists of carbon atoms arranged in four attached
rings; three of the rings contain six carbon atoms, and the fourth

contains five (I Fig. 3-15). The length and structure of the side
chains that extend from these rings distinguish one steroid from
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Key Point

A lipid bilayer forms when phospholipids interact with water.
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(a) Phospholipid (lecithin). A phospholipid consists of a hydrophobic
tail, made up of two fatty acids, and a hydrophilic head, which
includes a glycerol bonded to a phosphate group, which is in turn
bonded to an organic group that can vary. Choline is the organic
group in lecithin (or phosphatidylcholine), the molecule shown. The
fatty acid at the top of the figure is monounsaturated; it contains one
double bond that produces a characteristic bend in the chain.

(b) Phospholipid bilayer. Phospholipids form
lipid bilayers in which the hydrophilic heads
interact with water and the hydrophobic tails
are in the bilayer interior.

I Figure 3-13 Animated A phospholipid and a phospholipid bilayer

another. Like carotenoids, steroids are synthesized from isoprene
units.

Among the steroids of biological importance are cholesterol,
bile salts, reproductive hormones, and cortisol and other hor-
mones secreted by the adrenal cortex. Cholesterol is an essential
structural component of animal cell membranes, but when ex-
cess cholesterol in blood forms plaques on artery walls, the risk
of cardiovascular disease increases (see Chapter 43).

Plant cell membranes contain molecules similar to choles-
terol. Interestingly, some of these plant steroids block the in-
testine’s absorption of cholesterol. Bile salts emulsify fats in the
intestine so they can be enzymatically hydrolyzed. Steroid hor-
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mones regulate certain aspects of metabolism in a variety of ani-
mals, including vertebrates, insects, and crabs.

Some chemical mediators are lipids

Animal cells secrete chemicals to communicate with one another
or to regulate their own activities. Some chemical mediators are
produced by the modification of fatty acids that have been re-
moved from membrane phospholipids. These include prosta-
glandins, which have varied roles, including promoting inflam-
mation and smooth muscle contraction. Certain hormones, such
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Figure 3-14 Isoprene-derived compounds
(a) An isoprene subunit. (b) B-carotene, with dashed lines indicating
the boundaries of the individual isoprene units within. The wavy line
is the point at which most animals cleave the molecule to yield two
molecules of (¢) vitamin A. Vitamin A is converted to the visual pigment
(d) retinal.

as the juvenile hormone of insects, are also fatty acid derivatives
(discussed in Chapter 48).

Review

I Why do saturated, unsaturated, and trans fatty acids differ
in their properties?

I Why do phospholipids form lipid bilayers in aqueous
conditions?
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(a) Cholesterol is an essential component of animal
cell membranes.

Cholesterol

CH,OH
cC=—0
CHs
HO OH
CHs
(0)
Cortisol

(b) Cortisol is a steroid hormone secreted by the
adrenal glands.

Figure 3-15 Steroids

Four attached rings—three six-carbon rings and one with five
carbons—make up the fundamental structure of a steroid (shown in
green). Note that some carbons are shared by two rings. In these sim-
plified structures, a carbon atom is present at each angle of a ring; the
hydrogen atoms attached directly to the carbon atoms have not been
drawn. Steroids are mainly distinguished by their attached functional
groups.

I PROTEINS

Learning Objectives
7  Give an overall description of the structure and functions of
proteins.

8 Describe the features that are shared by all amino acids, and
explain how amino acids are grouped into classes based on
the characteristics of their side chains.

9 Distinguish among the four levels of organization of protein
molecules.

Proteins, macromolecules composed of amino acids, are the
most versatile cell components. As will be discussed in Chap-
ter 16, scientists have succeeded in sequencing virtually all the
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Figure 3-16 Animated The 20 common amino acids

(a) Nonpolar amino acids have side chains that are relatively hydrophobic, whereas (b) polar amino
acids have relatively hydrophilic side chains. Carboxyl groups and amino groups are electrically
charged at cell pH; therefore, (¢) acidic and (d) basic amino acids are hydrophilic. The standard three-
letter and one-letter abbreviations appear beside the amino acid names.



TABLE 3-2

Major Classes of Proteins and Their Functions

Protein Class Functions and Examples

Enzymes Catalyze specific chemical reactions

Structural proteins Strengthen and protect cells and tissues

(e.g., collagen strengthens animal tissues)

Storage proteins Store nutrients; particularly abundant in
eggs (e.g., ovalbumin in egg white) and

seeds (e.g., zein in corn kernels)

Transport proteins Transport specific substances between

cells (e.g., hemoglobin transports oxygen in
red blood cells); move specific substances
(e.g., ions, glucose, amino acids) across cell

membranes

Regulatory proteins Some are protein hormones (e.g., insulin);
some control the expression of specific

genes

Motile proteins Participate in cellular movements (e.g.,
actin and myosin are essential for muscle

contraction)

Protective proteins Defend against foreign invaders (e.g., anti-

bodies play a role in the immune system)

genetic information in a human cell, and the genetic information
of many other organisms is being studied. Some people might
think that the sequencing of genes is the end of the story, but it
is actually only the beginning. Most genetic information is used
to specify the structure of proteins, and biologists may devote
most of the 21st century to understanding these extraordinarily
multifaceted macromolecules that are of central importance in
the chemistry of life. In a real sense, proteins are involved in vir-
tually all aspects of metabolism because most enzymes, molecules
that accelerate the thousands of different chemical reactions that
take place in an organism, are proteins.

Proteins are assembled into a variety of shapes, allowing
them to serve as major structural components of cells and tis-
sues. For this reason, growth and repair, as well as maintenance
of the organism, depend on proteins. As shown in I Table 3-2,
proteins perform many other functions. Each cell type contains
characteristic forms, distributions, and amounts of protein that
largely determine what the cell looks like and how it functions.
A muscle cell contains large amounts of the proteins myosin and
actin, which are responsible for its appearance as well as its ability
to contract. The protein hemoglobin, found in red blood cells, is
responsible for the specialized function of oxygen transport.

Amino acids are the subunits of proteins

Amino acids, the constituents of proteins, have an amino group
(—NH,) and a carboxyl group (—COOH) bonded to the same

62 Chapter 3

asymmetrical carbon atom, known as the alpha carbon. Twenty
amino acids are commonly found in proteins, each identified
by the variable side chain (R group) bonded to the a carbon
(I Fig. 3-16). Glycine, the simplest amino acid, has a hydrogen
atom as its R group; alanine has a methyl (—CH,;) group.

Amino acids in solution at neutral pH are mainly dipolar
ions. This is generally how amino acids exist at cell pH. Each car-
boxyl group (—COOH) donates a proton and becomes ionized
(—COO"), whereas each amino group (—NH,) accepts a pro-
ton and becomes —NH;" (I Fig. 3-17). Because of the ability of
their amino and carboxyl groups to accept and release protons,
amino acids in solution resist changes in acidity and alkalinity
and therefore are important biological buffers.

The amino acids are grouped in Figure 3-16 by the proper-
ties of their side chains. These broad groupings actually include
amino acids with a fairly wide range of properties. Amino ac-
ids classified as having nonpolar side chains tend to have hydro-
phobic properties, whereas those classified as polar are more
hydrophilic. An acidic amino acid has a side chain that contains
a carboxyl group. At cell pH the carboxyl group is dissociated,
giving the R group a negative charge. A basic amino acid becomes
positively charged when the amino group in its side chain accepts
a hydrogen ion. Acidic and basic side chains are ionic at cell pH
and therefore hydrophilic.

Some proteins have unusual amino acids in addition to the
20 common ones. These rare amino acids are produced by the
modification of common amino acids after they have become
part of a protein. For example, after they have been incorporated
into collagen, lysine and proline may be converted to hydroxyly-
sine and hydroxyproline. These amino acids can form cross links
between the peptide chains that make up collagen. Such cross
links produce the firmness and great strength of the collagen
molecule, which is a major component of cartilage, bone, and
other connective tissues.

With some exceptions, prokaryotes and plants synthesize
all their needed amino acids from simpler substances. If the
proper raw materials are available, the cells of animals can man-
ufacture some, but not all, of the biologically significant amino
acids. Essential amino acids are those an animal cannot syn-
thesize in amounts sufficient to meet its needs and must obtain
from the diet. Animals differ in their biosynthetic capacities;
what is an essential amino acid for one species may not be for
another.

The essential amino acids for humans are isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan, valine,
and histidine. Arginine is added to the list for children because
they do not synthesize enough to support growth.

Peptide bonds join amino acids

Amino acids combine chemically with one another by a conden-
sation reaction that bonds the carboxyl carbon of one molecule
to the amino nitrogen of another (I Fig. 3-18). The covalent
carbon-to-nitrogen bond linking two amino acids is a peptide
bond. When two amino acids combine, a dipeptide is formed; a
longer chain of amino acids is a polypeptide. A protein consists
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Figure 3-17 An amino acid at pH 7

In living cells, amino acids exist mainly in their ionized form, as dipolar
ions.

of one or more polypeptide chains. Each polypeptide has a free
amino group at one end and a free carboxyl group (belonging
to the last amino acid added to the chain) at the opposite end.
The other amino and carboxyl groups of the amino acid mono-
mers (except those in side chains) are part of the peptide bonds.
The process by which polypeptides are synthesized is discussed
in Chapter 13.

A polypeptide may contain hundreds of amino acids joined
in a specific linear order. The backbone of the polypeptide chain
includes the repeating sequence

N—C—C=N—C—C=N—C—C

plus all other atoms except those in the R groups. The R groups of
the amino acids extend from this backbone.

An almost infinite variety of protein molecules is possible,
differing from one another in the number, types, and sequences
of amino acids they contain. The 20 types of amino acids found in
proteins may be thought of as letters of a protein alphabet; each
protein is a very long sentence made up of amino acid letters.

Proteins have four levels of organization

The polypeptide chains making up a protein are twisted or folded
to form a macromolecule with a specific conformation, or 3-D
shape. Some polypeptide chains form long fibers. Globular pro-

Alanine

Glycine

teins are tightly folded into compact, roughly spherical shapes.
Thereis a close relationship between a protein’s conformation and
its function. For example, a typical enzyme is a globular protein
with a unique shape that allows it to catalyze a specific chemical
reaction. Similarly, the shape of a protein hormone enables it to
combine with receptors on its target cell (the cell on which the
hormone acts). Scientists recognize four main levels of protein
organization: primary, secondary, tertiary, and quaternary.

Primary structure is the amino
acid sequence

The sequence of amino acids, joined by peptide bonds, is the
primary structure of a polypeptide chain. As discussed in Chap-
ter 13, this sequence is specified by the instructions in a gene.
Using analytical methods, investigators can determine the ex-
act sequence of amino acids in a protein molecule. The primary
structures of thousands of proteins are known. For example, glu-
cagon, a hormone secreted by the pancreas, is a small polypep-
tide, consisting of only 29 amino acid units (I Fig. 3-19).

Primary structure is always represented in a simple, linear,
“beads-on-a-string” form. However, the overall conformation of
a protein is far more complex, involving interactions among the
various amino acids that make up the primary structure of the
molecule. Therefore, the higher orders of structure—secondary,
tertiary, and quaternary—ultimately derive from the specific
amino acid sequence (the primary structure).

Secondary structure results from hydrogen
bonding involving the backbone

Some regions of a polypeptide exhibit secondary structure,
which is highly regular. The two most common types of secondary
structure are the a-helix and the B-pleated sheet; the designations
a and B refer simply to the order in which these two types of sec-
ondary structure were discovered. An a-helix is a region where a
polypeptide chain forms a uniform helical coil (I Fig. 3-20a). The
helical structure is determined and maintained by the formation

Peptide bond

H H H
Glycylalanine (a dipeptide)

Figure 3-18 Animated Peptide bonds

A dipeptide is formed by a condensation reaction, that is, by the
removal of the equivalent of a water molecule from the carboxyl group
of one amino acid and the amino group of another amino acid. The
resulting peptide bond is a covalent, carbon-to-nitrogen bond. Note

that the carbon is also part of a carbonyl group, and that the nitrogen
is also covalently bonded to a hydrogen. Additional amino acids can
be added to form a long polypeptide chain with a free amino group at
one end and a free carboxyl group at the other.
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I Figure 3-19 Primary structure of a polypeptide

Glucagon is a very small polypeptide made up of 29 amino acids. The linear sequence of amino acids is indicated by ovals containing their abbrevi-

ated names (see Fig. 3-16).

of hydrogen bonds between the backbones of the amino acids in
successive turns of the spiral coil.

Each hydrogen bond forms between an oxygen with a partial
negative charge and a hydrogen with a partial positive charge. The
oxygen is part of the remnant of the carboxyl group of one amino
acid; the hydrogen is part of the remnant of the amino group of

Key Point

Secondary structure is highly regular.

C

(a) In an a-helix the R groups project out from the sides. (The
R groups have been omitted in the simplified diagram at left.)

(b) A B-pleated sheet forms when a polypeptide chain folds
back on itself (arrows); half the R groups project above the
sheet, and the other half project below it.

Hydrogen bonds
hold helix coils

0]
Cc
N
Cc
°© o
N c :
C - i
SN in shape
. C
o c
N
Cc
Cc
N

Hydrogen bonds
hold neighboring
strands of sheet
together

the fourth amino acid down the chain. Thus, 3.6 amino acids are
included in each complete turn of the helix. Every amino acid in
an a-helix is hydrogen bonded in this way.

The a-helix is the basic structural unit of some fibrous pro-
teins that make up wool, hair, skin, and nails. The elasticity of
these fibers is due to a combination of physical factors (the heli-

KEY:

@ Carbon atom
@ Oxygen atom
@ Nitrogen atom
) Hydrogen atom
@ R group

I Figure 3-20 Animated Secondary structure of a protein
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Key Point

Tertiary structure depends on side chain interactions.

lonic bond

Hydrogen

bond
C-CHs

Y,

o’

Disulfide bond interaction

(a) Hydrogen bonds, ionic bonds, hydrophobic interactions,
and disulfide bridges between R groups hold the parts of
the molecule in the designated shape.

Hydrophobic

Jane Richardson

(b) In this drawing, a-helical regions are
represented by purple coils, B-pleated sheets by
broad green ribbons, and connecting regions by
narrow tan ribbons. The interactions among R
groups that stabilize the bends and foldbacks
that give the molecule its overall conformation
(tertiary structure) are represented in yellow. This
protein is bovine ribonuclease a.

I Figure 3-21 Animated Tertiary structure of a protein

cal shape) and chemical factors (hydrogen bonding). Although
hydrogen bonds maintain the helical structure, these bonds can
be broken, allowing the fibers to stretch under tension (like a
telephone cord). When the tension is released, the fibers recoil
and hydrogen bonds re-form. This explains why you can stretch
the hairs on your head to some extent and they will snap back to
their original length.

The hydrogen bonding in a B-pleated sheet takes place be-
tween different polypeptide chains, or different regions of a poly-
peptide chain that has turned back on itself (! Fig. 3-20b). Each
chain is fully extended; however, because each has a zigzag struc-
ture, the resulting “sheet” has an overall pleated conformation
(much like a sheet of paper that has been folded to make a fan).
Although the pleated sheet is strong and flexible, it is not elastic,
because the distance between the pleats is fixed, determined by
the strong covalent bonds of the polypeptide backbones. Fibroin,
the protein of silk, is characterized by a B-pleated sheet structure,
as are the cores of many globular proteins.

It is not uncommon for a single polypeptide chain to include
both a-helical regions and regions with B-pleated sheet confor-
mations. The properties of some biological materials result from
such combinations. A spider’s web is composed of a material
that is extremely strong, flexible, and elastic. Once again we see

function and structure working together, as these properties de-
rive from the fact that spider silk is a composite of proteins with
a-helical conformations (providing elasticity) and others with
B-pleated sheet conformations (providing strength).

Tertiary structure depends on interactions
among side chains

The tertiary structure of a protein molecule is the overall shape
assumed by each individual polypeptide chain (I Fig. 3-21). This
3-D structure is determined by four main factors that involve in-
teractions among R groups (side chains) belonging to the same
polypeptide chain. These include both weak interactions (hy-
drogen bonds, ionic bonds, and hydrophobic interactions) and
strong covalent bonds.

1. Hydrogen bonds form between R groups of certain amino
acid subunits.

2. Anionic bond can occur between an R group with a unit of
positive charge and one with a unit of negative charge.

3. Hydrophobic interactions result from the tendency of non-

polar R groups to be excluded by the surrounding water and
therefore to associate in the interior of the globular structure.
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Key Point

Beta chain
(B-globin) Alpha chain

e (o-globin)

Beta chain
(B-globin)

Alpha chain
(o-globin)

(a) Hemoglobin, a globular protein, consists
of four polypeptide chains, each joined to an
iron-containing molecule, a heme.

Proteins with two or more polypeptide chains have quaternary structure.

(b) Collagen, a fibrous protein,
is a triple helix consisting of
three long polypeptide chains.

chains called alpha chains and two identi-
cal chains called beta chains.

Collagen, mentioned previously, has
a fibrous type of quaternary structure that
allows it to function as the major strength-
ener of animal tissues. It consists of three
polypeptide chains wound about one an-
other and bound by cross links between
a their amino acids (! Fig. 3-22b).

o

J The amino acid sequence

of a protein determines
its conformation

In 1996, researchers at the University of
Illinois at Champaign—Urbana devised a
sophisticated test of the hypothesis that the
conformation of a protein is dictated by

L Y
-

its amino acid sequence. They conducted
an experiment in which they completely
unfolded myoglobin, a polypeptide that
stores oxygen in muscle cells, and then
tracked the refolding process. They found
that within a few fractions of a microsec-
ond the molecule had coiled up to form

Figure 3-22 Quaternary structure of a protein

4. Covalent bonds known as disulfide bonds or disulfide bridges
(—S—S—) may link the sulfur atoms of two cysteine
subunits belonging to the same chain. A disulfide bridge
forms when the sulfhydryl groups of two cysteines react; the
two hydrogens are removed, and the two sulfur atoms that
remain become covalently linked.

Quaternary structure results from interactions
among polypeptides

Many functional proteins are composed of two or more polypep-
tide chains, interacting in specific ways to form the biologically
active molecule. Quaternary structure is the resulting 3-D struc-
ture. The same types of interactions that produce secondary and
tertiary structure also contribute to quaternary structure; these
include hydrogen bonding, ionic bonding, hydrophobic inter-
actions, and disulfide bridges.

A functional antibody molecule, for example, consists of four
polypeptide chains joined by disulfide bridges (see Chapter 44).
Disulfide bridges are a common feature of antibodies and other
proteins secreted from cells. These strong bonds stabilize the
molecules in the extracellular environment.

Hemoglobin, the protein in red blood cells responsible for
oxygen transport, is an example of a globular protein with a
quaternary structure (I Fig. 3-22a). Hemoglobin consists of 574
amino acids arranged in four polypeptide chains: two identical
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a-helices, and within 4 microseconds for-
mation of the tertiary structure was com-
pleted. Thus, these researchers demonstrated that, at least under
defined experimental conditions in vitro (outside a living cell),
a polypeptide can spontaneously undergo folding processes that
yield its normal, functional conformation. Since this pioneering
work, these and other researchers studying various proteins and
using a variety of approaches have amassed evidence supporting
the widely held conclusion that amino acid sequence is the ulti-
mate determinant of protein conformation.

However, because conditions in vivo (in the cell) are quite
different from defined laboratory conditions, proteins do not
always fold spontaneously. On the contrary, scientists have
learned that proteins known as molecular chaperones mediate
the folding of other protein molecules. Molecular chaperones are
thought to make the folding process more orderly and efficient
and to prevent partially folded proteins from becoming inappro-
priately aggregated. However, there is no evidence that molecular
chaperones actually dictate the folding pattern. For this reason,
the existence of chaperones is not an argument against the idea
that amino acid sequence determines conformation.

Protein conformation determines function

The overall structure of a protein helps determine its biologi-
cal activity. A single protein may have more than one distinct
structural region, called a domain, each with its own function.
Many proteins are modular, consisting of two or more globular
domains, connected by less compact regions of the polypeptide
chain.
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Each domain may have a different function. For example, a
protein may have one domain that attaches to a membrane and
another that acts as an enzyme. The biological activity of a protein
can be disrupted by a change in amino acid sequence that results
in a change in conformation. For example, the genetic disease
known as sickle cell anemia is due to a mutation that causes the
substitution of the amino acid valine for glutamic acid at posi-
tion 6 (the sixth amino acid from the amino end) in the beta
chain of hemoglobin. The substitution of valine (which has
a nonpolar side chain) for glutamic acid (which has a charged
side chain) makes the hemoglobin less soluble and more likely
to form crystal-like structures. This alteration of the hemoglobin
affects the red blood cells, changing them to the crescent or sickle
shapes that characterize this disease (see Fig. 16-7).

The biological activity of a protein may be affected by changes
in its 3-D structure. When a protein is heated, subjected to sig-
nificant pH changes, or treated with certain chemicals, its struc-
ture becomes disordered and the coiled peptide chains unfold,
yielding a more random conformation. This unfolding, which
is mainly due to the disruption of hydrogen bonds and ionic
bonds, is typically accompanied by a loss of normal function.
Such changes in shape and the accompanying loss of biological
activity are termed denaturation of the protein.

For example, a denatured enzyme would lose its ability to
catalyze a chemical reaction. An everyday example of denatura-
tion occurs when we fry an egg. The consistency of the egg white
protein, known as albumin, changes to a solid. Denaturation gen-
erally cannot be reversed (you cannot “unfry” an egg). However,
under certain conditions, some proteins have been denatured
and have returned to their original shape and biological activity
when normal environmental conditions were restored.

Protein conformation is studied through
a variety of methods

The architecture of a protein can be ascertained directly through
various types of analysis, such as the X-ray diffraction studies
discussed in Chapter 12. Because these studies are tedious and
costly, researchers are developing alternative approaches, which
rely heavily on the enormous databases generated by the Human
Genome Project and related initiatives.

Today a protein’s primary structure can be determined rap-
idly through the application of genetic engineering techniques
(discussed in Chapter 15) or by the use of sophisticated technol-
ogy such as mass spectrometry. Researchers use these amino acid
sequence data to predict a protein’s higher levels of structure. As
you have seen, side chains interact in relatively predictable ways,
such as through ionic and hydrogen bonds. In addition, regions
with certain types of side chains are more likely to form a-helices
or 3-pleated sheets. Computer programs make such predictions,
but these are often imprecise because of the many possible com-
binations of folding patterns.

Computers are an essential part of yet another strategy. Once
the amino acid sequence of a polypeptide has been determined,
researchers use computers to search databases to find polypep-
tides with similar sequences. If the conformations of any of those

polypeptides or portions have already been determined directly
by X-ray diffraction or other techniques, this information can
be extrapolated to make similar correlations between amino acid
sequence and 3-D structure for the protein under investigation.
These predictions are increasingly reliable, as more information
is added to the databases every day.

Review

I Draw the structural formula of a simple amino acid. What
is the importance of the carboxyl group, amino group, and
R group?

I How does the primary structure of a polypeptide influence its
secondary and tertiary structures?

I NUCLEIC ACIDS

Learning Objective

10 Describe the components of a nucleotide. Name some
nucleic acids and nucleotides, and discuss the importance
of these compounds in living organisms.

Nucleic acids transmit hereditary information and determine
what proteins a cell manufactures. Two classes of nucleic acids
are found in cells: deoxyribonucleic acid and ribonucleic acid.
Deoxyribonucleic acid (DNA) composes the genes, the heredi-
tary material of the cell, and contains instructions for making all
the proteins, as well as all the RNA the organism needs. Ribonu-
cleic acid (RNA) participates in the process in which amino ac-
ids are linked to form polypeptides. Some types of RNA, known
as ribozymes, can even act as specific biological catalysts. Like
proteins, nucleic acids are large, complex molecules. The name
nucleic acid reflects the fact that they are acidic and were first
identified, by Swiss biochemist Friedrich Miescher in 1870, in the
nuclei of pus cells.

Nucleic acids are polymers of nucleotides, molecular units
that consist of (1) a five-carbon sugar, either deoxyribose (in
DNA) or ribose (in RNA); (2) one or more phosphate groups,
which make the molecule acidic; and (3) a nitrogenous base, a
ring compound that contains nitrogen. The nitrogenous base
may be either a double-ring purine or a single-ring pyrimidine
(W Fig. 3-23). DNA commonly contains the purines adenine (A)
and guanine (G), the pyrimidines cytosine (C) and thymine (T),
the sugar deoxyribose, and phosphate. RNA contains the purines
adenine and guanine, and the pyrimidines cytosine and uracil
(U), together with the sugar ribose, and phosphate.

The molecules of nucleic acids are made of linear chains of
nucleotides, which are joined by phosphodiester linkages, each
consisting of a phosphate group and the covalent bonds that at-
tach it to the sugars of adjacent nucleotides (I Fig. 3-24). Note
that each nucleotide is defined by its particular base and that nu-
cleotides can be joined in any sequence. A nucleic acid molecule
is uniquely defined by its specific sequence of nucleotides, which
constitutes a kind of code (see Chapter 13). Whereas RNA is
usually composed of one nucleotide chain, DNA consists of two
nucleotide chains held together by hydrogen bonds and entwined
around each other in a double helix (see Fig. 1-7).
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(a) Pyrimidines. The three major pyrimidine bases found in
nucleotides are cytosine, thymine (in DNA only), and uracil
(in RNA only).

o oo

Adenine (A

Guanine (G

(b) Purines. The two major purine bases found in nucleotides
are adenine and guanine.

I Figure 3-23 Components of nucleotides

The hydrogens indicated by the white boxes are removed when the
base is attached to a sugar.

Some nucleotides are important in energy
transfers and other cell functions

In addition to their importance as subunits of DNA and RNA,
nucleotides perform other vital functions in living cells. Adeno-
sine triphosphate (ATP), composed of adenine, ribose, and three
phosphates (see Fig. 7-5), is of major importance as the primary
energy currency of all cells (see Chapter 7). The two terminal
phosphate groups are joined to the nucleotide by covalent bonds.
These are traditionally indicated by wavy lines, which indicate
that ATP can transfer a phosphate group to another molecule,
making that molecule more reactive. In this way ATP is able to
donate some of its chemical energy. Most of the readily avail-
able chemical energy of the cell is associated with the phosphate
groups of ATP. Like ATP, guanosine triphosphate (GTP), a nu-
cleotide that contains the base guanine, can transfer energy by
transferring a phosphate group and also has a role in cell signal-
ing (see Chapter 6).

A nucleotide may be converted to an alternative form with
specific cell functions. ATP, for example, is converted to cyclic
adenosine monophosphate (cyclic AMP) by the enzyme adeny-
lyl cyclase (¥ Fig. 3-25). Cyclic AMP regulates certain cell func-
tions, such as cell signaling, and is important in the mechanism
by which some hormones act. A related molecule, cyclic guano-
sine monophosphate (cGMP), also plays a role in certain cell
signaling processes.
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I Figure 3-24 RNA, a nucleic acid

Nucleotides, each with a specific base, are joined by phosphodiester
linkages.

Cells contain several dinucleotides, which are of great im-
portance in metabolic processes. For example, as discussed in
Chapter 7, nicotinamide adenine dinucleotide has a primary
role in oxidation and reduction reactions in cells. It can exist in
an oxidized form (NADY) that is converted to a reduced form
(NADH) when it accepts electrons (in association with hydrogen;
see Fig. 7-7). These electrons, along with their energy, are trans-
ferred to other molecules.

Review

I How does the structure of a nucleotide relate to its
function?
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TABLE 3-3

Classes of Biologically Important Organic Compounds

Class and
Component Principal Function
Elements Description How to Recognize in Living Systems
Carbohydrates Contain approximately 1 C:2 H:1 O (but make Count the carbons, Cell fuel; energy storage; structural
C,H,O allowance for loss of oxygen when sugar units hydrogens, and oxygens. component of plant cell walls;
as nucleic acids and glycoproteins are linked) component of other compounds such
as nucleic acids and glycoproteins
1. Monosaccharides (simple sugars). Mainly Look for the ring shapes: Cell fuel; components of other
five-carbon (pentose) molecules such as compounds
ribose or six-carbon (hexose) molecules such
as glucose and fructose
2. Disaccharides. Two sugar units linked by a Count sugar units. Components of other compounds;
glycosidic bond, e.g., maltose, sucrose form of sugar transported in plants
3. Polysaccharides. Many sugar units linked by Count sugar units. Energy storage; structural components
glycosidic bonds, e.g., glycogen, cellulose of plant cell walls
Lipids Contain much less oxygen relative to carbon Energy storage; cellular fuel,
C,H, O and hydrogen than do carbohydrates components of cells; thermal insulation

(sometimes N, P)

1. Fats. Combination of glycerol with one to
three fatty acids. Monoacylglycerol contains
one fatty acid; diacylglycerol contains two
fatty acids; triacylglycerol contains three fatty
acids. If fatty acids contain double carbon-to-
carbon linkages (C=C), they are unsaturated;
otherwise, they are saturated.

2. Phospholipids. Composed of glycerol attached
to one or two fatty acids and to an organic
base containing phosphorus

3. Steroids. Complex molecules containing
carbon atoms arranged in four attached
rings (Three rings contain six carbon atoms
each, and the fourth ring contains five.)

4. Carotenoids. Orange and yellow pigments;
consist of isoprene units

Look for glycerol at one end
of molecule:

H
H—¢—0—
-
-

h

Look for glycerol and side
chain containing phosphorus
and nitrogen.

Look for four attached rings:

Look for isoprene units.
H CH;

|
H,C=C—C=CH,

Cell fuel; energy storage

Components of cell membranes

Some are hormones, others include
cholesterol, bile salts, vitamin D,
components of cell membranes

Converted to retinal (important in
photoreception) and vitamin A

Proteins One or more polypeptides (chains of amino Look for amino acid units Serve as enzymes; structural
C,H,O,N acids) coiled or folded in characteristic shapes joined by C—N bonds. components; muscle proteins;
(usually S) hemoglobin

Nucleic Acids Backbone composed of alternating pentose and  Look for a pentose- Storage, transmission, and expression
C,H O N,P phosphate groups, from which nitrogenous bases  phosphate backbone. of genetic information

project. DNA contains the sugar deoxyribose
and the bases guanine, cytosine, adenine, and
thymine. RNA contains the sugar ribose and the
bases guanine, cytosine, adenine, and uracil.
Each molecular subunit, called a nucleotide,
consists of a pentose, a phosphate, and a
nitrogenous base.

DNA forms a double helix.
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Cyclic AMP

I Figure 3-25 Cyclic adenosine monophosphate (cAMP)

The single phosphate is part of a ring connecting two regions of the
ribose.

SUMMARY WITH KEY TERMS

IDENTIFYING BIOLOGICAL
MOLECULES

Learning Objective

11

Compare the functions and chemical compositions of the
major groups of organic compounds: carbohydrates, lipids,
proteins, and nucleic acids.

Although the classes of biological molecules may seem over-
whelming at first, you will learn to distinguish them readily by
understanding their chief attributes. These are summarized in
I Table 3-3.

Review

Learning Objectives

1 Describe the properties of carbon that make it the central

component of organic compounds (page 46).

I Each carbon atom forms four covalent bonds with up to
four other atoms; these bonds are single, double, or triple
bonds. Carbon atoms form straight or branched chains
or join into rings. Carbon forms covalent bonds with a
greater number of different elements than does any other
type of atom.

2 Define the term isomer, and distinguish among the three

principal isomer types (page 46).

I Isomers are compounds with the same molecular formula
but different structures.

I Structural isomers differ in the covalent arrangements
of their atoms. Geometric isomers, or cis—trans isomers,
differ in the spatial arrangements of their atoms. Enan-
tiomers are isomers that are mirror images of each other.
Cells can distinguish between these configurations.

3 Identify the major functional groups present in organic com-

pounds, and describe their properties (page 46).

I Hydrocarbons, organic compounds consisting of only

carbon and hydrogen, are nonpolar and hydrophobic. The

methyl group is a hydrocarbon group.

I Polar and ionic functional groups interact with one another

and are hydrophilic. Partial charges on atoms at opposite
ends of a bond are responsible for the polar property of
a functional group. Hydroxyl and carbonyl groups are
polar.

I Carboxyl and phosphate groups are acidic, becoming
negatively charged when they release hydrogen ions. The
amino group is basic, becoming positively charged when
it accepts a hydrogen ion.

4 Explain the relationship between polymers and macromol-

ecules (page 46).

I Long chains of monomers (similar organic compounds)
linked through condensation reactions are called poly-
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Thomson

How can you distinguish a pentose sugar from a hexose
sugar? A disaccharide from a sterol? An amino acid from a
monosaccharide? A phospholipid from a triacylglycerol? A
protein from a polysaccharide? A nucleic acid from a protein?

mers. Large polymers such as polysaccharides, proteins,
and DNA are referred to as macromolecules. They can be
broken down by hydrolysis reactions.

Learn more about condensation and hydrolysis

reactions by clicking on the figure in ThomsonNOW.

Thomson

5 Distinguish among monosaccharides, disaccharides, and

polysaccharides. Compare storage polysaccharides with

structural polysaccharides (page 50).

I Carbohydrates contain carbon, hydrogen, and oxygen in
a ratio of approximately one carbon to two hydrogens to
one oxygen. Monosaccharides are simple sugars such as
glucose, fructose, and ribose. Two monosaccharides join
by a glycosidic linkage to form a disaccharide such as
maltose or sucrose.

I Most carbohydrates are polysaccharides, long chains of
repeating units of a simple sugar. Carbohydrates are typi-
cally stored in plants as the polysaccharide starch and in
animals as the polysaccharide glycogen. The cell walls of
plants are composed mainly of the structural polysaccha-
ride cellulose.

Learn more about starch and cellulose by click-

ing on the figure in ThomsonNOW.

6 Distinguish among fats, phospholipids, and steroids, and

describe the composition, characteristics, and biologjical

functions of each (page 56).

I Lipids are composed mainly of hydrocarbon-containing
regions, with few oxygen-containing (polar or ionic) func-
tional groups. Lipids have a greasy or oily consistency and
are relatively insoluble in water.

I Triacylglycerol, the main storage form of fat in organisms,
consists of a molecule of glycerol combined with three
fatty acids. Monoacylglycerols and diacylglycerols con-
tain one and two fatty acids, respectively. A fatty acid can
be either saturated with hydrogen or unsaturated.
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Thomson
lipids by clicking on the figures in ThomsonNOW.

Thomson
bonds by clicking on the figures in ThomsonNOW.

I Phospholipids are structural components of cell mem-
branes. A phospholipid consists of a glycerol molecule
attached at one end to two fatty acids and at the other
end to a phosphate group linked to an organic compound
such as choline.

I Steroid molecules contain carbon atoms arranged in four
attached rings. Cholesterol, bile salts, and certain hor-
mones are important steroids.

Learn more about triacylglycerol and other

7 Give an overall description of the structure and functions of

proteins (page 59).

I Proteins are large, complex molecules made of simpler
subunits, called amino acids, joined by peptide bonds.
Two amino acids combine to form a dipeptide. A longer
chain of amino acids is a polypeptide. Proteins are the
most versatile class of biological molecules, serving a vari-
ety of functions, such as enzymes, structural components,
and cell regulators.

I Proteins are composed of various linear sequences of
20 different amino acids.

Learn more about amino acids and peptide

8 Describe the features that are shared by all amino acids, and

explain how amino acids are grouped into classes based on

the characteristics of their side chains (page 59).

I All amino acids contain an amino group and a carboxyl
group. Amino acids vary in their side chains, which dictate

their chemical properties—nonpolar, polar, acidic, or basic.

Amino acids generally exist as dipolar ions at cell pH and
serve as important biological buffers.

9 Distinguish among the four levels of organization of protein

molecules (page 59).

Thomson

I Primary structure is the linear sequence of amino acids in
the polypeptide chain.

I Secondary structure is a regular conformation, such as an
a-helix or a B-pleated sheet; it is due to hydrogen bond-
ing between elements of the backbones of the amino
acids.

I Tertiary structure is the overall shape of the polypeptide
chains, as dictated by chemical properties and interactions
of the side chains of specific amino acids. Hydrogen
bonds, ionic bonds, hydrophobic interactions, and disul-
fide bridges contribute to tertiary structure.

I Quaternary structure is determined by the association of
two or more polypeptide chains.

Learn more about the structure of a protein by

clicking on the figure in ThomsonNOW.

10

TEST YOUR UNDERSTANDING

1. Which of the following is generally considered an inorganic

form of carbon? (a) CO, (b) C,H, (c) CH;COOH (d) b and ¢
(e) all of the preceding

. Carbon is particularly well suited to be the backbone of or-
ganic molecules because (a) it can form both covalent bonds
and ionic bonds (b) its covalent bonds are very irregularly ar-
ranged in three-dimensional space (c) its covalent bonds are
the strongest chemical bonds known (d) it can bond to atoms
of a large number of other elements (e) all the bonds it forms
are polar

. The structures depicted are (a) enantiomers (b) different
views of the same molecule (c) geometric (cis—trans) isomers
(d) both geometric isomers and enantiomers (e) structural

isomers
C‘H3 C‘H3 I‘{ (‘:H3
S N N
H H CH, H

Describe the components of a nucleotide. Name some
nucleic acids and nucleotides, and discuss the importance of
these compounds in living organisms (page 67).

I Nucleotides are composed of a two-ring purine or one-
ring pyrimidine nitrogenous base, a five-carbon sugar
(ribose or deoxyribose), and one or more phosphate
groups.

I The nucleic acids DNA and RNA, composed of long
chains of nucleotide subunits, store and transfer informa-
tion that specifies the sequence of amino acids in proteins
and ultimately the structure and function of the organism.

I ATP (adenosine triphosphate) is a nucleotide of special
significance in energy metabolism. NAD™ is also involved
in energy metabolism through its role as an electron
(hydrogen) acceptor in biological oxidation and reduction
reactions.

Compare the functions and chemical compositions of the

major groups of organic compounds: carbohydrates, lipids,

proteins, and nucleic acids (page 70).

I Review Table 3-3.

. Which of the following are generally hydrophobic? (a) polar

molecules and hydrocarbons (b) ions and hydrocarbons
(¢) nonpolar molecules and ions (d) polar molecules and
ions (e) none of the preceding

. Which of the following is a nonpolar molecule? (a) water,

H,O (b) ammonia, NH; (c) methane, CH, (d) ethane, C,H,
(e) more than one of the preceding

. Which of the following functional groups normally acts as an

acid? (a) hydroxyl (b) carbonyl (c¢) sulthydryl (d) phosphate
(e) amino

. The synthetic process by which monomers are covalently

linked is (a) hydrolysis (b) isomerization (c) condensation
(d) glycosidic linkage (e) ester linkage

. A monosaccharide designated as an aldehyde sugar contains

(a) a terminal carboxyl group (b) an internal carboxyl group
(c) a terminal carbonyl group (d) an internal carbonyl
group (e) a terminal carboxyl group and an internal carbonyl

group
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10.

11.

12.

13.

CRITICAL THINKING

1.

72

. Structural polysaccharides typically (a) have extensive hy-

drogen bonding between adjacent molecules (b) are much
more hydrophilic than storage polysaccharides (c) have much
stronger covalent bonds than do storage polysaccharides

(d) consist of alternating a-glucose and B-glucose subunits
(e) form helical structures in the cell

A carboxyl group is always found in (a) organic acids and
sugars (b) sugars and fatty acids (c) fatty acids and amino
acids (d) alcohols (e) glycerol

Fatty acids are components of (a) phospholipids and carot-
enoids (b) carotenoids and triacylglycerol (c) steroids and
triacylglycerol (d) phospholipids and triacylglycerol (e) carot-
enoids and steroids

Saturated fatty acids are so named because they are saturated
with (a) hydrogen (b) water (c) hydroxyl groups (d) glycerol
(e) double bonds

Fatty acids in phospholipids and triacylglycerols interact with
one another by (a) disulfide bridges (b) van der Waals inter-
actions (c) covalent bonds (d) hydrogen bonds (e) fatty acids
do not interact with one another

Like oxygen, sulfur forms two covalent bonds. However,
sulfur is far less electronegative. In fact, it is approximately as
electronegative as carbon. How would the properties of the
various classes of biological molecules be altered if you were
to replace all the oxygen atoms with sulfur atoms?

. Hydrogen bonds and van der Waals interactions are much

weaker than covalent bonds, yet they are vital to organisms.
Why?

. Evolution Link. In what ways are all species alike biochemi-

cally? Why? Identify some ways in which species may differ
from one another biochemically? Why?

. Evolution Link. The total number of possible amino acid se-

quences in a polypeptide chain is staggering. Given that there
are 20 amino acids, potentially there could be 20'* different

Chapter 3

14.

15.

16.

17.

o

Which pair of amino acid side groups would be most likely to
associate with each other by an ionic bond?

1. —CH,
2. —CH,—COO~

3. —CH,—CH,—NH,"

4. —CH,—CH,—COO"~

5. —CH,—OH

(a)land 2 (b)2and 4 (c) 1and 5 (d) 2and 5 (e) 3 and 4

Which of the following levels of protein structure may be
affected by hydrogen bonding? (a) primary and secondary

(b) primary and tertiary (c) secondary, tertiary, and quater-
nary (d) primary, secondary, and tertiary (e) primary, second-
ary, tertiary, and quaternary

Which of the following associations between R groups are the
strongest? (a) hydrophobic interactions (b) hydrogen bonds
(c) ionic bonds (d) peptide bonds (e) disulfide bridges

Each phosphodiester linkage in DNA or RNA includes a
phosphate joined by covalent bonds to (a) two bases (b) two
sugars (c) two additional phosphates (d) a sugar, a base, and
a phosphate (e) a sugar and a base

amino acid sequences (an impossibly large number), just for
polypeptides only 100 amino acids in length. However, the
actual number of different polypeptides occurring in organ-
isms is only a tiny fraction of this. Why?

Evolution Link. Each amino acid could potentially exist as
one of two possible enantiomers, known as the p-form and
the L-form (based on the arrangement of the groups attached
to the asymmetric « carbon). However, in all organisms, only
L-amino acids are found in proteins. What does this suggest
about the evolution of proteins?

Thomson"

Additional questions are available in
ThomsonNOW at www.thomsonedu.com/
login
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KEY CONCEPTS

The organization and size of the cell are critical in maintain-
ing homeostasis.

Unlike prokaryotic cells, eukaryotic cells have internal mem-
branes that divide the cell into compartments, allowing
cells to conduct specialized activities within separate, small
areas.

In eukaryotic cells, genetic information coded in DNA is
located in the nucleus.

Proteins synthesized on ribosomes and processed in the
endoplasmic reticulum are further processed by the Golgi
complex and then transported to specific destinations.

Mitochondria and chloroplasts convert energy from one
form to another.

The cytoskeleton is a dynamic internal framework that func-
tions in various types of cell movement.

Organization of the Cell

The cytoskeleton. The cell
shown here was stained with
fluorescent antibodies (specific
proteins) that bind to proteins
associated with DNA (purple)
and to a protein (tubulin) in
microtubules (green). Micro-
filaments (red) are also visible.
This type of microscopy, known
as confocal fluorescence
microscopy, shows the extensive
distribution of microtubules in
this cell.

he cell is the smallest unit that can carry out all activities
Twe associate with life. When provided with essential nutrients
and an appropriate environment, some cells can be kept alive and
growing in the laboratory for many years. By contrast, no isolated
part of a cell is capable of sustained survival. Composed of a vast
array of inorganic and organic ions and molecules, including wa-
ter, salts, carbohydrates, lipids, proteins, and nucleic acids, most
cells have all the physical and chemical components needed for
their own maintenance, growth, and division. Genetic information
is stored in DNA molecules and is faithfully replicated and passed
to each new generation of cells during cell division. Information
in DNA codes for specific proteins that, in turn, determine cell
structure and function.

Most prokaryotes and many protists and fungi consist of a
single cell. In contrast, most plants and animals are composed of
millions of cells. Cells are the building blocks of complex muilticel-
lular organisms. Although they are basically similar, cells are also
extraordinarily diverse and versatile. They are modified in a variety

of ways to carry out specialized functions.
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Cells exchange materials and energy with the environment. All
living cells need one or more sources of energy, but a cell rarely
obtains energy in a form that is immediately usable. Cells convert
energy from one form to another, and that energy is used to carry
out various activities, ranging from mechanical work to chemical
synthesis. Cells convert energy to a convenient form, usually chem-
ical energy stored in adenosine triphosphate, or ATP (see Chapter
3). The chemical reactions that convert energy from one form to
another are essentially the same in all cells, from those in bacteria

to those of complex plants and animals.

I THE CELL THEORY

Learning Objective

1 Describe the cell theory, and relate it to the evolution of life.

Cells are dramatic examples of the underlying unity of all liv-
ing things. This idea was first expressed by two German scien-
tists, botanist Matthias Schleiden in 1838 and zoologist Theodor
Schwann in 1839. Using their own observations and those of
other scientists, these early investigators used inductive reasoning
to conclude that all plants and animals consist of cells. Later, Ru-
dolf Virchow, another German scientist, observed cells dividing
and giving rise to daughter cells. In 1855, Virchow proposed that
new cells form only by the division of previously existing cells.

The work of Schleiden, Schwann, and Virchow contributed
greatly to the development of the cell theory, the unifying con-
cept that (1) cells are the basic living units of organization and
function in all organisms and (2) that all cells come from other
cells. About 1880, another German biologist, August Weismann,
added an important corollary to Virchow’s concept by pointing
out that the ancestry of all the cells alive today can be traced back
to ancient times. Evidence that all living cells have a common ori-
gin is provided by the basic similarities in their structures and in
the molecules of which they are made. When we examine a variety
of diverse organisms, ranging from simple bacteria to the most
complex plants and animals, we find striking similarities at the
celllevel. Careful studies of shared cell characteristics help us trace
the evolutionary history of various organisms and furnish power-
ful evidence that all organisms alive today had a common origin.

Review

I How does the cell theory contribute to our understanding of
the evolution of life?

I CELL ORGANIZATION AND SIZE

Learning Objectives

2 Summarize the relationship between cell organization and
homeostasis.

3 Explain the relationship between cell size and homeostasis.
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Thanks to advances in technology, cell biologists use increas-
ingly sophisticated tools in their search to better understand the
structure and function of cells. For example, investigation of the
cytoskeleton (cell skeleton), currently an active and exciting area
of research, has been greatly enhanced by advances in micros-
copy. In the photomicrograph, we see the extensive distribution
of microtubules in cells. Microtubules are key components of the
cytoskeleton. They help maintain cell shape, function in cell move-

ment, and facilitate transport of materials within the cell. m

The organization of cells and their small size allow them to main-
tain homeostasis, an appropriate internal environment. Cells
experience constant changes in their environments, such as de-
viations in salt concentration, pH, and temperature. They must
work continuously to restore and maintain the internal condi-
tions that enable their biochemical mechanisms to function.

The organization of all cells
is basically similar

In order for the cell to maintain homeostasis, its contents must
be separated from the external environment. The plasma mem-
brane is a structurally distinctive surface membrane that sur-
rounds all cells. By making the interior of the cell an enclosed
compartment, the plasma membrane allows the chemical com-
position of the cell to be different from that outside the cell. The
plasma membrane serves as a selective barrier between the cell
contents and the outer environment. Cells exchange materials
with the environment and can accumulate needed substances
and energy stores.

Most cells have internal structures, called organelles, that are
specialized to carry out metabolic activities, such as converting
energy to usable forms, synthesizing needed compounds, and
manufacturing structures necessary for functioning and repro-
duction. Each cell has genetic instructions coded in its DNA,
which is concentrated in a limited region of the cell.

Cell size is limited

Although their sizes vary over a wide range (I Fig. 4-1), most
cells are microscopic and must be measured by very small units.
The basic unit of linear measurement in the metric system (see
inside back cover) is the meter (m), which is just a little lon-
ger than a yard. A millimeter (mm) is 1/1000 of a meter and is
about as long as the bar enclosed in parentheses (-). The micro-
meter (um) is the most convenient unit for measuring cells. A bar
1 pm long is 1/1,000,000 (one millionth) of a meter, or 1/1000
of a millimeter—far too short to be seen with the unaided eye.
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Measurements
1 meter = 1000 millimeters (mm)
1 millimeter = 1000 micrometers (um)

1 micrometer 1000 nanometers (nm)

Most of us have difficulty thinking about units that are too small
to see, but it is helpful to remember that a micrometer has the
same relationship to a millimeter that a millimeter has to a meter
(1/1000).

As small as it is, the micrometer is actually too large to mea-
sure most cell components. For this purpose biologists use the
nanometer (nm), which is 1/1,000,000,000 (one billionth) of a
meter, or 1/1000 of a micrometer. To mentally move down to
the world of the nanometer, recall that a millimeter is 1/1000 of a
meter, a micrometer is 1/1000 of a millimeter, and a nanometer
is 1/1000 of a micrometer.

A few specialized algae and animal cells are large enough to be
seen with the naked eye. A human egg cell, for example, is about
130 um in diameter, or approximately the size of the period at the
end of this sentence. The largest cells are birds’ eggs, but they are
atypical because both the yolk and the egg white consist of food
reserves. The functioning part of the cell is a small mass on the
surface of the yolk.

Why are most cells so small? If you consider what a cell must
do to maintain homeostasis and to grow, it may be easier to un-
derstand the reasons for its small size. A cell must take in food
and other materials and must rid itself of waste products gener-
ated by metabolic reactions. Everything that enters or leaves a cell
must pass through its plasma membrane. The plasma membrane
contains specialized “pumps” and channels with “gates” that se-
lectively regulate the passage of materials into and out of the cell.
The plasma membrane must be large enough relative to the cell
volume to keep up with the demands of regulating the passage

I Figure 4-1 Biological size and cell diversity

We can compare relative size from the chemical level to the organismic
level by using a logarithmic scale (multiples of 10). The prokaryotic cells
of bacteria typically range in size from 1 to 10 um long. Most eukaryotic
cells are between 10 and 30 um in diameter. The nuclei of animal and
plant cells range from about 3 to 10 um in diameter. Mitochondria are
about the size of small bacteria, whereas chloroplasts are usually larger,
about 5 um long. Ova (egg cells) are among the largest cells. Although
microscopic, some nerve cells are very long. The cells shown here are
not drawn to scale.

of materials. Thus, a critical factor in determining cell size is the
ratio of its surface area (the plasma membrane) to its volume
(¥ Fig. 4-2).

As a cell becomes larger, its volume increases at a greater rate
than its surface area (its plasma membrane), which effectively
places an upper limit on cell size. Above some critical size, the
number of molecules required by the cell could not be trans-
ported into the cell fast enough to sustain its needs. In addition,
the cell would not be able to regulate its concentration of various
ions or efficiently export its wastes.

Of course, not all cells are spherical or cuboid. Because of
their shapes, some very large cells have relatively favorable ratios
of surface area to volume. In fact, some variations in cell shape
represent a strategy for increasing the ratio of surface area to
volume. For example, many large plant cells are long and thin,
which increases their surface area—to-volume ratio. Some cells,
such as epithelial cells lining the small intestine, have fingerlike
projections of the plasma membrane, called microvilli, that sig-
nificantly increase the surface area for absorbing nutrients and
other materials (see Fig. 46-10).
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Another reason for the small size of cells is that, once inside,
molecules must be transported to the locations where they are
converted into other forms. Because cells are small, the distances
molecules travel within them are relatively short, which speeds
up many cell activities.

Cell size and shape are related surface Area

(mm2)
to function
The sizes and shapes of cells are related to the Volume
functions they perform. Some cells, such as the | (mm3)

amoeba and the white blood cell, change their
shape as they move about. Sperm cells have long,
whiplike tails, called flagella, for locomotion.
Nerve cells have long, thin extensions that enable
them to transmit messages over great distances.
The extensions of some nerve cells in the human

Surface Area/
Volume Ratio

1 mmI

2 mm

2mm 1 mm
Surface area = 24 48
height X width
X number of sides (2x2X6XxX1) (1X1X6X8)
X number of cubes
Volume = 8 8
height X width
X length (2x2x2x1) (1xX1x1x8)
X number of cubes
Surface area/ 3 6
volume (24:8) (48:8)

body may be as long as 1 m! Certain epithelial
cells are almost rectangular and are stacked much
like building blocks to form sheetlike structures.

Figure 4-2 Surface area-to-volume ratio

The surface area of a cell must be large enough relative to its volume to allow adequate

exchange of materials with the environment. Although their volumes are the same, eight

Review

I How does the plasma membrane help main-

tain homeostasis? I b
. . : arge cube.
I Why is the relationship between surface area 9

and volume of a cell important in determin-
ing cell-size limits?

I METHODS FOR STUDYING CELLS

Learning Objective

4 Describe methods that biologists use to study cells, including
microscopy and cell fractionation.

One of the most important tools biologists use for studying cell
structures is the microscope. Cells were first described in 1665 by
the English scientist Robert Hooke in his book Micrographia. Us-
ing a microscope he had made, Hooke examined a piece of cork
and drew and described what he saw. Hooke chose the term cell
because the tissue reminded him of the small rooms monks lived
in. Interestingly, what Hooke saw were not actually living cells
but the walls of dead cork cells (! Fig. 4-3a). Much later, scientists
recognized that the interior enclosed by the walls is the important
part of living cells.

A few years later, inspired by Hooke’s work, the Dutch natu-
ralist Anton van Leeuwenhoek viewed living cells with small
lenses that he made. Leeuwenhoek was highly skilled at grind-
ing lenses and was able to magnify images more than 200 times.
Among his important discoveries were bacteria, protists, blood
cells, and sperm cells. Leeuwenhoek was among the first scientists
to report cells in animals. Leeuwenhoek was a merchant and not
formally trained as a scientist. However, his skill, curiosity, and
diligence in sharing his discoveries with scientists at the Royal
Society of London brought an awareness of microscopic life to
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small cells have a much greater surface area (plasma membrane) in relation to their total
volume than one large cell does. In the example shown, the ratio of the total surface area to
total volume of eight 1-mm cubes is double the surface area—to-volume ratio of the single

the scientific world. Unfortunately, Leeuwenhoek did not share
his techniques, and not until more than 100 years later, in the late
19th century, were microscopes sufficiently developed for biolo-
gists to seriously focus their attention on the study of cells.

Light microscopes are used to study
stained or living cells

The light microscope (LM), the type used by most students, con-
sists of a tube with glass lenses at each end. Because it contains
several lenses, the modern light microscope is referred to as a
compound microscope. Visible light passes through the specimen
being observed and through the lenses. Light is refracted (bent)
by the lenses, magnifying the image.

Two features of a microscope determine how clearly a small
object can be viewed: magnification and resolving power. Magni-
fication is the ratio of the size of the image seen with the micro-
scope to the actual size of the object. The best light microscopes
usually magnify an object no more than 1000 times. Resolution,
or resolving power, is the capacity to distinguish fine detail in
an image; it is defined as the minimum distance between two
points at which they can both be seen separately rather than as
a single, blurred point. Resolving power depends on the quality
of the lenses and the wavelength of the illuminating light. As the
wavelength decreases, the resolution increases.

The visible light used by light microscopes has wavelengths
ranging from about 400 nm (violet) to 700 nm (red); this limits
the resolution of the light microscope to details no smaller than
the diameter of a small bacterial cell (about 0.2 um). By the early
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From Hooke's Micrographia, 1665
Winn van Egmond/ Visuals Unlimited

(a) Robert Hooke's drawing of cork
cells.

Winn van Egmond/Visuals Unlimited
100 um
Winn van Egmond/Visuals Unlimited

(d) Phase contrast.

(b) Bright-field (stained).

(e) Differential-interference-
contrast (Nomarski).

100 um
100 um

Winn van Egmond/Visuals Unlimited

(c) Dark-field.

100 um
80 um

Dennis Kunkel /Visuals Unlimited

(f) Confocal. Plasma membrane
and contractile vacuoles are
stained red. Proton pumps asso-
ciated with the contractile vacu-
oles are stained yellow.

Figure 4-3 Viewing cells with various types of microscopes. The specimen

visualized in (b) through (f) is a Paramecium (a protist).

(a) Using a crude microscope that he constructed, Robert Hooke
looked at a thin slice of cork and drew what he saw. More sophisticated
microscopes and techniques enable biologists to view cells in more
detail. Bright-field microscopy can be enhanced by staining. The phase

20th century, refined versions of the light microscope, as well as
compounds that stain different cell structures, became available.
Using these tools, biologists discovered that cells contain many
different internal structures, the organelles. The contribution of
organic chemists in developing biological stains was essential to
this understanding, because the interior of many cells is transpar-
ent. Most methods used to prepare and stain cells for observa-
tion, however, also kill them in the process.

Living cells can now be studied using light microscopes with
special optical systems. In bright-field microscopy, an image is
formed by transmitting light through a cell (I Fig. 4-3b). Because
there is little contrast, the details of cell structure are not visible.
In dark-field microscopy, rays of light are directed from the side

contrast and differential-interference-contrast microscopes enhance
detail by increasing the differences in optical density in different
regions of the cells.

and only scattered light enters the lenses. The cell is visible as a
bright object against a dark background (¥ Fig. 4-3c).

Phase contrast microscopy and Nomarski differential-
interference-contrast microscopy take advantage of variations in
density within the cell (N Fig. 4-3d and e). These variations in
density cause differences in the way various regions of the cyto-
plasm refract (bend) light. Using these microscopes, scientists
can observe living cells in action, with numerous internal struc-
tures that are constantly changing shape and location.

Cell biologists use the fluorescence microscope to detect the
locations of specific molecules in cells. In the fluorescence micro-
scope, filters transmit light that is emitted by fluorescently stained
molecules. Fluorescent stains (like paints that glow under black
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light) are molecules that absorb light energy of one wavelength
and then release some of that energy as light of a longer wave-
length. These stains bind specifically to DNA or to specific pro-
tein molecules. The molecules absorb ultraviolet light and emit
light of a different color. Cells can be stained, and the location of
the labeled molecules can be determined, by observing the source
of the fluorescent light within the cell. Biologists commonly use a
fluorescent molecule known as green fluorescent protein (GFP)
that occurs naturally in jellyfish. GFP has been valuable in ob-
serving specific proteins in living cells.

Some fluorescent stains are chemically bonded to antibodies,
protein molecules important in internal defense. The antibody
binds to a highly specific region of a molecule in the cell. A single
type of antibody molecule binds to only one type of structure,
such as a part of a specific protein or some of the sugars in a
specific polysaccharide. Purified fluorescent antibodies known to
bind to a specific protein are used to determine where that pro-
tein is located within the cell.

Confocal microscopy produces a sharper image than standard
fluorescence microscopy (I Fig. 4-3f). Living cells that have been
labeled with fluorescent dye are mounted on a microscope slide.
A beam of ultraviolet light from a laser is focused at a specific
depth within the cell. The fluorescent label emits visible light,
and a single plane through the cell is visible. The microscope pro-
duces optical sections (see the photomicrograph in the chapter
introduction). A computer reassembles the images so that a series
of optical sections from different planes of the cell can be used to
construct a three-dimensional image. Powerful computer-imag-
ing methods greatly improve the resolution of structures labeled
by fluorescent dyes.

Electron microscopes provide
a high-resolution image that can
be greatly magnified

Even with improved microscopes and techniques for staining
cells, ordinary light microscopes can distinguish only the gross
details of many cell parts (I Fig. 4-4a). In most cases, you can
clearly see only the outline of an organelle and its ability to be
stained by some dyes and not by others. With the development
of the electron microscope (EM), which came into wide use in
the 1950s, researchers began to study the fine details, or ultra-
structure, of cells.

Whereas the best light microscopes have about 500 times
the resolution that the human eye does, the electron microscope
multiplies the resolving power by more than 10,000. The reason is
that electrons have very short wavelengths, on the order of about
0.1 to 0.2 nm. Although such resolution is difficult to achieve
with biological material, researchers can approach that resolution
when examining isolated molecules such as proteins and DNA.
This high degree of resolution permits very high magnifications
of 250,000 times or more as compared to typical magnifications
of no more than 1000 times in light microscopy.
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The image formed by the electron microscope is not directly
visible. The electron beam itself consists of energized electrons,
which, because of their negative charge, can be focused by elec-
tromagnets just as images are focused by glass lenses in a light
microscope (I Fig. 4-4b). Two types of electron microscopes are
the transmission electron microscope (TEM) and the scanning
electron microscope (SEM). The acronyms TEM and SEM also
identify that a micrograph was prepared using a transmission or
scanning EM.

In transmission electron microscopy, the specimen is em-
bedded in plastic and then cut into extraordinarily thin sections
(50 to 100 nm thick) with a glass or diamond knife. A section
is then placed on a small metal grid. The electron beam passes
through the specimen and then falls onto a photographic plate
or a fluorescent screen. When you look at TEMs in this chapter
(and elsewhere), keep in mind that each represents only a thin
cross section of a cell.

Researchers detect certain specific molecules in electron
microscope images by using antibody molecules to which very
tiny gold particles are bound. The dense gold particles block the
electron beam and identify the location of the proteins recog-
nized by the antibodies as precise black spots on the electron
micrograph.

In the scanning electron microscope, the electron beam does
not pass through the specimen. Instead, the specimen is coated
with a thin film of gold or some other metal. When the elec-
tron beam strikes various points on the surface of the specimen,
secondary electrons are emitted whose intensity varies with the
contour of the surface. The recorded emission patterns of the sec-
ondary electrons give a 3-D picture of the surface (I Fig. 4-4c).
The SEM provides information about the shape and external fea-
tures of the specimen that cannot be obtained with the TEM.

Note that the LM, TEM, and SEM are focused by similar
principles. A beam of light or an electron beam is directed by
the condenser lens onto the specimen and is magnified by the
objective lens and the eyepiece in the light microscope or by the
objective lens and the projector lens in the TEM. The TEM image
is focused onto a fluorescent screen, and the SEM image is viewed
on a type of television screen. Lenses in electron microscopes are
actually magnets that bend the beam of electrons.

Biologists use biochemical techniques
to study cell components

The EM is a powerful tool for studying cell structure, but it has
limitations. The methods used to prepare cells for electron mi-
croscopy kill them and may alter their structure. Furthermore,
electron microscopy provides few clues about the functions of
organelles and other cell components. To determine what or-
ganelles actually do, researchers use a variety of biochemical
techniques.

Cell fractionation is a technique for purifying different
parts of cells so that they can be studied by physical and chemi-
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(c) The scanning electron microscope
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I Figure 4-4 Comparing light and electron microscopy

A phase contrast light microscope and two types of electron microscopes produce distinctive
images of cells, such as the protist Paramecium shown in these photomicrographs.

cal methods. Generally, cells are broken apart as gently as pos-
sible; and the mixture, referred to as the cell extract, is subjected
to centrifugal force by spinning in a device called a centrifuge
(I Fig. 4-5a). The powerful ultracentrifuge can spin at speeds ex-
ceeding 100,000 revolutions per minute (rpm), generating a cen-
trifugal force of 500,000 X G (a G is equal to the force of gravity).
Centrifugal force separates the extract into two fractions: a pellet
and a supernatant. The pellet that forms at the bottom of the tube
contains heavier materials, such as nuclei, packed together. The
supernatant, the liquid above the pellet, contains lighter particles,
dissolved molecules, and ions.

After the pellet is removed, the supernatant can be centri-
fuged again at a higher speed to obtain a pellet that contains the
next-heaviest cell components, for example, mitochondria and

chloroplasts. In differential centrifugation, the supernatant is
spun at successively higher speeds, permitting various cell com-
ponents to be separated on the basis of their different sizes and
densities (¥ Fig. 4-5b).

Cell components in the resuspended pellets can be further
purified by density gradient centrifugation. In this procedure,
the centrifuge tube is filled with a series of solutions of decreasing
density. For example, sucrose solutions can be used. The con-
centration of sucrose is highest at the bottom of the tube and
decreases gradually so that it is lowest at the top. The resuspended
pellet is placed in a layer on top of the density gradient. Because
the densities of organelles differ, each will migrate during cen-
trifugation and form a band at the position in the gradient where
its own density equals that of the sucrose solution. Purified or-
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(b) Differential centrifugation. Cell structures can be separated into various fractions by spinning the suspension at increasing
revolutions per minute. Membranes and organelles from the resuspended pellets can then be further purified by density gradient
centrifugation (shown as last step). G is the force of gravity. ER is the endoplasmic reticulum.

Figure 4-5 Cell fractionation

ganelles are examined to determine what kinds of proteins and
other molecules they might contain, as well as the nature of the
chemical reactions that take place within them.

Review

I What is the main advantage of the electron microscope?
Explain.

I What is cell fractionation? Describe the process.

PROKARYOTIC AND
EUKARYOTIC CELLS

Learning Objective

5 Compare and contrast the general characteristics of pro-
karyotic and eukaryotic cells, and contrast plant and animal
cells.

Recall from Chapter 1 that two basic types of cells are known:
prokaryotic cells and eukaryotic cells. Bacteria and archaea are
prokaryotic cells. All other known organisms consist of eukary-
otic cells. Prokaryotic cells are typically smaller than eukaryotic
cells. In fact, the average prokaryotic cell is only about 1/10 the
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diameter of the average eukaryotic cell. In prokaryotic cells, the
DNA is not enclosed in a nucleus. Instead, the DNA is located
in a limited region of the cell called a nuclear area, or nucle-
oid, which is not enclosed by a membrane (! Fig. 4-6). The term
prokaryotic, meaning “before the nucleus,” refers to this major
difference between prokaryotic and eukaryotic cells. Other types
of internal membrane—enclosed organelles are also absent in
prokaryotic cells.

Like eukaryotic cells, prokaryotic cells have a plasma mem-
brane that confines the contents of the cell to an internal com-
partment. In some prokaryotic cells, the plasma membrane may
be folded inward to form a complex of membranes along which
many of the cell’s metabolic reactions take place. Most prokary-
otic cells have cell walls, which are extracellular structures that
enclose the entire cell, including the plasma membrane.

Many prokaryotes have flagella (sing., flagellum), long fibers
that project from the surface of the cell. Prokaryotic flagella, which
operate like propellers, are important in locomotion. Their struc-
ture is different from that of flagella found in eukaryotic cells.

The dense internal material of the bacterial cell contains
ribosomes, small complexes of ribonucleic acid (RNA) and
protein that synthesize polypeptides. The ribosomes of prokary-
otic cells are smaller than those found in eukaryotic cells. Pro-
karyotic cells also contain storage granules that hold glycogen,
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I Figure 4-6 Animated Structure of a prokaryotic cell

This colorized TEM shows a thin lengthwise slice through an Esch-
erichia coli bacterium. Note the prominent nuclear area containing the
genetic material (DNA). E. coliis a normal inhabitant of the human in-
testine, but under certain conditions some strains can cause infections.

lipid, or phosphate compounds. This chapter focuses primarily
on eukaryotic cells. Prokaryotes are discussed in more detail in
Chapter 24.

Eukaryotic cells are characterized by highly organized
membrane-enclosed organelles, including a prominent nucleus,
which contains the hereditary material, DNA. The term eukary-
otic means “true nucleus.” Early biologists thought cells consisted
of a homogeneous jelly, which they called protoplasm. With the
electron microscope and other modern research tools, perception
of the environment within the cell has been greatly expanded.
We now know that the cell is highly organized and complex
(1 Figs. 4-7 and 4-8). The eukaryotic cell has its own control
center, internal transportation system, power plants, factories
for making needed materials, packaging plants, and even a “self-
destruct” system.

Biologists refer to the part of the cell outside the nucleus as
cytoplasm and the part of the cell within the nucleus as nucleo-
plasm. Various organelles are suspended within the fluid compo-
nent of the cytoplasm, which is called the cytosol. Therefore, the
term cytoplasm includes both the cytosol and all the organelles
other than the nucleus.

The many specialized organelles of eukaryotic cells solve
some of the problems associated with large size, so eukaryotic
cells can be larger than prokaryotic cells. Eukaryotic cells also dif-
fer from prokaryotic cells in having a supporting framework, or
cytoskeleton, important in maintaining shape and transporting
materials within the cell.

Some organelles are present only in specific cells. For ex-
ample, chloroplasts, structures that trap sunlight for energy con-
version, are only in cells that carry on photosynthesis, such as
certain plant or algal cells. Most bacteria, fungi, and plant cells
are surrounded by a cell wall external to the plasma membrane.
Plant cells also contain a large, membrane-enclosed vacuole. We
discuss these and other differences among major types of cells
throughout this chapter. Plant and animal cells are compared in
Figures 4-7 and 4-8 and also in Figures 4-9 and 4-10.

Review
I What are two important differences between prokaryotic and
eukaryotic cells?

I What are three ways that a plant cell might differ from an
animal cell?

I CELL MEMBRANES

Learning Objective

6 Describe three functions of cell membranes.

Membranes divide the eukaryotic cell into compartments, and
their unique properties enable membranous organelles to carry
out a wide variety of functions. For example, cell membranes
never have free ends; therefore, a membranous organelle al-
ways contains at least one enclosed internal space or compart-
ment. These membrane-enclosed compartments allow certain
cell activities to be localized within specific regions of the cell.
Reactants located in only a small part of the total cell volume
are far more likely to come in contact, dramatically increas-
ing the rate of the reaction. On the other hand, membrane-
enclosed compartments keep certain reactive compounds away
from other parts of the cell that they might adversely affect.
Compartmentalizing also allows many different activities to go
on simultaneously.

Membranes serve as important work surfaces. For example,
many chemical reactions in cells are carried out by enzymes that
are bound to membranes. Because the enzymes that carry out
successive steps of a series of reactions are organized close to-
gether on a membrane surface, certain series of chemical reac-
tions occur more rapidly.

Organization of the Cell 81
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I Figure 4-7 Animated Composite diagram of a plant cell
Chloroplasts, a cell wall, and prominent vacuoles are characteristic chloroplasts, whereas root cells do not. Many of the organelles, such as
of plant cells. The TEMs show specific structures or areas of the cell. the nucleus, mitochondria, and endoplasmic reticulum (ER), are charac-
Some plant cells do not have all the organelles shown here. For teristic of all eukaryotic cells.

example, leaf and stem cells that carry on photosynthesis contain
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I Figure 4-9 TEM of a plant cell and an interpretive drawing

Most of this cross section of a cell from the leaf of a young bean plant (Phaseolus vulgaris) is
dominated by a vacuole. Prolamellar bodies are membranous regions typically seen in devel-

oping chloroplasts.

Membranes allow cells to store energy. The membrane serves
as a barrier that is somewhat analogous to a dam on a river. As we
will discuss later in this chapter, there is both an electric charge
difference and a concentration difference on the two sides of the
membrane. These differences constitute an electrochemical gradi-
ent. Such gradients store energy and so have potential energy (see
Chapter 7). As particles of a substance move across the mem-
brane from the side of higher concentration to the side of lower
concentration, the cell can convert some of this potential energy
to the chemical energy of ATP molecules. This process of energy
conversion (discussed in Chapters 8 and 9) is a basic mechanism
that cells use to capture and convert the energy necessary to sus-
tain life.

In a eukaryotic cell, several types of membranes are gener-
ally considered part of the internal membrane system, or en-
domembrane system. In I Figures 4-9 and 4-10 (also see Figs.
4-7 and 4-8), notice how membranes divide the cell into many
compartments: the nucleus, endoplasmic reticulum (ER), Golgi
complex, lysosomes, vesicles, and vacuoles. Although it is not
internal, the plasma membrane is also included because it par-
ticipates in the activities of the endomembrane system. (Mito-
chondria and chloroplasts are also separate compartments but
are not generally considered part of the endomembrane system,
because they function somewhat independently of other mem-
branous organelles.)

Some organelles have direct connections between their mem-
branes and compartments. Others transport materials in vesicles,
small, membrane-enclosed sacs formed by “budding” from the

84 Chapter 4

membrane of another organelle. Vesicles also carry cargo from
one organelle to another. A vesicle can form as a “bud” from the
membrane of one organelle and then move to another organ-
elle to which it fuses, thus delivering its contents into another
compartment.

Review

I How do membrane-enclosed organelles facilitate cell
metabolism?

I What organelles belong to the endomembrane system?

I THE CELL NUCLEUS

Learning Objective

7 Describe the structure and functions of the nucleus.

Typically, the nucleus is the most prominent organelle in the
cell. It is usually spherical or oval in shape and averages 5 pm in
diameter. Because of its size and the fact that it often occupies a
relatively fixed position near the center of the cell, some early in-
vestigators guessed long before experimental evidence was avail-
able that the nucleus served as the control center of the cell (see
Focus On: Acetabularia and the Control of Cell Activities). Most
cells have one nucleus, although there are exceptions.

The nuclear envelope consists of two concentric membranes
that separate the nuclear contents from the surrounding cyto-
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I Figure 4-10 TEM of a human pancreas cell and an interpretive drawing

Most of the structures of a typical animal cell are present. However,
like most cells, this one has certain structures associated with its
specialized functions. Pancreas cells such as the one shown here
secrete large amounts of digestive enzymes. The large, dark, circular
bodies in the TEM and the corresponding structures in the drawing
are zymogen granules, which contain inactive enzymes. When released

plasm (! Fig. 4-11). These membranes are separated by about 20
to 40 nm. At intervals the membranes come together to form
nuclear pores, which consist of protein complexes. Nuclear
pores regulate the passage of materials between nucleoplasm and
cytoplasm. A fibrous network of protein filaments, called the
nuclear lamina, forms an inner lining for the nuclear envelope.
The nuclear lamina supports the inner nuclear membrane and
may have other important functions, such as organizing the nu-
clear contents. Mutations in proteins associated with the nuclear
lamina and inner nuclear membrane are associated with several
human genetic diseases, including muscular dystrophies, as well
as premature aging.

The cell stores information in the form of DNA, and most of
the cell’s DNA is located inside the nucleus. When a cell divides,
the information stored in DNA must be reproduced and passed
intact to the two daughter cells. DNA has the unique ability to
make an exact duplicate of itself through a process called replica-
tion. DNA molecules consist of sequences of nucleotides called
genes, which contain the chemically coded instructions for pro-
ducing the proteins needed by the cell. The nucleus controls pro-
tein synthesis by transcribing its information in messenger RNA
(mRNA) molecules. Messenger RNA moves into the cytoplasm,
where proteins are manufactured.

from the cell, the enzymes catalyze chemical reactions such as the
breakdown of peptide bonds of ingested proteins in the intestine.
Most of the membranes visible in this section are part of the rough
endoplasmic reticulum, an organelle specialized to manufacture
protein.

DNA is associated with proteins, forming a complex known
as chromatin, which appears as a network of granules and strands
in cells that are not dividing. Although chromatin appears dis-
organized, it is not. Because DNA molecules are extremely long
and thin, they must be packed inside the nucleus in a very regu-
lar fashion as part of structures called chromosomes. In divid-
ing cells, the chromosomes become visible as distinct threadlike
structures. If the DNA in the 46 chromosomes of one human cell
could be stretched end to end, it would extend for 2 m!

Most nuclei have one or more compact structures called nu-
cleoli (sing., nucleolus). A nucleolus, which is not enclosed by a
membrane, usually stains differently than the surrounding chro-
matin. Each nucleolus contains a nucleolar organizer, made up
of chromosomal regions containing instructions for making the
type of RNA in ribosomes. This ribosomal RNA is synthesized
in the nucleolus. The proteins needed to make ribosomes are
synthesized in the cytoplasm and imported into the nucleolus.
Ribosomal RNA and proteins are then assembled into ribosomal
subunits that leave the nucleus through the nuclear pores.

Review

I How does the nucleus store information?
I What is the function of the nuclear envelope?
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ACETABULARIA AND THE CONTROL OF CELL ACTIVITIES

I Figure A Light micrograph of Acetabularia

To the romantically inclined, the little sea-
weed Acetabularia resembles a mermaid’s
wineglass, although the literal translation
of its name, “vinegar cup,” is somewhat
less elegant (I Fig. A). In the 19th century,
biologists discovered that this marine
eukaryotic alga consists of a single cell. At
up to 5 cm (2 in) in length, Acetabularia is
small for a seaweed but gigantic for a cell.
It consists of a rootlike holdfast; a long,
cylindrical stalk; and a cuplike cap. The
nucleus is in the holdfast, about as far away
from the cap as it can be. Because it is a
single giant cell, Acetabularia is easy for
researchers to manipulate.

If the cap of Acetabularia is removed
experimentally, another one grows after
a few weeks. Such a response, common
among simple organisms, is called regen-
eration. This fact attracted the attention of
investigators, especially Danish biologist
J. Hdmmerling and Belgian biologist J. Bra-
chet, who became interested in whether
a relationship exists between the nucleus
and the physical characteristics of the alga.
Because of its large size, Acetabularia
could be subjected to surgery that would
be difficult with smaller cells. During the
1930s and 1940s, these researchers per-
formed brilliant experiments that in many
ways laid the foundation for much of our
modern knowledge of the nucleus. Two
species were used for most experiments:

A. mediterranea, which has a smooth cap,
and A. crenulata, which has a cap divided
into a series of fingerlike projections. The
kind of cap that is regenerated depends
on the species of Acetabularia used in

the experiment. As you might expect, A.
crenulata regenerates a “cren” cap, and A.
mediterranea regenerates a “med” cap.

Experiment 1

Question: What controls the shape of the
cap in Acetabularia?

Hypothesis: Something in the stalk or
holdfast of Acetabularia controls the shape
of the cap.

Experiment: Hdmmerling and Brachet re-
moved the caps from A. mediterranea and
A. crenulata. They then grafted together
the two capless algae (Il Fig. B).

Cap
Stalk
Holdfast

Nucleus

A. mediterranea A. crenulata

_

Results and Conclusion: The algae regen-
erated a common cap with characteristics
intermediate between those of the two
species involved. This experiment dem-
onstrated that something in the stalk or
holdfast controls cap shape.

Experiment 2

Question: Does the stalk or the hold-
fast control the shape of the cap in
Acetabularia?

Hypothesis: Something in the holdfast of
Acetabularia controls the shape of the cap.

Experiment: Hdmmerling and Brachet
removed the caps from A. mediterranea
and A. crenulata. Then they severed the
stalks from the holdfasts. By telescoping
the cell walls of the two species into one
another, Hdmmerling and Brachet were
able to attach a section of the stalk of one
species to a holdfast of the other species
(1 Fig. C).

Results and Conclusion: The results were
surprising. The caps that regenerated were
characteristic not of the species donat-
ing the holdfasts but of those donating
the stalks! However, when the caps were
removed once again, this time the caps
that regenerated were characteristic of the
species that donated the holdfasts. This
continued to be the case no matter how
many more times the regenerated caps
were removed.

From these results Hdmmerling and Bra-
chet deduced that the ultimate control of
the Acetabularia cell is associated with the
holdfast. Because there is a time lag before
the holdfast appears to take over, they
hypothesized it produces some temporary
cytoplasmic messenger substance whereby
it exerts its control. They further hypothe-

I Figure B
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sized that the grafted stalks initially contain
enough of the substance from their former
holdfasts to regenerate a cap of the former
shape. But this still left the question of how
the holdfast exerts its apparent control. An
obvious suspect was the nucleus.

Experiment 3

Question: Does the nucleus in the hold-
fast control the shape of the cap in
Acetabularia?

Hypothesis: The nucleus in the holdfast of
Acetabularia controls the shape of the cap.

Experiment: The investigators removed
the nucleus and cut off the cap of Ac-
etabularia (I Fig. D). A new cap typical

of the species regenerated. Acetabularia,
however, can usually regenerate only once
without a nucleus. The researchers inserted
a nucleus of another species and cut the
cap off once again (Il Fig. E).

g

Eventually

I Figure D
Eventually
—
o
I Figure E

Results and Conclusion: A new cap
regenerated that was characteristic of the
species of the nucleus. When two kinds of
nuclei were inserted, the regenerated cap
was intermediate in shape between those
of the species that donated the nuclei.

As a result of these and other experi-
ments, biologists began to develop some
basic ideas about the control of cell activi-
ties. The holdfast controls the cell because
the nucleus is located there. Further, the
nucleus is the apparent source of some
“messenger substance” that temporarily
exerts control but is limited in quantity and
cannot be produced without the nucleus
(R Fig. F). This information helped provide
a starting point for research on the role of
nucleic acids in the control of all cells.

The characteristics of
the cell are governed
by the messenger
substance and,
therefore, ultimately
by the nucleus.

Messenger
substance

The nucleus
produces the
messenger.

I Figure F

Cell biologists extended these early
findings as they developed our modern
view of information flow and control in
the cell. We now know that the nucleus of
eukaryotes controls the cell’s activities be-
cause it contains DNA, the ultimate source
of biological information. DNA precisely
replicates itself and passes its information
to successive generations. The information
in DNA specifies the sequence of amino
acids in all the proteins of the cell. To carry
out its function, DNA uses a type of ribo-
nucleic acid (RNA) called messenger RNA
(mRNA) to transmit information from the
nucleus into the cytoplasm, where proteins
are manufactured.
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The nucleus contains DNA and is the control center of the cell.
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I Figure 4-11 Animated The cell nucleus

(a) The TEM and interpretive drawing show that the nuclear envelope,
composed of two concentric membranes, is perforated by nuclear
pores (red arrows). The outer membrane of the nuclear envelope is
continuous with the membrane of the ER (endoplasmic reticulum). The

I ORGANELLES IN THE CYTOPLASM

Learning Objectives

8 Distinguish between smooth and rough endoplasmic reticu-
lum in terms of both structure and function.

9 Trace the path of proteins synthesized in the rough endoplas-
mic reticulum as they are processed, modified, and sorted
by the Golgi complex and then transported to specific
destinations.
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