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Biology is a dynamic, exciting, and important subject. It is dy-
namic because it is constantly changing, with new discoveries
about the living world being made every day. (Although it is
impossible to pinpoint an exact number, approximately 1 mil-
lion new research articles in biology are published each year.)
The subject is exciting because life in all of its forms has always
fascinated people. As active scientists who have spent our ca-
reers teaching and doing research in a wide variety of fields, we
know this first hand.

Biology has always been important in peoples• daily lives, if
only through the effects of achievements in medicine and agri-
culture. Today more than ever the science of biology is at the
forefront of human concerns as we face challenges raised both
by recent advances in genome science and by the rapidly chang-
ing environment.

Life•snew edition brings a fresh approach to the study of bi-
ology while retaining the features that have made the book suc-
cessful in the past. A new coauthor, the distinguished ento-
mologist May R. Berenbaum (University of Illinois at
Urbana-Champaign) has joined our team, and the role of evo-
lutionary biologist David Hillis (University of Texas at Austin)
is greatly expanded in this edition. The authors hail from large,
medium-sized, and small institutions. Our multiple perspec-
tives and areas of expertise, as well as input from many col-
leagues and students who used previous editions, have in-
formed our approach to this new edition.

Enduring Features

We remain committed to blending the presentation of core ideas
with an emphasis on introducing students to the process of sci-
entific inquiry. Having pioneered the idea of depicting seminal
experiments in specially designed figures, we continue to de-
velop this here, with 79 INVESTIGATING LIFEfigures. Each of
these figures sets the experiment in perspective and relates it to
the accompanying text. As in previous editions, these figures
employ a structure: Hypothesis, Method, Results, and Conclu-
sion. They often include questions for further research that ask
students to conceive an experiment that would explore a related
question. Each Investigating Lifefigure has a reference to BioPor-
tal (yourBioPortal.com), where citations to the original work as
well as additional discussion and references to follow-up re-
search can be found.

A related feature is the TOOLS FOR INVESTIGATING LIFEfig-
ures, which depict laboratory and field methods used in biol-
ogy. These, too, have been expanded to provide more useful
context for their importance.

Over a decade ago„in Life•s Fifth Edition„the authors and
publishers pioneered the much-praised use of BALLOON CAP-
TIONS in our figures. We recognized then, and it is even truer
today, that many students are visual learners. The balloon cap-

tions bring explanations of intricate, complex processes directly
into the illustration, allowing students to integrate information
without repeatedly going back and forth between the figure, its
legend, and the text.

Life is the only introductory textbook for biology majors to
begin each chapter with a story. These OPENING STORIESpro-
vide historical, medical, or social context and are intended to
intrigue students while helping them see how the chapter•s
biological subject relates to the world around them. In the new
edition, all of the opening stories (some 70 percent of which are
new) are revisited in the body of the chapter to drive home their
relevance.

We continue to refine our well-received chapter organization.
The chapter-opening story ends with a brief IN THIS CHAPTER
preview of the major subjects to follow. A CHAPTER OUTLINE
asks questions to emphasize scientific inquiry, each of which is
answered in a major section of the chapter. ARECAP at the end
of each section asks the student to pause and answer questions
to review and test their mastery of the previous material. The
end-of-chapter summary continues this inquiry framework and
highlights key figures, bolded terms, and activities and animated
tutorials available in BioPortal.

New Features

Probably the most important new feature of this edition is new
authorship. Like the biological world, the authorship team of
Life continues to evolve. While two of us (Craig Heller and
David Sadava) continue as coauthors, David Hillis has a greatly
expanded role, with full responsibility for the units on evolu-
tion and diversity. New coauthor May Berenbaum has rewrit-
ten the chapters on ecology. The perspectives of these two ac-
claimed experts have invigorated the entire book (as well as
their coauthors).

Even with the enduring features (see above), this edition has
a different look and feel from its predecessor. A fresh new de-
sign is more open and, we hope, more accessible to students.
The extensively revised art programhas a contemporary style
and color palette. The information flow of the figures is easier
to follow, with numbered balloons as a guide for students.
There are new conceptual figures, including a striking visual
timeline for the evolution of life on Earth (Figure 25.12) and a
single overview figure that summarizes the information in the
genome (Figure 17.4).

In response to instructors who asked for more real-world
data, we have incorporated a feature introduced online in the
Eighth Edition, WORKING WITH DATA. There are now 36 of
these exercises, most of which relate to an Investigating Lifefig-
ure. Each is referenced at the end of the relevant chapter and
is available online via BioPortal (yourBioPortal.com). In these ex-
ercises, we describe in detail the context and approach of the



research paper that forms the basis of the figure. We then ask
the student to examine the data, to make calculations, and to
draw conclusions.

We are proud that this edition is a greener Life, with the goal of
reducing our environmental impact. This is the first introductory
biology text to be printed on paper earning the Forest Steward-
ship Council label, the •gold standardŽ in green paper products,
and it is manufactured from wood harvested from sustainable
forests. And, of course, we also offer Lifeas an eBook.

The Ten Parts

We have reorganized the book into ten parts. Part One, The Sci-
ence of Life and Its Chemical Basis , sets the stage for the book:
the opening chapter focuses on biology as an exciting science.
We begin with a startling observation: the recent, dramatic de-
cline of amphibian species throughout the world. We then show
how biologists have formed hypotheses for the causes of this
environmental problem and are testing them by carefully de-
signed experiments, with a view not only to understanding the
decline, but reversing it. This leads to an outline of the basic
principles of biology that are the foundation for the rest of the
book: the unity of life at the cellular level and how evolution
unites the living world. This is followed by chapters on the ba-
sic chemical building blocks that underlie life. We have added
a new chapter on nucleic acids and the origin of life, introduc-
ing the concepts of genes and gene expression early and ex-
panding our coverage of the major ideas on how life began and
evolved at its earliest stages.

In Part Two, Cells , we describe the view of life as seen through
cells, its structural units. In response to comments by users of
our previous edition, we have moved the chapter on cell signal-
ing and communication from the genetics section to this part of
the book, with a change in emphasis from genes to cells. There
is an updated discussion of ideas on the origin of cells and or-
ganelles, as well as expanded treatment of water transport
across membranes.

Part Three, Cells and Energy , presents an integrated view of bio-
chemistry. For this edition, we have worked to clarify such chal-
lenging concepts as energy transfer, allosteric enzymes, and bio-
chemical pathways. There is extensive revision of the discussions
of alternate pathways of photosynthetic carbon fixation, as well
as a greater emphasis on applications throughout these chapters.

Part Four, Genes and Heredity , is extensively revised and reor-
ganized to improve clarity, link related concepts, and provide
updates from recent research results. Separate chapters on
prokaryotic genetics and molecular medicine have been re-
moved and their material woven into relevant chapters. For ex-
ample, our chapter on cell reproduction now includes a discus-
sion of how the basic mechanisms of cell division are altered
in cancer cells. The chapter on transmission genetics now in-
cludes coverage of this phenomenon in prokaryotes. New chap-
ters on gene expression and gene regulation compare prokary-
otic and eukaryotic mechanisms and include a discussion of

epigenetics. A new chapter on mutation describes updated ap-
plications of medical genetics.

In Part Five, Genomes , we reinforce the concepts of the previ-
ous part, beginning with a new chapter on genomes„how they
are analyzed and what they tell us about the biology of prokary-
otes and eukaryotes, including humans. This leads to a chapter
describing how our knowledge of molecular biology and ge-
netics underpins biotechnology (the application of this knowl-
edge to practical problems). We discuss some of the latest uses
of biotechnology, including environmental cleanup. Part Five
finishes with two chapters on development that explore the
themes of molecular biology and evolution, linking these two
parts of the book.

Part Six, The Patterns and Processes of Evolution , emphasizes
the importance of evolutionary biology as a basis for comparing
and understanding all aspects of biology. These chapters have
been extensively reorganized and revised, as well as updated
with the latest thinking of biologists in this rapidly changing
field. This part now begins with the evidence and mechanisms
of evolution, moves into a discussion of phylogenetic trees, then
covers speciation and molecular evolution, and concludes with
the evolutionary history of life on Earth. An integrated time-
line of evolutionary history shows the timing of major events of
biological evolution, the movements of the continents, floral and
faunal reconstructions of major time periods, and depicts some
of the fossils that form the basis of the reconstructions.

In Part Seven, The Evolution of Diversity , we describe the latest
views on biodiversity and evolutionary relationships. Each
chapter has been revised to make it easier for the reader to ap-
preciate the major changes that have evolved within the vari-
ous groups of organisms. We emphasize understanding the big
picture of organismal diversity, as opposed to memorizing a tax-
onomic hierarchy and names (although these are certainly im-
portant). Throughout the book, the tree of life is emphasized as
a way of understanding and organizing biological information.
A Tree of Life Appendixallows students to place any group of
organisms mentioned in the text of our book into the context of
the rest of life. The web-based version of this appendix provides
links to photos, keys, species lists, distribution maps, and other
information to help students explore biodiversity of specific
groups in greater detail.

After modest revisions in the past two editions, Part Eight, Flow-
ering Plants: Form and Function , has been extensively reorgan-
ized and updated with the help of Sue Wessler, to include both
classical and more recent approaches to plant physiology. Our
emphasis is not only on the basic findings that led to the eluci-
dation of mechanisms for plant growth and reproduction, but
also on the use of genetics of model organisms. There is ex-
panded coverage of the cell signaling events that regulate gene
expression in plants, integrating concepts introduced earlier in
the book. New material on how plants respond to their environ-
ment is included, along with links to both the book•s earlier de-
scriptions of plant diversity and later discussions of ecology.

PREFACE xi



Part Nine, Animals: Form and Function , continues to provide a
solid foundation in physiology through comprehensive cover-
age of basic principles of function of each organ system and then
emphasis on mechanisms of control and integration. An impor-
tant reorganization has been moving the chapter on immunol-
ogy from earlier in the book, where its emphasis was on molec-
ular genetics, to this part, where it is more closely allied to the
information systems of the body. In addition, we have added a
number of new experiments and made considerable effort to
clarify the sometimes complex phenomena shown in the illus-
trations.

Part Ten, Ecology , has been significantly revised by our new
coauthor, May Berenbaum. A new chapter of biological interac-
tions has been added (a topic formerly covered in the commu-
nity ecology chapter). Full of interesting anecdotes and discus-
sions of field studies not previously described in biology texts,
this new ecology unit offers practical insights into how ecolo-
gists acquire, interpret, and apply real data. This brings the book
full circle, drawing upon and reinforcing prior topics of energy,
evolution, phylogenetics, Earth history, and animal and plant
physiology.

Exceptional Value Formats

We again provide Life both as the full book and as a cluster of
paperbacks. Thus, instructors who want to use less than the
whole book can choose from these split volumes, each with the
book•s front matter, appendices, glossary, and index.

Volume I, The Cell and Heredity, includes: Part One, The Sci-
ence of Life and Its Chemical Basis (Chapters 1…4); Part Two,
Cells (Chapters 5…7); Part Three, Cells and Energy (Chapters
8…10); Part Four, Genes and Heredity (Chapters 11…16); and Part
Five, Genomes (Chapters 17…20).

Volume II, Evolution, Diversity, and Ecology, includes: Chap-
ter 1, Studying Life; Part Six, The Patterns and Processes of Evo-
lution (Chapters 21…25); Part Seven, The Evolution of Diversity
(Chapters 26…33); and Part Ten, Ecology (Chapters 54…59).

Volume III, Plants and Animals, includes: Chapter 1, Study-
ing Life; Part Eight, Flowering Plants: Form and Function
(Chapters 34…39); and Part Nine, Animals: Form and Function
(Chapters 40…53).

Responding to student concerns, we offer two options of the
entire book at a significantly reduced cost. After it was so well
received in the previous edition, we again provide Lifeas a loose-
leaf version. This shrink-wrapped, unbound, 3-hole punched ver-
sion fits into a 3-ring binder. Students take only what they need
to class and can easily integrate any instructor handouts or other
resources. 

Life was the first comprehensive biology text to offer the en-
tire book as a truly robust eBook. For this edition, we continue
to offer a flexible, interactive ebook that gives students a new
way to read the text and learn the material. The ebook integrates
the student media resources (animations, quizzes, activities, etc.)
and offers instructors a powerful way to customize the textbook
with their own text, images, Web links, documents, and more.

Media and Supplements for the Ninth Edition

The wide range of media and supplements that accompany Life,
Ninth Edition have all been created with the dual goal of help-
ing students learn the material presented in the textbook more
efficiently and helping instructors teach their courses more ef-
fectively. Students in majors introductory biology are faced with
learning a tremendous number of new concepts, facts, and
terms, and the more different ways they can study this mate-
rial, the more efficiently they can master it.

All of the Life media and supplemental resources have been
developed specifically for this textbook. This provides strong
consistency between text and media, which in turn helps stu-
dents learn more efficiently. For example, the animated tutori-
als and activities found in BioPortal were built using textbook
art, so that the manner in which structures are illustrated, the
colors used to identify objects, and the terms and abbreviations
used are all consistent.

For the Ninth Edition, a new set of Interactive Tutorials gives
students a new way to explore many key topics across the text-
book. These new modules allow the student to learn by doing,
including solving problem scenarios, working with experimen-
tal techniques, and exploring model systems. All new copies of
the Ninth Edition include access to the robust new version of
BioPortal, which brings together all of Life•sstudent and instruc-
tor resources, powerful assessment tools, and new integration
with Prep-U adaptive quizzing.

The rich collection of visual resources in the Instructor•s Me-
dia Library provides instructors with a wide range of options
for enhancing lectures, course websites, and assignments. High-
lights include: layered art PowerPoint ® presentations that break
down complex figures into detailed, step-by-step presentations;
a collection of approximately 200 video segments that can help
capture the attention and imagination of students; and Power-
Point slides of textbook art with editable labels and leaders that
allow easy customization of the figures.

For a detailed description of all the media and supplements
available for the Ninth Edition, please turn to • Life•sMedia and
Supplements,Ž on page xvii.
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Many People to Thank

•If I have seen farther, it is by standing on the shoulders of gi-
ants.Ž The great scientist Isaac Newton wrote these words over
330 years ago and, while we certainly don•t put ourselves in his
lofty place in science, the words apply to us as coauthors of this
text. This is the first edition that does not bear the names of
Bill Purves and Gordon Orians. As they enjoy their •retire-
ments,Ž we are humbled by their examples as biologists, edu-
cators, and writers. 

One of the wisest pieces of advice ever given to a textbook
author is to •be passionate about your subject, but don•t put
your ego on the page.Ž Considering all the people who looked
over our shoulders throughout the process of creating this book,
this advice could not be more apt. We are indebted to many peo-
ple who gave invaluable help to make this book what it is. First
and foremost are our colleagues, biologists from over 100 in-
stitutions. Some were users of the previous edition, who sug-
gested many improvements. Others reviewed our chapter drafts
in detail, including advice on how to improve the illustrations.
Still others acted as accuracy reviewers when the book was al-
most completed. All of these biologists are listed in the Reviewer
credits.

Of special note is Sue Wessler, a distinguished plant biolo-
gist and textbook author from the University of Georgia. Sue
looked critically at Part Eight, Flowering Plants: Form and Func-
tion, wrote three of the chapters (34…36), and was important in
the revision of the other three (37…39). The new approach to
plant biology in this edition owes a lot to her.

The pace of change in biology and the complexities of prepar-
ing a book as broad as this one necessitated having two devel-
opmental editors. James Funston coordinated Parts 1…5, and
Carol Pritchard-Martinez coordinated Parts 6…10. We benefit-
ted from the wide experience, knowledge, and wisdom of both
of them. As the chapter drafts progressed, we were fortunate to
have experienced biologist Laura Green lending her critical eye
as in-house editor. Elizabeth Morales, our artist, was on her third
edition with us. As we have noted, she extensively revised al-
most all of the prior art and translated our crude sketches into
beautiful new art. We hope you agree that our art program re-

mains superbly clear and elegant. Our copy editors, Norma
Roche, Liz Pierson, and Jane Murfett, went far beyond what
such people usually do. Their knowledge and encyclopedic
recall of our book•s chapters made our prose sharper and more
accurate. Diane Kelly, Susan McGlew, and Shannon Howard ef-
fectively coordinated the hundreds of reviews that we described
above. David McIntyre was a terrific photo editor, finding over
550 new photographs, including many new ones of his own,
that enrich the book•s content and visual statement. Jefferson
Johnson is responsible for the design elements that make this
edition of Life not just clear and easy to learn from, but beauti-
ful as well. Christopher Small headed the production depart-
ment„Joanne Delphia, Joan Gemme, Janice Holabird, and Jef-
ferson Johnson„who contributed in innumerable ways to
bringing Life to its final form. Jason Dirks once again coordi-
nated the creation of our array of media and supplements, in-
cluding our superb new Web resources. Carol Wigg, for the
ninth time in nine editions, oversaw the editorial process; her
influence pervades the entire book.

W. H. Freeman continues to bring Life to a wider audience.
Associate Director of Marketing Debbie Clare, the Regional
Specialists, Regional Managers, and experienced sales force
are effective ambassadors and skillful transmitters of the fea-
tures and unique strengths of our book. We depend on their ex-
pertise and energy to keep us in touch with how Life is perceived
by its users. And thanks also to the Freeman media group for
eBook and BioPortal production.

Finally, we are indebted to Andy Sinauer. Like ours, his name
is on the cover of the book, and he truly cares deeply about what
goes into it. Combining decades of professionalism, high stan-
dards, and kindness to all who work with him, he is truly our
mentor and friend.

DAVID SADAVA

DAVID HILLIS

CRAIG HELLER

MAY BERENBAUM
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featuring Prep-U
yourBioPortal.com
BioPortal is the new gateway to all of Life•sstate-of-the-art on-
line resources for students and instructors. BioPortal includes
the breakthrough quizzing engine, Prep-U; a fully interactive
eBook; and additional premium learning media. The textbook
is tightly integrated with BioPortal via in-text references that
connect the printed text and media resources. The result is a
powerful, easily-managed online course environment. Bio-
Portal includes the following features and resources:

Life, Ninth Edition eBook

€ Integration of all activities, animated tutorials, and other
media resources.

€ Quick, intuitive navigation to any section or subsection, as
well as any printed book page number.

€ In-text links to all glossary entries.

€ Easy text highlighting.

€ A bookmarking feature that allows for quick reference to
any page.

€ A powerful Notes feature that allows students to add notes
to any page.

€ A full glossary and index.

€ Full-text search, including an additional option to search
the glossary and index.

€ Automatic saving of all notes, highlighting, and bookmarks.

Additional eBook features for instructors:

€ Content Customization: Instructors can easily add pages of
their own content and/or hide chapters or sections that
they do not cover in their course.

€ Instructor Notes: Instructors can choose to create an anno-
tated version of the eBook with their own notes on any
page. When students in the course log in, they see the in-
structor•s personalized version of the eBook. Instructor
notes can include text, Web links, images, links to all Bio-
Portal content, and more.

Built by educators, Prep-U focuses student study time exactly
where it should be, through the use of personalized, adaptive
quizzes that move students toward a better grasp of the mate-
rial„and better grades. For Life, Ninth Edition, Prep-U is
fully integrated into BioPortal, making it easy for instructors
to take advantage of this powerful quizzing engine in their
course. Features include:

€ Adaptive quizzing

€ Automatic results reporting into the BioPortal gradebook

€ Misconception index

€ Comparison to national data

Student Resources

Diagnostic Quizzing. The diagnostic quiz for each chapter of
Lifeassesses student understanding of that chapter, and gen-
erates a Personalized Study Plan to effectively focus student
study time. The plan includes links to specific textbook sec-
tions, animated tutorials, and activities.

Interactive Summaries. For each chapter, these dynamic sum-
maries combine a review of important concepts with links to
all of the key figures from the chapter as well as all of the rele-
vant animated tutorials, activities, and key terms.

Animated Tutorials. Over 100 in-depth animated tutorials, in a
new format for the Ninth Edition, present complex topics in a
clear, easy-to-follow format that combines a detailed anima-
tion with an introduction, conclusion, and quiz.

Activities. Over 120 interactive activities help students learn
important facts and concepts through a wide range of exer-
cises, such as labeling steps in processes or parts of structures,
building diagrams, and identifying different types of 
organisms.

NEW! Interactive Tutorials. New for the Ninth Edition, these
tutorial modules help students master key concepts through
hands-on activities that allow them to learn through action.
With these tutorials, students can solve problem scenarios by
applying concepts from the text, by working with experimen-
tal techniques, and by using interactive models to discover
how biological mechanisms work. Each tutorial includes a
self-assessment quiz that can be assigned. 

Interactive Quizzes. Each question includes an image from the
textbook, thorough feedback on both correct and incorrect an-
swer choices, references to textbook pages, and links to eBook
pages, for quick review.

BioNews from Scientific American . BioNews makes it easy for
instructors to bring the dynamic nature of the biological sci-
ences and up-to-the minute currency into their course. Acces-
sible from within BioPortal, BioNews is a continuously up-
dated feed of current news, podcasts, magazine articles,
science blog entries, •strange but trueŽ stories, and more.

NEW! BioNavigator. This unique visual resource is an innova-
tive way to access the wide variety of Lifemedia resources.
Starting from the whole-Earth view, instructors and students
can zoom to any level of biological inquiry, encountering
links to a wealth of animations, activities, and tutorials on the
full range of topics along the way.

Working with Data. Built around some of the original experi-
ments depicted in the Investigating Life figures, these exer-
cises help build quantitative skills and encourage student in-



terest in how scientists do research, by looking at real experi-
mental data and answering questions based on those data.

Flashcards. For each chapter of the book, there is a set of
flashcards that allows the student to review all the key termi-
nology from the chapter. Students can review the terms in
study mode, and then quiz themselves on a list of terms.

Experiment Links. For each Investigating Life figure in the
textbook, BioPortal includes an overview of the experiment
featured in the figure and related research or applications that
followed, a link to the original paper, and links to additional
information related to the experiment.

Key Terms. The key terminology introduced in each chapter is
listed, with definitions and audio pronunciations from the
glossary.

Suggested Readings. For each chapter of the book, a list of
suggested readings is provided as a resource for further
study.

Glossary. The language of biology is often difficult for stu-
dents taking introductory biology to master, so BioPortal in-
cludes a full glossary that features audio pronunciations of all
terms.

Statistics Primer. This brief introduction to the use of statistics
in biological research explains why statistics are integral to bi-
ology, and how some of the most common statistical methods
and techniques are used by biologists in their work.

Math for Life. A collection of mathematical shortcuts and refer-
ences to help students with the quantitative skills they need
in the laboratory.

Survival Skills. A guide to more effective study habits. Topics
include time management, note-taking, effective highlighting,
and exam preparation.

Instructor Resources

Assessment

€ Diagnostic Quizzing provides instant class comprehension
feedback to instructors, along with targeted lecture re-
sources for those areas requiring the most attention.

€ Question banks include questions ranked according to
Bloom•s taxonomy.

€ Question filtering: Allows instructors to select questions
based on Bloom•s category and/or textbook section.

€ Easy-to-use customized assessment tools allow instructors
to quickly create quizzes and many other types of assign-
ments using any combination of the questions and re-
sources provided along with their own materials.

€ Comprehensive question banks include questions from the
test bank, study guide, textbook self-quizzes, and diagnos-
tic quizzes.

Media Resources (see Instructor•s Media Library below for details)

€ Videos

€ PowerPoint® Presentations (Textbook Figures, Lectures,
Layered Art)

€ Supplemental Photos

€ Clicker Questions

€ Instructor•s Manual

€ Lecture Notes

Course Management

€ Complete course customization capabilities

€ Custom resources/document posting

€ Robust Gradebook

€ Communication Tools: Announcements, Calendar, Course
Email, Discussion Boards

Note:The printed textbook, the eBook, BioPortal, and Prep-U
can all be purchased individually as stand-alone items, in 
addition to being available in a package with the printed 
textbook.

Student Supplements

Study Guide (ISBN 978-1-4292-3569-3)

Jacalyn Newman, University of Pittsburgh; Edward M.
Dzialowski, University of North Texas; Betty McGuire, Cornell
University; Lindsay Goodloe, Cornell University; and Nancy
Guild, University of Colorado

For each chapter of the textbook, the LifeStudy Guide offers a
variety of study and review tools. The contents of each chap-
ter are broken down into both a detailed review of the Impor-
tant Concepts covered and a boiled-down Big Picture snap-
shot. New for the Ninth Edition, Diagram Exercises help
students synthesize what they have learned in the chapter
through exercises such as ordering concepts, drawing graphs,
linking steps in processes, and labeling diagrams. In addition,
Common Problem Areas and Study Strategies are high-
lighted. A set of study questions (both multiple-choice and
short-answer) allows students to test their comprehension.
All questions include answers and explanations.

Lecture Notebook (ISBN 978-1-4292-3583-9)

This invaluable printed resource consists of all the artwork
from the textbook (more than 1,000 images with labels) pre-
sented in the order in which they appear in the text, with am-
ple space for note-taking. Because the Notebook has already
done the drawing, students can focus more of their attention
on the concepts. They will absorb the material more effi-
ciently during class, and their notes will be clearer, more ac-
curate, and more useful when they study from them later.

Companion Website www.thelifewire.com

(Also available as a CD, which can be optionally packaged
with the textbook.)

For those students who do not have access to BioPortal, the
Life,Ninth Edition Companion Website is available free of
charge (no access code required). The site features a variety of
resources, including animations, flashcards, activities, study
ideas, help with math and statistics, and more.
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CatchUp Math & Stats

Michael Harris, Gordon Taylor, and Jacquelyn Taylor (ISBN
978-1-4292-0557-3)

This primer will help your students quickly brush up on the
quantitative skills they need to succeed in biology. Presented
in brief, accessible units, the book covers topics such as work-
ing with powers, logarithms, using and understanding
graphs, calculating standard deviation, preparing a dilution
series, choosing the right statistical test, analyzing enzyme ki-
netics, and many more.

Student Handbook for Writing in Biology, Third Edition
Karen Knisely, Bucknell University(ISBN 978-1-4292-3491-7)

This book provides practical advice to students who are
learning to write according to the conventions in biology. 
Using the standards of journal publication as a model, the 
author provides, in a user-friendly format, specific instruc-
tions on: using biology databases to locate references; para-
phrasing for improved comprehension; preparing lab reports,
scientific papers, posters; preparing oral presentations in
PowerPoint®, and more.

Bioethics and the New Embryology: Springboards for
Debate

Scott F. Gilbert, Anna Tyler, and Emily Zackin (ISBN 978-0-
7167-7345-0)

Our ability to alter the course of human development ranks
among the most significant changes in modern science and
has brought embryology into the public domain. The ques-
tion that must be asked is: Even if we can do such things,
should we?

BioStats Basics: A Student Handbook
James L. Gould and Grant F. Gould (ISBN 978-0-7167-3416-1)

BioStats Basicsprovides introductory-level biology students
with a practical, accessible introduction to statistical research.
Engaging and informal, the book avoids excessive theoretical
and mathematical detail, and instead focuses on how core sta-
tistical methods are put to work in biology.

Instructor Media & Supplements

Instructor•s Media Library
The Life,Ninth Edition Instructor•s Media Library (available
both online via BioPortal and on disc) includes a wide range
of electronic resources to help instructors plan their course,
present engaging lectures, and effectively assess student com-
prehension. The Media Library includes the following re-
sources:

Textbook Figures and Tables. Every image and table from the
textbook is provided in both JPEG (high- and low-resolution)
and PDF formats. Each figure is provided both with and
without balloon captions, and large, complex figures are pro-
vided in both a whole and split version.

Unlabeled Figures. Every figure is provided in an unlabeled
format, useful for student quizzing and custom presentation
development.

Supplemental Photos. The supplemental photograph collec-
tion contains over 1,500 photographs (in addition to those in
the text), giving instructors a wealth of additional imagery to
draw upon.

Animations. Over 100 detailed animations, revised and en-
larged for the Ninth Edition, all created from the textbook•s
art program, and viewable in either narrated or step-through
mode.

Videos. A collection of over 200 video segments that covers
topics across the entire textbook and helps demonstrate the
complexity and beauty of life. Includes the Cell Visualization
Videos.

PowerPoint ® Resources. For each chapter of the textbook, sev-
eral different PowerPoint presentations are available. These
give instructors the flexibility to build presentations in the
manner that best suits their needs. Included are:

€ Textbook Figures and Tables

€ Lecture Presentation

€ Figures with Editable Labels

€ Layered Art Figures

€ Supplemental Photos

€ Videos

€ Animations

Clicker Questions. A set of questions written specifically to be
used with classroom personal response systems, such as the
iClicker system, is provided for each chapter. These questions
are designed to reinforce concepts, gauge student comprehen-
sion, and engage students in active participation.

Chapter Outlines, Lecture Notes, and the complete Test File are
all available in Microsoft Word ® format for easy use in lecture
and exam preparation.

Intuitive Browser Interface provides a quick and easy way to
preview and access all of the content on the Instructor•s Me-
dia Library.

Instructor•s Resource Kit
The Life, Ninth Edition Instructor•s Resource Kit includes a
wealth of information to help instructors in the planning and
teaching of their course. The Kit includes:

Instructor•s Manual, featuring (by chapter):

€ A •What•s NewŽ guide to the Ninth Edition

€ Brief chapter overview

€ Chapter outline

€ Key terms section with all of the boldface terms from the
text

Lecture Notes. Detailed notes for each chapter, which can
serve as the basis for lectures, including references to figures
and media resources.

Media Guide. A visual guide to the extensive media resources
available with the Ninth Edition of Life. The guide includes
thumbnails and descriptions of every video, animation, lec-
ture PowerPoint ®, and supplemental photo in the Media Li-
brary, all organized by chapter.
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Overhead Transparencies
This set includes over 1,000 transparencies„including all of
the four-color line art and all of the tables from the text„
along with convenient binders. All figures have been format-
ted and color-enhanced for clear projection in a wide range of
conditions. Labels and images have been resized for im-
proved readability.

Test File

Catherine Ueckert, Northern Arizona University;Norman
Johnson, University of Massachusetts;Paul Nolan, The Citadel;
Nicola Plowes, Arizona State University

The Test File offers more than 5,000 questions, covering the
full range of topics presented in the textbook. All questions
are referenced to textbook sections and page numbers, and
are ranked according to Bloom•s taxonomy. Each chapter in-
cludes a wide range of multiple choice and fill-in-the-blank
questions. In addition, each chapter features a set of diagram
questions that involve the student in working with illustra-
tions of structures, graphs, steps in processes, and more. The
electronic versions of the Test File (within BioPortal, the In-
structor•s Media Library, and the Computerized Test Bank
CD) also include all of the textbook end-of-chapter Self-Quiz
questions, all of the BioPortal Diagnostic Quiz questions, and
all of the Study Guide multiple-choice questions.

Computerized Test Bank
The entire printed Test File, plus the textbook end-of-chapter
Self-Quizzes, the BioPortal Diagnostic Quizzes, and the Study
Guide multiple-choice questions are all included in Wimba•s
easy-to-use Diploma® software. Designed for both novice and
advanced users, Diploma enables instructors to quickly and
easily create or edit questions, create quizzes or exams with a
•drag-and-dropŽ feature, publish to online courses, and print
paper-based assignments.

Course Management System Support
As a service for Lifeadopters using WebCT, Blackboard, or
ANGEL for their courses, full electronic course packs are
available.

www.whfreeman.com/facultylounge/
majorsbio
NEW! The new Faculty Lounge for Majors
Biology is the first publisher-provided
website for the majors biology community

that lets instructors freely communicate and share peer-
reviewed lecture and teaching resources. It is continually
updated and vetted by majors biology instructors„there is
always something new to see. The Faculty Lounge offers
convenient access to peer-recommended and vetted
resources, including the following categories: Images, News,
Videos, Labs, Lecture Resources, and Educational Research.

In addition, the site includes special areas for resources for
lab coordinators, resources and updates from the Scientific
Teachingseries of books, and information on biology teach-
ing workshops.

Developed for educators by educators, iclicker is a hassle-free
radio-frequency classroom response system that makes it
easy for instructors to ask questions, record responses, take
attendance, and direct students through lectures as active
participants. For more information, visit www.iclicker.com.

www.whfreeman.com/labpartner

NEW! LabPartner is a site designed to facilitate the creation
of customized lab manuals. Its database contains a wide
selection of experiments published by W. H. Freeman and
Hayden-McNeil Publishing. Instructors can preview, choose,
and re-order labs, interleave their original experiments, add
carbonless graph paper and a pocket folder, and customize
the cover both inside and out. LabPartner offers a variety of
binding types: paperback, spiral, or loose-leaf. Manuals are
printed on-demand once W. H. Freeman receives an order
from a campus bookstore or school.

The Scientific Teaching Book Series is a collec-
tion of practical guides, intended for all science,
technology, engineering and mathematics
(STEM) faculty who teach undergraduate and
graduate students in these disciplines. The pur-

pose of these books is to help faculty become more successful
in all aspects of teaching and learning science, including
classroom instruction, mentoring students, and professional
development. Authored by well-known science educators, the
Series provides concise descriptions of best practices and how
to implement them in the classroom, the laboratory, or the de-
partment. For readers interested in the research results on
which these best practices are based, the books also provide a
gateway to the key educational literature.

Scientific Teaching
Jo Handelsman, Sarah Miller, and Christine Pfund,
University of Wisconsin-Madison(ISBN 978-1-4292-0188-9)

NEW! Transformations: Approaches to College Science
Teaching
A Collection of Articles from CBE Life Sciences Education
Deborah Allen, University of Delaware;Kimberly Tanner, San
Francisco State University(ISBN 978-1-4292-5335-2)
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AmphibiansÑfrogs, toads, and salamandersÑhave
been around for a long time. They watched the di-
nosaurs come and go. But today amphibian popu-

lations around the world are in dramatic decline, with
more than a third of the worldÕs amphibian species threat-
ened with extinction. Why?

Biologists work to answer this question by making ob-
servations and doing experiments. A number of factors
may be involved, and one possible cause may be the 
effects of agricultural pesticides and herbicides. Several
studies have shown that many of these chemicals tested
at realistic concentrations do not kill amphibians. But 
Tyrone Hayes, a biologist at the University of California at
Berkeley, probed deeper. 

Hayes focused on atrazine, the most widely used herbi-
cide in the world and a common contaminant in fresh wa-
ter. More than 70 million pounds of atrazine are applied
to farmland in the United States every year, and it is used
in at least 20 countries. Atrazine is usually applied in the
spring, when many amphibians are breeding and thou-

sands of tadpoles swim in the ditches, ponds, and streams
that receive runoff from farms.

In his laboratory, Hayes and his associates raised frog
tadpoles in water containing no atrazine and in water
with concentrations ranging from 0.01 parts per billion
(ppb) up to 25 ppb. The U.S. Environmental Protection
Agency considers environmental levels of atrazine of 10
to 20 ppb of no concern; the level it considers safe in
drinking water is 3 ppb. Rainwater in Iowa has been 
measured to contain 40 ppb. In Switzerland, where the
use of atrazine is illegal, the chemical has been measured
at approximately 1 ppb in rainwater.

In the Hayes laboratory, concentrations as low as 0.1
ppb had a dramatic effect on tadpole development: it
feminized the males. In some of the adult males that de-
veloped from these larvae, the vocal structures used in
mating calls were smaller than normal, female sex organs
developed, and eggs were found growing in the testes. In
other studies, normal adult male frogs exposed to 25 ppb

had a tenfold reduction in testosterone levels and
did not produce sperm. You can imagine the dis-

astrous effects these developmental and hor-
monal changes could have on the capacity 
of frogs to breed and reproduce.

But HayesÕs experiments were per-
formed in the laboratory, with a species of

frog bred for laboratory use. Would his re-
sults be the same in nature? To find out, he and his
students traveled from Utah to Iowa, sampling wa-
ter and collecting frogs. They analyzed the water

Why are frogs croaking?

1

Frogs Are Having Serious Problems An alarming
number of species of frogs, such as this tiny leaf frog
(Agalychnis calcarifer) from Ecuador, are in danger of
becoming extinct. The numerous possible reasons for
the decline in global amphibian populations have been 
a subject of widespread scientific investigation.

PART ONE THE SCIENCE OF LIFE AND ITS CHEMICAL BASIS



1.1 What Is Biology?

Biology is the scientific study of living things. Biologists define
•living thingsŽ as all the diverse organisms descended from a
single-celled ancestor that evolved almost 4 billion years ago.
Because of their common ancestry, living organisms share many
characteristics that are not found in the nonliving world. Liv-
ing organisms:

€ consist of one or more cells

€ contain genetic information

€ use genetic information to reproduce themselves

€ are genetically related and have evolved

€ can convert molecules obtained from their environment
into new biological molecules

€ can extract energy from the environment and use it to do
biological work

€ can regulate their internal environment

This simple list, however, belies the incredible complexity and
diversity of life. Some forms of life may not display all of these
characteristics all of the time. For example, the seed of a desert
plant may go for many years without extracting energy from
the environment, converting molecules, regulating its internal
environment, or reproducing; yet the seed is alive.

And what about viruses? Viruses do not consist of cells, and
they cannot carry out physiological functions on their own; they
must parasitize host cells to do those jobs for them. Yet viruses
contain genetic information, and they certainly mutate and
evolve (as we know, because evolving flu viruses require con-
stant changes in the vaccines we create to combat them). The
existence of viruses depends on cells, and it is highly probable
that viruses evolved from cellular life forms. So, are viruses
alive? What do you think?

This book explores the characteristics of life, how these char-
acteristics vary among organisms, how they evolved, and how
they work together to enable organisms to survive and repro-
duce. Evolution is a central theme of biology and therefore of
this book. Through differential survival and reproduction, liv-
ing systems evolve and become adapted to Earth•s many envi-
ronments. The processes of evolution have generated the enor-
mous diversity that we see today as life on Earth.

Cells are the basic unit of life

We lay the chemical foundation for our study of life in the next
three chapters, after which we will turn to cells and the
processes by which they live, reproduce, age, and die. Some or-
ganisms are unicellular,consisting of a single cell that carries out

IN THIS CHAPTER we identify and examine the most
common features of living organisms and put those features
into the context of the major principles that underlie all bi-
ology. Next we offer a brief outline of how life evolved and
how the different organisms on Earth are related. We then
turn to the subjects of biological inquiry and the scientific
method. Finally we consider how knowledge discovered by
biologists influences public policy.

for atrazine and examined the frogs. In the only site
where atrazine was undetectable in the water, the frogs
were normal; in all the other sites, male frogs had
abnormalities of the sex organs.

Like other biologists, Hayes made observations. He
then made predictions based on those observations,
and designed and carried out experiments to test his
predictions. Some of the conclusions from his experi-
ments, described at the end of this chapter, could have
profound implications not only for amphibians but also
for other animals, including humans. 

CHAPTER OUTLINE
1.1 What Is Biology?

1.2 How Is All Life on Earth Related?

1.3 How Do Biologists Investigate Life?

1.4 How Does Biology Influence Public Policy?

A Biologist at Work Tyrone Hayes grew up near the great
Congaree Swamp in South Carolina collecting turtles, snakes,
frogs, and toads. Now a professor of biology at the University
of California at Berkeley, he has more than 3,000 frogs in his
laboratory and studies hormonal control of their development.



all the functions of life ( Figure 1.1A…C). Others are multicellular,
made up of many cells that are specialized for different func-
tions (Figure 1.1D…G). Viruses are acellular, although they de-
pend on cellular organisms.

The discovery of cells was made possible by the invention
of the microscope in the 1590s by the Dutch spectacle makers
Hans and Zaccharias Janssen (father and son). In the mid- to late
1600s, Antony van Leeuwenhoek of Holland and Robert Hooke
of England both made improvements on the Janssens• technol-
ogy and used it to study living organisms. Van Leeuwenhoek
discovered that drops of pond water teemed with single-celled
organisms, and he made many other discoveries as he progres-
sively improved his microscopes over a long lifetime of research.
Hooke put pieces of plants under his microscope and observed
that they were made up of repeated units he called cells(Figure
1.2). In 1676, Hooke wrote that van Leeuwenhoek had observed
•a vast number of small animals in his Excrements which were
most abounding when he was troubled with a Loosenesse and
very few or none when he was well.Ž This simple observation

represents the discovery of bacteria„and makes one wonder
why scientists do some of the things they do.

More than a hundred years passed before studies of cells ad-
vanced significantly. As they were dining together one evening
in 1838, Matthias Schleiden, a German biologist, and Theodor
Schwann, from Belgium, discussed their work on plant and an-
imal tissues, respectively. They were struck by the similarities
in their observations and came to the conclusion that the basic
structural elements of plants and animals were essentially the
same. They formulated their conclusion as the cell theory , which
states that:

€ Cells are the basic structural and physiological units of all
living organisms.

€ Cells are both distinct entities and building blocks of more
complex organisms.

But Schleiden and Schwann also believed (wrongly) that cells
emerged by the self-assembly of nonliving materials, much as
crystals form in a solution of salt. This conclusion was in ac-
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(F)  Milkweed grasshopper

(E)  Stinkhorn mushrooms

(A) Sulfolobus

(G)  Giant tortoise Galápagos hawk

(B)  Escherichia coli

(D)  Scarlet banksia

(C)  Coccolithophore 

0.5 µm 0.6 µm
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1.1 The Many Faces of Life The processes of evolution have led to the millions of
diverse organisms living on Earth today. Archaea (A) and bacteria (B) are all single-celled,
prokaryotic organisms, as described in Chapter 26. (C) Many protists are unicellular but, as
discussed in Chapter 27, their cell structures are more complex than those of the prokary-
otes. This protist has manufactured •platesŽ of calcium carbonate that surround and protect
its single cell. (D…G) Most of the visible life on Earth is multicellular. Chapters 28 and 29
cover the green plants (D). The other broad groups of multicellular organisms are the fungi
(E), discussed in Chapter 30, and the animals (F, G), covered in Chapters 31…33.



cordance with the prevailing view of the day, which was that
life can arise from non-life by spontaneous generation„mice
from dirty clothes, maggots from dead meat, or insects from
pond water. 

The debate continued until 1859, when the French Academy
of Sciences sponsored a contest for the best experiment to prove
or disprove spontaneous generation. The prize was won by the
great French scientist Louis Pasteur, who demonstrated that
sterile broth directly exposed to the dirt and dust in air devel-
oped a culture of microorganisms, but a similar container of
broth not directly exposed to air remained sterile (see Figure
4.7). Pasteur•s experiment did not prove that it was microorgan-
isms in the air that caused the broth to become infected, but it
did uphold the conclusion that life must be present in order for
new life to be generated.

Today scientists accept the fact that all cells come from pre-
existing cells and that the functional properties of organisms
derive from the properties of their cells. Since cells of all kinds
share both essential mechanisms and a common ancestry that
goes back billions of years, modern cell theory has additional
elements: 

€ All cells come from preexisting cells.

€ All cells are similar in chemical composition.

€ Most of the chemical reactions of life occur in aqueous 
solution within cells.

€ Complete sets of genetic information are replicated and
passed on during cell division.

€ Viruses lack cellular structure but remain dependent on 
cellular organisms. 

At the same time Schleiden and Schwann were building the
foundation for the cell theory, Charles Darwin was beginning
to understand how organisms undergo evolutionary change.

All of life shares a common evolutionary history

Evolution „change in the genetic makeup of biological popu-
lations through time„is the major unifying principle of biol-

ogy. Charles Darwin compiled factual evidence for evolution in
his 1859 book On the Origin of Species. Since then, biologists have
gathered massive amounts of data supporting Darwin•s theory
that all living organisms are descended from a common ances-
tor. Darwin also proposed one of the most important processes
that produce evolutionary change. He argued that differential
survival and reproduction among individuals in a population,
which he termed natural selection , could account for much of
the evolution of life.

Although Darwin proposed that living organisms are de-
scended from common ancestors and are therefore related to
one another, he did not have the advantage of understanding
the mechanisms of genetic inheritance. Even so, he observed
that offspring resembled their parents; therefore, he surmised,
such mechanisms had to exist. That simple fact is the basis for
the concept of a species . Although the precise definition of a
species is complicated, in its most widespread usage it refers to
a group of organisms that can produce viable and fertile off-
spring with one another.

But offspring do differ from their parents. Any population
of a plant or animal species displays variation, and if you select
breeding pairs on the basis of some particular trait, that trait is
more likely to be present in their offspring than in the general
population. Darwin himself bred pigeons, and was well aware
of how pigeon fanciers selected breeding pairs to produce off-
spring with unusual feather patterns, beak shapes, or body sizes
(see Figure 21.2). He realized that if humans could select for spe-
cific traits in domesticated animals, the same process could op-
erate in nature; hence the term natural selectionas opposed to ar-
tificial (human-imposed) selection.

How would natural selection function? Darwin postulated
that different probabilities of survival and reproductive success
would do the job. He reasoned that the reproductive capacity
of plants and animals, if unchecked, would result in unlimited
growth of populations, but we do not observe such growth in
nature; in most species, only a small percentage of offspring sur-
vive to reproduce. Thus any trait that confers even a small in-
crease in the probability that its possessor will survive and re-
produce would be spread in the population. 
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1.2 Cells Are the Building Blocks of
Life The development of micro-
scopes revealed the microbial world to
seventeenth-century scientists such as
Robert Hooke, who proposed  the con-
cept of cells based on his observations.
(A) Hooke drew the cells of a slice of
plant tissue (cork) as he saw them
under his optical microscope. (B) A
modern optical, or •light,Ž microscope
reveals the intricacies of cells in a leaf.
(C) Transmission electron microscopes
(TEMs) allow scientists to see even
smaller objects. TEMs do not visualize
color; here color has been added to a
black-and-white micrograph of cells in
a duckweed stem.



Because organisms with certain traits survive and reproduce
best under specific sets of conditions, natural selection leads to
adaptations : structural, physiological, or behavioral traits that en-
hance an organism•s chances of survival and reproduction in its
environment ( Figure 1.3 ). In addition to natural selection, evolu-
tionary processes such as sexual selection (selection due to mate
choice) and genetic drift (the random fluctuation of gene frequen-
cies in a population due to chance events) contribute to the rise
of diverse adaptations. These processes operating over evolution-
ary history have led to the remarkable array of life on Earth. 

If all cells come from preexisting cells, and if all the diverse
species of organisms on Earth are related by descent with mod-
ification from a common ancestor, then what is the source of in-
formation that is passed from parent to daughter cells and from
parental organisms to their offspring?

Biological information is contained in a 
genetic language common to all organisms

Cells are the basic building blocks of organisms, but even a sin-
gle cell is complex, with many internal structures and many
functions that depend on information. The information required

for a cell to function and interact with other cells„the •blue-
printŽ for existence„is contained in the cell•s genome , the sum
total of all the DNA molecules it contains. DNA (deoxyribonu-
cleic acid) molecules are long sequences of four different sub-
units called nucleotides . The sequence of the nucleotides con-
tains genetic information. Genes are specific segments of DNA
encoding the information the cell uses to make proteins (Figure
1.4). Protein molecules govern the chemical reactions within
cells and form much of an organism•s structure.

By analogy with a book, the nucleotides of DNA are like
the letters of an alphabet. Protein molecules are the sentences.
Combinations of proteins that form structures and control bio-
chemical processes are the paragraphs. The structures and
processes that are organized into different systems with specific
tasks (such as digestion or transport) are the chapters of the
book, and the complete book is the organism. If you were to
write out your own genome using four letters to represent the
four nucleotides, you would write more than 3 billion letters.
Using the size type you are reading now, your genome would
fill about a thousand books the size of this one. The mechanisms
of evolution, including natural selection, are the authors and
editors of all the books in the library of life. 

Many leaves are wide and flat, a 
configuration that presents a 
maximum of photosynthetic surface 
to the sun. Some trees, such as this 
Japanese maple, lose their leaves in 
response to cold or dry weather.

The leaves of many 
evergreen conifers, such 
as spruce trees, are 
waxy-coated needles that 
resist water loss and are 
not shed on a yearly basis.

These water lilies are rooted in 
the pond bottom; their large 
leaves are flat •padsŽ that float 
on the surface.

The leaves of pitcher plants form 
a vessel that holds water. The 
plant receives extra nutrients 
from the decomposing bodies of 
insects that drown in the pitcher.

The ability to climb can be advantageous to a 
plant, enabling it to reach above other plants to 
obtain more sunlight. Some of the leaves of this 
climbing cucumber are tightly furled tendrils that 
wrap around a stake.

1.3 Adaptations to the Environment The leaves of
all plants are specialized for photosynthesis„the sun-
light-powered transformation of water and carbon diox-
ide into larger structural molecules called carbohydrates.
The leaves of different plants, however, display many dif-
ferent adaptations to their individual environments.



All the cells of a multicellular organism contain the same
genome, yet different cells have different functions and form
different structures„contractile proteins form in muscle cells,
hemoglobin in red blood cells, digestive enzymes in gut cells,
and so on. Therefore, different types of cells in an organism must
express different parts of the genome. How cells control gene
expression in ways that enable a complex organism to develop
and function is a major focus of current biological research.

The genome of an organism consists of thousands of genes.
If the nucleotide sequence of a gene is altered, it is likely that
the protein that gene encodes will be altered. Alterations of
the genome are called mutations. Mutations occur sponta-
neously; they can also be induced by outside factors, includ-
ing chemicals and radiation. Most mutations are either harm-
ful or have no effect, but occasionally a mutation improves the
functioning of the organism under the environmental condi-
tions it encounters. Such beneficial mutations are the raw ma-
terial of evolution and lead to adaptations.

Cells use nutrients to supply energy and 
to build new structures

Living organisms acquire nutrients from the environment. Nu-
trients supply the organism with energy and raw materials for
carrying out biochemical reactions. Life depends on thousands

of biochemical reactions that occur inside cells. Some of these
reactions break down nutrient molecules into smaller chemical
units, and in the process some of the energy contained in the
chemical bonds of the nutrients is captured by high-energy mol-
ecules that can be used to do different kinds of cellular work. 

One obvious kind of work cells do is mechanical„moving
molecules from one cellular location to another, moving whole
cells or tissues, or even moving the organism itself, as muscles
do (Figure 1.5A ). The most basic cellular work is the building,
or synthesis, of new complex molecules and structures from
smaller chemical units. For example, we are all familiar with the
fact that carbohydrates eaten today may be deposited in the
body as fat tomorrow ( Figure 1.5B ). Still another kind of work
is the electrical work that is the essence of information pro-
cessing in nervous systems. The sum total of all the chemical
transformations and other work done in all the cells of an or-
ganism is its metabolism , or metabolic rate . 

The myriad of biochemical reactions that go on in cells are
integrally linked in that the products of one are the raw mate-
rials of the next. These complex networks of reactions must be
integrated and precisely controlled; when they are not, the re-
sult is disease. 

Living organisms regulate their internal environment

Multicellular organisms have an internal environmentthat is not
cellular. That is, their individual cells are bathed in extracellu-
lar fluids, from which they receive nutrients and into which they
excrete waste products of metabolism. The cells of multicellu-
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Four nucleotides (C, G, T, and A) 
are the building blocks of DNA.

DNA is made up of two 
strands of linked sequences 
of nucleotides.

A gene consists of a specific
sequence of nucleotides.

The nucleotide sequence in a 
gene contains the information
to build a specific protein.

DNA

DNA

Protein

One nucleotide

Gene

1.4 DNA Is Life•s Blueprint The instructions for life are contained in
the sequences of nucleotides in DNA molecules. Specific DNA nucleotide
sequences comprise genes. The average length of a single human gene
is 16,000 nucleotides. The information in each gene provides the cell with
the information it needs to manufacture molecules of a specific protein.

(B)

(A)

1.5 Energy Can Be Used Immediately or Stored (A) Animal cells
break down and release the energy contained in the chemical bonds of food
molecules to do mechanical work„in this kangaroo•s case, to jump. 
(B) The cells of this Arctic ground squirrel have broken down the complex
carbohydrates in plants and converted their molecules into fats, which are
stored in the animal•s body to provide an energy supply for the cold months. 



lar organisms are specialized, or differentiated, to contribute in
some way to the maintenance of the internal environment. With
the evolution of specialization, differentiated cells lost many
of the functions carried out by single-celled organisms, and
must depend on the internal environment for essential services. 

To accomplish their specialized tasks, assemblages of differ-
entiated cells are organized into tissues. For example, a single
muscle cell cannot generate much force, but when many cells
combine to form the tissue of a working muscle, considerable
force and movement can be generated (see Figure 1.5B). Differ-
ent tissue types are organized to form organs that accomplish
specific functions. For example, the heart, brain, and stomach
are each constructed of several types of tissues. Organs whose
functions are interrelated can be grouped into organ systems; the
stomach, intestine, and esophagus, for example, are parts of the
digestive system. The functions of cells, tissues, organs, and or-
gan systems are all integral to the multicellular organism. We
cover the biology of organisms in Parts Eight and Nine of this
book.

Living organisms interact with one another

The internal hierarchy of the individual organism is
matched by the external hierarchy of the biological
world ( Figure 1.6 ). Organisms do not live in isolation.
A group of individuals of the same species that inter-
act with one another is a population,and populations
of all the species that live and interact in the same area
are called a community. Communities together with
their abiotic environment constitute an ecosystem.

Individuals in a population interact in many dif-
ferent ways. Animals eat plants and other animals
(usually members of another species) and compete
with other species for food and other resources. Some
animals will prevent other individuals of their own
species from exploiting a resource, whether it be food,
nesting sites, or mates. Animals may also cooperate
with members of their species, forming social units
such as a termite colony or a flock of birds. Such in-
teractions have resulted in the evolution of social be-
haviors such as communication.

Plants also interact with their external environ-
ment, which includes other plants, animals, and mi-
croorganisms. All terrestrial plants depend on com-
plex partnerships with fungi, bacteria, and animals.
Some of these partnerships are necessary to obtain
nutrients, some to produce fertile seeds, and still oth-
ers to disperse seeds. Plants compete with each other
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Molecules are made up of 
atoms. Cells are built of 
molecules.

A tissue is a group of many cells 
with similar and coordinated 
functions (such as sensing odors).

An organism is a recognizable, 
self-contained individual. Complex 
multicellular organisms are made 
up of organs and organ systems.

Communities consist 
of populations of many 
different species.

A population is a group of many 
organisms of the same species.

Cells of many types are the 
working components of 
living organisms.

Organs combine several tissues that 
function together. Organs form 
systems, such as the nervous system. 

Biological communities in the same geographical 
location form ecosystems. Ecosystems 
exchange energy and create Earth•s biosphere.

Atoms

Molecule

Cell (neuron)

Neural tissue

Organ (brain)

Organism (fish)

Population (school of fish)

Biosphere 

Community (coral reef)

1.6 Biology Is Studied at Many Levels of Organization
Life•s properties emerge when DNA and other molecules are
organized in cells. Energy flows through all the biological lev-
els shown here.

GO TO Web Activity 1.1 ¥ The Hierarchy of Life
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for light and water, and they have ongoing evolutionary inter-
actions with the animals that eat them, evolving anti-predation
adaptations or ways to attract the animals that assist in their re-
production. The interactions of populations of different plant
and animal species in a community are major evolutionary
forces that produce specialized adaptations. 

Communities interacting over a broad geographic area with
distinguishing physical features form ecosystems; examples
might include an Arctic tundra, a coral reef, or a tropical rain-
forest. The ways in which species interact with one another and
with their environment in communities and in ecosystems is
the subject of ecologyand of Part Ten of this book.

Discoveries in biology can be generalized

Because all life is related by descent from a common ancestor,
shares a genetic code, and consists of similar building blocks„
cells„knowledge gained from investigations of one type of or-
ganism can, with care, be generalized to other organisms. Biolo-
gists use model systems for research, knowing that they can
extend their findings to other organisms, including humans.
For example, our basic understanding of the chemical reactions
in cells came from research on bacteria but is applicable to all cells,
including those of humans. Similarly, the biochemistry of photo-
synthesis„the process by which plants use sunlight to produce
biological molecules„was largely worked out from experiments
on Chlorella, a unicellular green alga (see Figure 10.13). Much of
what we know about the genes that control plant development
is the result of work on Arabidopsis thaliana,a relative of the mus-
tard plant. Knowledge about how animals develop has come
from work on sea urchins, frogs, chickens, roundworms, and fruit
flies. And recently, the discovery of a major gene controlling hu-
man skin color came from work on zebrafish. Being able to gen-
eralize from model systems is a powerful tool in biology.

1.1 RECAP
Living organisms are made of (or depend on) cells,
are related by common descent and evolve, contain
genetic information and use it to reproduce, extract
energy from their environment and use it to do bio-
logical work, synthesize complex molecules to con-
struct biological structures, regulate their internal
environment, and interact with one another. 

€ Describe the relationship between evolution by natu-
ral selection and the genetic code. See pp. 6Ð7

€ Why can the results of biological research on one
species often be generalized to very different species? 
See p. 9

Now that you have an overview of the major features of life that
you will explore in depth in this book, you can ask how and
when life first emerged. In the next section we will summarize
briefly the history of life from the earliest simple life forms to the
complex and diverse organisms that inhabit our planet today.

1.2 How Is All Life on Earth Related?

What do biologists mean when they say that all organisms are
genetically related? They mean that species on Earth share a com-
mon ancestor. If two species are similar, as dogs and wolves
are, then they probably have a common ancestor in the fairly
recent past. The common ancestor of two species that are more
different„say, a dog and a deer„probably lived in the more
distant past. And if two organisms are very different„such as
a dog and a clam„then we must go back to the very distant past
to find their common ancestor. How can we tell how far back
in time the common ancestor of any two organisms lived? In
other words, how do we discover the evolutionary relationships
among organisms?

For many years, biologists have investigated the history of
life by studying the fossil record„the preserved remains of or-
ganisms that lived in the distant past ( Figure 1.7 ). Geologists
supplied knowledge about the ages of fossils and the nature of
the environments in which they lived. Biologists then inferred
the evolutionary relationships among living and fossil organ-
isms by comparing their anatomical similarities and differences.
Frequently big gaps existed in the fossil record, forcing biolo-
gists to predict the nature of the •missing linksŽ between two
lineages of organisms. As the fossil record became more com-
plete, those missing links were filled in. 

Molecular methods for comparing genomes, described in
Chapter 24, are enabling biologists to more accurately establish
the degrees of relationship between living organisms and to use
that information to interpret the fossil record. Molecular infor-
mation can occasionally be gleaned from fossil specimens, such
as recently deciphered genetic material from fossil bones of Ne-
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1.7 Fossils Give Us a View of Past Life This fossil, formed some
150 million years ago, is that of an Archaeopteryx, the earliest known rep-
resentative of the birds. Birds evolved from the same group of reptiles as
the modern crocodiles. 



anderthals that led to the conclusion that even though Nean-
derthals and modern humans coexisted, they did not interbreed. 

In general, the greater the differences between the genomes
of two species, the more distant their common ancestor. Using
molecular techniques, biologists are exploring fundamental
questions about life. What were the earliest forms of life? How
did simple organisms give rise to the great diversity of organ-
isms alive today? Can we reconstruct a family tree of life? 

Life arose from non-life via chemical evolution

Geologists estimate that Earth formed between 4.6 and 4.5 bil-
lion years ago. At first, the planet was not a very hospitable
place. It was some 600 million years or more before the earliest
life evolved. If we picture the history of Earth as a 30-day month,
life first appeared somewhere toward the end of the first week
(Figure 1.8 ).

When we consider how life might have arisen from nonliving
matter, we must take into account the properties of the young

Earth•s atmosphere, oceans, and climate, all of which were very
different than they are today. Biologists postulate that complex
biological molecules first arose through the random physical
association of chemicals in that environment. Experiments sim-
ulating the conditions on early Earth have confirmed that the gen-
eration of complex molecules under such conditions is possible,
even probable. The critical step for the evolution of life, however,
had to be the appearance of molecules that could reproduce
themselves and also serve as templates for the synthesis of large
molecules with complex but stable shapes. The variation of the
shapes of these large, stable molecules (described in Chapters 3
and 4) enabled them to participate in increasing numbers and
kinds of chemical reactions with other molecules. 

Cellular structure evolved in the 
common ancestor of life

The second critical step in the origin of life was the enclosure of
complex biological molecules by membranesthat contained them
in a compact internal environment separate from the surround-
ing external environment. Fatlike molecules played a critical
role because they are not soluble in water and they form mem-
branous films. When agitated, these films can form spherical
vesicles, which could have enveloped assemblages of biological
molecules. The creation of an internal environment that concen-
trated the reactants and products of chemical reactions opened
up the possibility that those reactions could be integrated and
controlled. As described in Section 4.4, scientists postulate that
this natural process of membrane formation resulted in the first
cells with the ability to replicate themselves„the evolution of
the first cellular organisms. 

For more than 2 billion years after cells originated, all organ-
isms consisted of only one cell. These first unicellular organisms
were (and are, as multitudes of their descendants exist in sim-
ilar form today) prokaryotes . Prokaryotic cells consist of DNA
and other biochemicals enclosed in a membrane.

These early prokaryotes were confined to the oceans, where
there was an abundance of complex molecules they could use
as raw materials and sources of energy. The ocean shielded them
from the damaging effects of ultraviolet light, which was in-
tense at that time because there was little or no oxygen (O2) in
the atmosphere, and hence no protective ozone (O3) layer.

Photosynthesis changed the 
course of evolution

To fuel their cellular metabolism, the earli-
est prokaryotes took in molecules directly
from their environment and broke these
small molecules down to release and use
the energy contained in their chemical
bonds. Many modern species of prokary-
otes still function this way, and very suc-
cessfully. During the early eons of life on
Earth, there was no oxygen in the atmos-
phere. In fact, oxygen was toxic to the life
forms that existed then. 
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Each •dayŽ represents 
about 150 million years.

Homo sapiens (modern humans) 
arose in the last 5 minutes of day 
30 (around 500,000 years ago).

Recorded history
covers the last few
seconds of day 30.

Life appeared some time around day 5, 
a little less than 4 billion years ago.

1.8 Life•s Calendar Depicting Earth•s his-
tory on the scale of a 30-day month provides
a sense of the immensity of evolutionary time.



About 2.7 billion years ago, the evolution of photosynthesis
changed the nature of life on Earth. The chemical reactions of
photosynthesis transform the energy of sunlight into a form of
biological energy that can power the synthesis of large mole-
cules (see Chapter 10). These large molecules are the building
blocks of cells, and they can be broken down to provide meta-
bolic energy. Photosynthesis is the basis of much of life on Earth
today because its energy-capturing processes provide food for
other organisms. 

Early photosynthetic cells were probably similar to present-
day prokaryotes called cyanobacteria(Figure 1.9 ). Over time,
photosynthetic prokaryotes became so abundant that vast
quantities of O 2, which is a by-product of photosynthesis,
slowly began to accumulate in the atmosphere. Oxygen was
poisonous to many of the prokaryotes that lived at that time.
Those organisms that did tolerate oxygen, however, were able
to proliferate as the presence of oxygen opened up vast new
avenues of evolution. Aerobic metabolism(energy production
based on the conversion of O2) is more efficient than anaerobic
(non-O2-using) metabolism, and today it is used by the major-
ity of Earth•s organisms. Aerobic metabolism allowed cells to
grow larger. 

Oxygen in the atmosphere also made it possible for life to
move onto land. For most of life•s history, ultraviolet (UV) ra-
diation falling on Earth•s surface was too intense to allow life
to exist outside the shielding water. But the accumulation of
photosynthetically generated oxygen in the atmosphere for
more than 2 billion years gradually produced a layer of ozone
in the upper atmosphere. By about 500 million years ago, the
ozone layer was sufficiently dense and absorbed enough UV ra-
diation to make it possible for organisms to leave the protection
of the water and live on land. 

Eukaryotic cells evolved from prokaryotes

Another important step in the history of life was the evolution
of cells with discrete intracellular compartments, called or-
ganelles , which were capable of taking on specialized cellular
functions. This event happened about 3 weeks into our calen-
dar of Earth•s history (see Figure 1.8). One of these organelles,
the dense-appearing nucleus (Latin nux, •nutŽ or •coreŽ), came
to contain the cell•s genetic information and gives these cells
their name: eukaryotes (Greek eu, •trueŽ; karyon, •kernelŽ or
•coreŽ). The eukaryotic cell is completely distinct from the cells
of prokaryotes (pro, •beforeŽ), which lack nuclei and other in-
ternal compartments.

Some organelles are hypothesized to have originated by en-
dosymbiosis when cells ingested smaller cells. The mitochondria
that generate a cell•s energy probably evolved from engulfed
prokaryotic organisms. And chloroplasts„organelles specialized
to conduct photosynthesis„could have originated when pho-
tosynthetic prokaryotes were ingested by larger eukaryotes. If
the larger cell failed to break down this intended food object, a
partnership could have evolved in which the ingested prokary-
ote provided the products of photosynthesis and the host cell
provided a good environment for its smaller partner.

Multicellularity arose and cells became specialized

Until just over a billion years ago, all the organisms that ex-
isted„whether prokaryotic or eukaryotic„were unicellular.
An important evolutionary step occurred when some eukary-
otes failed to separate after cell division, remaining attached
to each other. The permanent association of cells made it pos-
sible for some cells to specialize in certain functions, such as re-
production, while other cells specialized in other functions, such
as absorbing nutrients and distributing them to neighboring
cells. This cellular specialization enabled multicellular eukary-
otes to increase in size and become more efficient at gathering
resources and adapting to specific environments.

Biologists can trace the evolutionary tree of life

If all the species of organisms on Earth today are the descen-
dants of a single kind of unicellular organism that lived al-
most 4 billion years ago, how have they become so different? A
simplified answer is that as long as individuals within a popu-
lation mate with one another, structural and functional changes
can evolve within that population, but the population will re-
main one species. However, if something happens to isolate
some members of a population from the others, the structural
and functional differences between the two groups may accu-
mulate over time. The two groups may diverge to the point
where their members can no longer reproduce with each other
and are thus distinct species. We discuss this evolutionary
process, called speciation, in Chapter 23. 

Biologists give each species a distinctive scientific name
formed from two Latinized names (a binomial ). The first name
identifies the species• genus„a group of species that share a re-
cent common ancestor. The second is the name of the species. For
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1.9 Photosynthetic Organisms Changed Earth•s Atmosphere
These strands are composed of many cells of cyanobacteria. This 
modern species (Oscillatoria tenuis) may be very similar to the early
photosynthetic prokaryotes responsible for the buildup of oxygen in
Earth•s atmosphere.



example, the scientific name for the human species is Homo sapi-
ens: Homois our genus and sapiensour species. Homois Latin for
•manŽ; sapiensis from the Latin for word for •wiseŽ or •rational.Ž

Tens of millions of species exist on Earth today. Many times
that number lived in the past but are now extinct. Many mil-
lions of speciation events created this vast diversity, and the un-
folding of these events can be diagrammed as an evolutionary
•treeŽ whose branches describe the order in which populations
split and eventually evolved into new species, as described in
Chapter 22. Much of biology is based on comparisons among
species, and these comparisons are useful precisely because we
can place species in an evolutionary context relative to one an-
other. Our ability to do this has been greatly enhanced in recent
decades by our ability to sequence and compare the genomes
of different species.

Genome sequencing and other molecular techniques have
allowed systematists„scientists who study the evolution and
classification of life•s diverse organisms„to augment evolution-
ary knowledge based on the fossil record with a vast array of
molecular evidence. The result is the ongoing compilation of
phylogenetic trees that document and diagram evolutionary re-
lationships as part of an overarching tree of life, the broadest
categories of which are shown in Figure 1.10 . (The tree is ex-
panded in this book•s Appendix; you can also explore the tree
interactively at http://tolweb.org/tree.)

Although many details remain to be clarified, the broad out-
lines of the tree of life have been determined. Its branching pat-
terns are based on a rich array of evidence from fossils, struc-

tures, metabolic processes, behavior, and molecular analyses of
genomes. Molecular data in particular have been used to sep-
arate the tree into three major domains : Archaea, Bacteria, and
Eukarya. The organisms of each domain have been evolving
separately from those in the other domains for more than a
billion years.

Organisms in the domains Archaea and Bacteria are single-
celled prokaryotes. However, members of these two groups dif-
fer so fundamentally in their metabolic processes that they are
believed to have separated into distinct evolutionary lineages
very early. Species belonging to the third domain„ Eukarya „
have eukaryotic cells whose mitochondria and chloroplasts may
have originated from the ingestion of prokaryotic cells, as de-
scribed on page 11.

The three major groups of multicellular eukaryotes„plants,
fungi, and animals„each evolved from a different group of the
eukaryotes generally referred to as protists. The chloroplast-con-
taining, photosynthetic protist that gave rise to plants was com-
pletely distinct from the protist that was ancestral to both ani-
mals and fungi, as can be seen from the branching pattern of
Figure 1.10. Although most protists are unicellular (and thus
sometimes called microbial eukaryotes), multicellularity has
evolved in several protist lineages.

The tree of life is predictive

There are far more species alive on Earth than biologists have
discovered and described to date. In fact, most species on Earth
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1.10 The Tree of Life The classification system
used in this book divides Earth•s organisms into
three domains: Bacteria, Archaea, and Eukarya.
The darkest blue branches within Eukarya represent
various groups of microbial eukaryotes, more com-
monly known as •protists.Ž The organisms on any
one branch share a common ancestor. In this book,
we adopt the convention that time flows from left to
right, so this tree (and other trees in this book) lies
on its side, with its root„the common ancestor„
at the left. 

GO TO Web Activity 1.2 ¥ The Major Groups
of Organisms

yourBioPortal.com



have yet to be discovered by humans (see Section 32.4 for a dis-
cussion of how we know this). When we encounter a new
species, its placement on the tree of life immediately tells us a
great deal about its biology. In addition, understanding relation-
ships among species allows biologists to make predictions about
species that have not yet been studied, based on our knowledge
of those that have.

For example, until phylogenetic methods were developed, it
took years of investigation to isolate and identify most newly
encountered human pathogens, and even longer to discover
how these pathogens moved into human populations. Today,
pathogens that cause diseases such as the flu are identified
quickly on the basis of their evolutionary relationships. Place-
ment in an evolutionary tree also gives us clues about the dis-
ease•s biology, possible effective treatments, and the origin of
the pathogen (see Chapters 21 and 22). 

1.2 RECAP
The first cellular life on Earth was prokaryotic and
arose about 4 billion years ago. The complexity of
the organisms that exist today is the result of several
important evolutionary events, including the evolu-
tion of photosynthesis, eukaryotic cells, and multi-
cellularity. The genetic relationships of all organisms
can be shown as a branching tree of life. 

€ Discuss the evolutionary significance of photosynthe-
sis. See pp. 10Ð11

€ What do the domains of life represent? What are the
major groups of eukaryotes? See p. 12 and Figure 1.10

In February of 1676, Robert Hooke received a letter from the
physicist Sir Isaac Newton in which Newton famously re-

marked, •If I have seen a little further, it is by standing on the
shoulders of giants.Ž We all stand on the shoulders of giants,
building on the research of earlier scientists. By the end of this
course, you will know more about evolution than Darwin ever
could have, and you will know infinitely more about cells than
Schleiden and Schwann did. Let•s look at the methods biolo-
gists use to expand our knowledge of life.

1.3 How Do Biologists Investigate Life?

Regardless of the many different tools and methods used in
research, all scientific investigations are based on observationand
experimentation. In both, scientists are guided by the scientific
method,one of the most powerful tools of modern science. 

Observation is an important skill

Biologists have always observed the world around them, but
today our ability to observe is greatly enhanced by technologies
such as electron microscopes, DNA chips, magnetic resonance
imaging, and global positioning satellites. These technologies
have improved our ability to observe at all levels, from the dis-
tribution of molecules in the body to the distribution of fish in
the oceans. For example, not too long ago marine biologists
were only able to observe the movement of fish in the ocean
by putting physical tags on the fish, releasing them, and hop-
ing that a fisherman would catch that fish and send back the
tag„and even that would reveal only where the fish ended up.
Today we can attach electronic recording devices to fish that
continuously record not only where the fish is, but also how
deep it swims and the temperature and salinity of the water
around it ( Figure 1.11 ). The tags download this information to
a satellite, which relays it back to researchers. Suddenly we
are acquiring a great deal of knowledge about the distribution

of life in the oceans„information that is relevant to
studies of climate change. 

Technologies that enable us to quantifyobservations
are very important in science. For example, for hun-
dreds of years species were classified by generally
qualitative descriptions of the physical differences be-
tween them. There was no way of objectively calcu-
lating evolutionary distances between organisms, and
biologists had to depend on the fossil record for in-
sight. Today our ability to rapidly analyze DNA se-
quences enables quantitative estimates of evolution-
ary distances, as described in Parts Five and Six of this
book. The ability to gather quantitative observations
adds greatly to the biologist•s ability to make strong
conclusions. 
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1.11 Tuna Tracking Marine biologist Barbara Block attach-
es computerized data recording tags (inset) to a live bluefin
tuna before returning it to the ocean. Such tags make it possi-
ble to track an individual tuna wherever it travels in the world•s
oceans.



The scientific method combines observation and logic

Observations lead to questions, and scientists make additional
observations and do experiments to answer those questions. The
conceptual approach that underlies most modern scientific in-
vestigations is the scientific method . This powerful tool, also
called the hypothesis…prediction(H…P) method, has five steps: (1)
making observations; (2) asking questions; (3) forming hypotheses,
or tentative answers to the questions; (4) making predictionsbased
on the hypotheses; and (5) testingthe predictions by making ad-
ditional observations or conducting experiments ( Figure 1.12 ).

After posing a question, a scientist uses inductive logicto pro-
pose a tentative answer. Inductive logic involves taking observa-
tions or facts and creating a new proposition that is compatible
with those observations or facts. Such a tentative proposition is
called a hypothesis . In formulating a hypothesis, scientists put
together the facts they already know to formulate one or more
possible answers to the question. For example, at the opening of

this chapter you learned that scientists have observed the rapid
decline of amphibian populations worldwide and are asking why.
Some scientists have hypothesized that a fungal disease is a cause;
other scientists have hypothesized that increased exposure to ul-
traviolet radiation is a cause. Tyrone Hayes hypothesized that ex-
posure to agricultural chemicals could be a cause. He knew that
the most widely used chemical herbicide is atrazine; that it is
mostly applied in the spring, when amphibians are breeding; and
that atrazine is a common contaminant in the waters in which
amphibians live as they develop into adults.

The next step in the scientific method is to apply a different
form of logic„deductive logic„to make predictions based on the
hypothesis. Deductive logic starts with a statement believed
to be true and then goes on to predict what facts would also
have to be true to be compatible with that statement. Based on
his hypothesis, Tyrone Hayes predicted that frog tadpoles ex-
posed to atrazine would show adverse effects of the chemical
once they reached adulthood.

Good experiments have the potential to 
falsify hypotheses

Once predictions are made from a hypothesis, experiments can
be designed to test those predictions. The most informative
experiments are those that have the ability to show that the pre-
diction is wrong. If the prediction is wrong, the hypothesis must
be questioned, modified, or rejected.

There are two general types of experiments, both of which
compare data from different groups or samples. A controlled ex-
periment manipulates one or more of the factors being tested;
comparativeexperiments compare unmanipulated data gathered
from different sources. As described at the opening of this chap-
ter, Tyrone Hayes and his colleagues conducted both types of
experiment to test the prediction that the herbicide atrazine, a
contaminant in freshwater ponds and streams throughout the
world, affects the development of frogs.

In a controlled experiment , we start with groups or samples
that are as similar as possible. We predict on the basis of our hy-
pothesis that some critical factor, or variable , has an effect on the
phenomenon we are investigating. We devise some method to
manipulate only that variablein an •experimentalŽ group and
compare the resulting data with data from an unmanipulated
•controlŽ group. If the predicted difference occurs, we then ap-
ply statistical tests to ascertain the probability that the manipu-
lation created the difference (as opposed to the difference being
the result of random chance). Figure 1.13 describes one of the
many controlled experiments performed by the Hayes labora-
tory to quantify the effects of atrazine on male frogs.

The basis of controlled experiments is that one variable is
manipulated while all others are held constant. The variable that
is manipulated is called the independent variable,and the re-
sponse that is measured is the dependent variable. A good con-
trolled experiment is not easy to design because biological vari-
ables are so interrelated that it is difficult to alter just one.

A comparative experiment starts with the prediction that
there will be a difference between samples or groups based on
the hypothesis. In comparative experiments, however, we can-
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1. Make observations.

2. Speculate, ask a question.

4. Make a prediction: What else would 
    be true if your hypothesis is correct?

5. Design and conduct an 
    experiment that uses 
    quantifiable data to test 
    your prediction.

Reexamine the
experiment for
uncontrolled
variables.

Ask new
questions.

Use statistical tests to evaluate
the significance of your results.

Significant results
support hypothesis.

Experiment repeated and 
results verified by other 
researchers.

Results do not
support hypothesis.

3. Form a hypothesis to
    answer the question.

Revise your
hypothesis.

1.12 The Scientific Method The process of observation, speculation,
hypothesis, prediction, and experimentation is the cornerstone of modern
science. Answers gleaned through experimentation lead to new ques-
tions, more hypotheses, further experiments, and expanding knowledge.



not control the variables; often we cannot even identify all the
variables that are present. We are simply gathering and com-
paring data from different sample groups.

When his controlled experiments indicated that atrazine in-
deed affects reproductive development in frogs, Hayes and
his colleagues performed a comparative experiment. They col-
lected frogs and water samples from eight widely separated
sites across the United States and compared the incidence of ab-
normal frogs from environments with very different levels of
atrazine (Figure 1.14 ). Of course, the sample sites differed in
many ways besides the level of atrazine present.

The results of experiments frequently reveal that the situa-
tion is more complex than the hypothesis anticipated, thus rais-
ing new questions. In the Hayes experiments, for example, there
was no clear direct relationship between the amountof atrazine
present and the percentage of abnormal frogs: there were fewer
abnormal frogs at the highest concentrations of atrazine than at
lower concentrations. There are no •final answersŽ in science.
Investigations consistently reveal more complexity than we ex-
pect. The scientific method is a tool to identify, assess, and un-
derstand that complexity.

Statistical methods are essential scientific tools

Whether we do comparative or controlled experiments, at the end
we have to decide whether there is a difference between the sam-
ples, individuals, groups, or populations in the study. How do we
decide whether a measured difference is enough to support or fal-
sify a hypothesis? In other words, how do we decide in an unbi-
ased, objective way that the measured difference is significant?

Significance can be measured with statistical methods. Sci-
entists use statistics because they recognize that variation is 
always present in any set of measurements. Statistical tests
calculate the probability that the differences observed in an
experiment could be due to random variation. The results of
statistical tests are therefore probabilities. A statistical test starts
with a null hypothesis „the premise that no difference exists.
When quantified observations, or data , are collected, statisti-
cal methods are applied to those data to calculate the likelihood
that the null hypothesis is correct.

More specifically, statistical methods tell us the probability
of obtaining the same results by chance even if the null hypoth-
esis were true. We need to eliminate, insofar as possible, the
chance that any differences showing up in the data are merely
the result of random variation in the samples tested. Scientists
generally conclude that the differences they measure are signif-
icant if statistical tests show that the probability of error(that is,
the probability that the same results can be obtained by mere
chance) is 5 percent or lower.

Not all forms of inquiry are scientific

Science is a unique human endeavor that is bounded by cer-
tain standards of practice. Other areas of scholarship share with
science the practice of making observations and asking ques-
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CONCLUSION

INVESTIGATING LIFE
1.13  Controlled Experiments Manipulate a Variable

The Hayes laboratory created controlled environments  
that differed only in the concentrations of atrazine in the  
water. Eggs from leopard frogs (Rana pipiens) raised 
specifically for laboratory use were allowed to hatch and the 
tadpoles were separated into experimental tanks containing 
water with different concentrations of atrazine.

HYPOTHESIS   Exposure to atrazine during larval development
  causes abnormalities in the reproductive
  system of male frogs.

 Exposure to atrazine at concentrations as 
 low as 0.1 ppb induces abnormalities in the
 male reproductive systems of frogs. The 
 effect is not proportional to the level of 
 exposure.

Go to yourBioPortal.com  for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 
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1. Establish 9 tanks in which all attributes are held 
 constant except the water•s atrazine concen-
 trations. Establish 3 atrazine conditions 
 (3 replicate tanks per condition): 0 ppb (control 
 condition), 0.1 ppb, and 25 ppb. 
2. Place Rana pipiens tadpoles from laboratory-
 reared eggs in the 9 tanks (30 tadpoles per 
 replicate).
3. When tadpoles have transitioned into adults, 
 sacrifice the animals and evaluate their 
 reproductive tissues.
4. Test for correlation of degree of atrazine exposure 
 with the presence of abnormalities in the 
 reproductive systems of male frogs.

Abnormal testes 
development

Oocytes (eggs) in 
normal-size testis 
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tions, but scientists are distinguished by what they do with
their observations and how they answer their questions. Data,
subjected to appropriate statistical analysis, are critical in the
testing of hypotheses. The scientific method is the most pow-
erful way humans have devised for learning about the world
and how it works.

Scientific explanations for natural pro-
cesses are objective and reliable because
the hypotheses proposed must be testable
and must have the potential of being rejected
by direct observations and experiments.
Scientists must clearly describe the meth-
ods they use to test hypotheses so that
other scientists can repeat their results.
Not all experiments are repeated, but
surprising or controversial results are al-
ways subjected to independent verifica-
tion. Scientists worldwide share this
process of testing and rejecting hypothe-
ses, contributing to a common body of
scientific knowledge.

If you understand the methods of sci-
ence, you can distinguish science from
non-science. Art, music, and literature all
contribute to the quality of human life,
but they are not science. They do not use
the scientific method to establish what is
fact. Religion is not science, although re-
ligions have historically purported to ex-
plain natural events ranging from un-
usual weather patterns to crop failures
to human diseases. Most such phenom-
ena that at one time were mysterious can
now be explained in terms of scientific
principles.

The power of science derives from the
uncompromising objectivity and ab-
solute dependence on evidence that
comes from reproducible and quantifiable
observations. A religious or spiritual ex-
planation of a natural phenomenon may
be coherent and satisfying for the person
holding that view, but it is not testable,
and therefore it is not science. To invoke
a supernatural explanation (such as a
•creatorŽ or •intelligent designerŽ with
no known bounds) is to depart from the
world of science.

Science describes the facts about how
the world works, not how it •ought to
be.Ž Many scientific advances that have
contributed to human welfare have also
raised major ethical issues. Recent devel-
opments in genetics and developmental
biology, for example, enable us to select
the sex of our children, to use stem cells
to repair our bodies, and to modify the

human genome. Although scientific knowledge allows us to do
these things, science cannot tell us whether or not we should do
them, or, if we choose to do so, how we should regulate them.

To make wise decisions about public policy, we need to em-
ploy the best possible ethical reasoning in deciding which out-
comes we should strive for. 
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HYPOTHESIS   Presence of the herbicide atrazine in environmental water correlates 
  with reproductive system abnormalities in frog populations.

INVESTIGATING LIFE

METHOD

RESULTS

1.14  Comparative Experiments Look for Differences among Groups 
To see whether the presence of atrazine correlates with reproductive system 
abnormalities in male frogs, the Hayes lab collected frogs and water samples from 
different locations around the U.S. The analysis that followed was •blind,Ž meaning 
that the frogs and water samples were coded so that experimenters working with 
each specimen did not know which site the specimen came from.

CONCLUSION Reproductive abnormalities exist in frogs from environments in
 which aqueous atrazine concentration is 0.2 ppb or above. The
 incidence of abnormalities does not appear to be proportional to
 atrazine concentration at the time of transition to adulthood.

FURTHER INVESTIGATION:   The highest proportion of abnormal frogs was found at site 3, 
 located on a wildlife reserve in Wyoming. What kind of data 
 and observations would you need to suggest possible 
 explanations for this extremely high incidence? 

Go to yourBioPortal.com  for original citations, discussions, and relevant 
links for all INVESTIGATING LIFE figures. 
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1. Based on commercial sales of atrazine, select 4 sites (sites 1…4) less 
 likely and 4 sites (sites 5…8) more likely to be contaminated with atrazine.
2. Visit all sites in the spring (i.e., when frogs have transitioned from tadpoles
 into adults); collect frogs and water samples.
3. In the laboratory, sacrifice frogs and examine their reproductive tissues, 
 documenting abnormalities.
4. Analyze the water samples for atrazine concentration (the sample for site 
 7 was not tested).
5. Quantify and correlate the incidence of reproductive abnormalities with 
 environmental atrazine concentrations.



1.3 RECAP
The scientific method of inquiry starts with the for-
mulation of hypotheses based on observations and
data. Comparative and controlled experiments are
carried out to test hypotheses.

€ Explain the relationship between a hypothesis and 
an experiment. See p. 14 and Figure 1.12

€ What is controlled in a controlled experiment? 
See p. 14 and Figure 1.13

€ What features characterize questions that can be 
answered only by using a comparative approach? 
See pp. 14Ð15 and Figure 1.14

€ Do you understand why arguments must be sup-
ported by quantifiable and reproducible data in order
to be considered scientific? See pp. 15Ð16

The vast scientific knowledge accumulated over centuries of
human civilization allows us to understand and manipulate as-
pects of the natural world in ways that no other species can.
These abilities present us with challenges, opportunities, and
above all, responsibilities. 

How Does Biology Influence 1.4 Public Policy?

Agriculture and medicine are two important human activities
that depend on biological knowledge. Our ancestors unknow-
ingly applied the principles of evolutionary biology when they
domesticated plants and animals, and people have speculated
about the causes of diseases and searched for methods to com-
bat them since ancient times. Long before the microbial causes
of diseases were known, people recognized that infections could

be passed from one person to another, and the isolation of in-
fected persons has been practiced as long as written records
have been available.

Today, thanks to the deciphering of genomes and our new-
found ability to manipulate them, vast new possibilities exist
for controlling human diseases and increasing agricultural pro-
ductivity, but these capabilities raise ethical and policy issues.
How much and in what ways should we tinker with the genes
of humans and other species? Does it matter whether the
genomes of our crop plants and domesticated animals are
changed by traditional methods of controlled breeding and
crossbreeding or by the biotechnology of gene transfer? What
rules should govern the release of genetically modified organ-
isms into the environment? Science alone cannot provide all the
answers, but wise policy decisions must be based on accurate
scientific information.

Biologists are increasingly called on to advise government
agencies concerning the laws, rules, and regulations by which
society deals with the increasing number of challenges that have
at least a partial biological basis. As an example of the value of
scientific knowledge for the assessment and formulation of pub-
lic policy, let•s return to the tracking study of bluefin tuna intro-
duced in Section 1.3. Prior to this study, both scientists and fish-
ermen knew that bluefins had a western breeding ground in the
Gulf of Mexico and an eastern breeding ground in the Mediter-
ranean Sea (Figure 1.15 ). Overfishing had led to declining num-
bers of fish in the western-breeding populations, to the point of
these populations being endangered.
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The two populations mix freely, especially in 
the heavily fished waters of the North Atlantic.

Tracked fish from western spawning ground

Tracked fish from eastern spawning ground
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1.15 Bluefin Tuna Do Not Recognize Boundaries It was assumed
that tuna from western-breeding populations and those from eastern-
breeding populations also fed on their respective sides of the Atlantic, so
separate fishing quotas were established on either side of 45º W longi-
tude (dashed line) to allow the endangered western population to recover.
However, tracking data shows that the two populations do notremain
separate after spawning, so in fact the established policy does not 
protect the western population.



Initially it was assumed by scientists, fishermen, and policy
makers alike that the eastern and western populations had ge-
ographically separate feeding grounds as well as separate
breeding grounds. Acting on this assumption, an international
commission drew a line down the middle of the Atlantic Ocean
and established strict fishing quotas on the western side of the
line, with the intent of allowing the western population to re-
cover. New tracking data, however, revealed that in fact the east-
ern and western bluefin populations mix freely on their feed-
ing grounds across the entire North Atlantic„a swath of ocean
that includes the most heavily fished waters in the world. Tuna
caught on the eastern side of the line could just as likely be from
the western breeding population as the eastern; thus the es-
tablished policy was not achieving its intended goal.

Policy makers take more things into consideration than sci-
entific knowledge and recommendations. For example, studies
on the effects of atrazine on amphibians have led one U.S.
group, the Natural Resources Defense Council, to take legal ac-
tion to have atrazine banned on the basis of the Endangered
Species Act. The U.S. Environmental Protection Agency, how-
ever, must also consider the potential loss to agriculture that
such a ban would create and has continued to approve
atrazine•s use as long as environmental levels do not exceed
30 to 40 ppb„which is 300 to 400 times the levels shown to in-
duce abnormalities in the Hayes studies. Scientific conclusions
do not always prevail in the political world.

Another reason for studying biology is to understand the ef-
fects of the vastly increased human population on its environ-
ment. Our use of natural resources is putting stress on the ability
of Earth•s ecosystems to continue to produce the goods and serv-
ices on which our society depends. Human activities are chang-
ing global climates, causing the extinctions of a large number of
species like the amphibians featured in this chapter, and spread-
ing new diseases while facilitating the resurgence of old ones.
The rapid spread of flu viruses has been facilitated by modern
modes of transportation, and the recent resurgence of tuberculo-
sis is the result of the evolution of bacteria that are resistant to an-
tibiotics. Biological knowledge is vital for determining the causes
of these changes and for devising wise policies to deal with them. 

Beyond issues of policy and pragmatism lies the human
•need to know.Ž Human beings are fascinated by the richness
and diversity of life, and most people want to know more about
organisms and how they interact. Human curiosity might even
be seen as an adaptive trait„it is possible that such a trait could
have been selected for if individuals who were motivated to
learn about their surroundings were likely to have survived and
reproduced better, on average, than their less curious relatives.
Far from ending the process, new discoveries and greater
knowledge typically engender questions no one thought to ask
before. There are vast numbers of questions for which we do
not yet have answers, and the  most important motivator of
most scientists is curiosity.
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1.1 What Is Biology?

¥Biology is the scientific study of living organisms, including
their characteristics, functions, and interactions. Cells are the
basic structural and physiological units of life. The cell theory
states that all life consists of cells and that all cells come from
preexisting cells.

¥All living organisms are related to one another through descent
with modification. Evolution by natural selection is responsible
for the diversity of adaptationsfound in living organisms.

¥The instructions for a cell are contained in its genome, which
consists of DNAmolecules made up of sequences of
nucleotides. Specific segments of DNA called genes contain the
information the cell uses to make proteins. Review Figure 1.4

¥Living organisms regulate their internal environment. They also
interact with other organisms of the same and different species.
Biologists study life at all these levels of organization. Review
Figure 1.6, WEB ACTIVITY 1.1

¥Biological knowledge obtained from a model systemmay be
generalized to other species.

1.2 How Is All Life on Earth Related?

¥Biologists use fossils, anatomical similarities and differences,
and molecular comparisons of genomes to reconstruct the 
history of life. Review Figure 1.8

¥Life first arose by chemical evolution. Cells arose early in the
evolution of life.

¥Photosynthesis was an important evolutionary step because it
changed EarthÕs atmosphere and provided a means of captur-
ing energy from sunlight.

¥The earliest organisms were prokaryotes. Organisms called
eukaryotes, with more complex cells, arose later. Eukaryotic
cells have discrete intracellular compartments, called
organelles, including a nucleus that contains the cellÕs genetic
material.

¥The genetic relationships of speciescan be represented as an
evolutionary tree. Species are grouped into three domains:
Archaea, Bacteria, and Eukarya. Archaea and Bacteria are
domains of unicellular prokaryotes. Eukarya contains diverse
groups of protists (most but not all of which are unicellular) and
the multicellular plants, fungi, and animals.Review Figure 1.10,
WEB ACTIVITY 1.2

1.3 How Do Biologists Investigate Life?

¥The scientific method used in most biological investigations
involves five steps: making observations, asking questions,
forming hypotheses, making predictions, and testing those 
predictions. Review Figure 1.12

¥Hypotheses are tentative answers to questions. Predictions
made on the basis of a hypothesis are tested with additional
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1. Even if we knew the sequences of all of the genes of a 
single-celled organism and could cause those genes to be
expressed in a test tube, it would still be incredibly difficult
to create a functioning organism. Why do you think this is
so? In light of this fact, what do you think of the statement
that the genome contains all of the information for a
species?

2. Why is it so important in science that we design and per-
form tests capable of falsifying a hypothesis?

3. What features characterize questions that can be answered
only by using a comparative approach?

4. Cite an example of how you apply aspects of the scientific
method to solve problems in your daily life.
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FOR DISCUSSION 

ADDITIONAL INVESTIGATION 

1. The abnormalities of frogs in Tyrone Hayes•s studies were
associated with the presence of a herbicide in the environ-
ment. That herbicide did not kill the frogs, but it feminized
the males. How would you investigate whether this effect
could lead to decreased reproductive capacity for the frog
populations in nature?

2. Just as all cells come from preexisting cells, all mitochon-
dria„the cell organelles that convert energy in food to a
form of energy that can do biological work„come from
preexisting mitochondria. Cells do not synthesize mito-
chondria from the genetic information in their nuclei. What
investigations would you carry out to understand the
nature of mitochondria?

Feminization of Frogs Analogous to the experiment shown
in Figure 1.13, this exercise asks you to graph data about the
size of the laryngeal (throat) muscles required to produce male
mating calls in the frog Xenopus laevis. After plotting data from

frogs exposed to different levels of the herbicide atrazine dur-
ing their development, you will formulate conclusions about
the effects of the herbicide on this physical attribute and spec-
ulate about what these effects might mean.

W O R K I N G  W I T H  D ATA (GO TO yourBioPortal.com)

observations and two kinds of experiments: comparative and
controlled experiments . Review Figures 1.13 and 1.14, 
ANIMATED TUTORIAL 1.1

¥Statistical methods are applied to data to establish whether 
or not the differences observed are significant or whether they
could be the result of chance. These methods start with the 
null hypothesis that there are no differences.

¥Science can tell us how the world works, but it cannot tell 
us what we should or should not do.

1.4 How Does Biology Influence Public Policy?

¥Biologists are often called on to advise government agencies 
on the solution of important problems that have a biological
component.



ÒYou are what you eatÑand that is recorded in
your hair.Ó Two scientists at the University of
Utah are responsible for adding the last phrase

to this famous saying about body chemistry. Ecologist Jim
Ehleringer and chemist Thure Cerling showed that the
composition of human hair reflects the region where a
person lives.

As we pointed out in Chapter 1, living things are made
up of the same kinds of atoms that make up the inani-
mate universe. Two of those atoms are hydrogen (H) and

oxygen (O), which combine to form water (H2O). Both
atoms have naturally occurring variants called isotopes,
which have the same chemical properties but different
weights because their nuclei have different numbers of
particles called neutrons. 

When water evaporates from the ocean, it forms clouds
that move inland and release rain. Water made up of the
heavier H and O isotopes is heavier and tends to fall more
readily than water containing the lighter isotopes. Warm
rains tend to be heavier than cooler precipitation. People
living on the coast or in regions where there are frequent
warm rains consume heavier water and foods made from
water than people living in cooler, inland areas (assuming,
of course, that their beverages and produce come from
the same area they live in). And, since you are what you
eat, the heavy H and O atoms become part of their bodies.

Our hair contains abundant H and O atoms, many ob-
tained from local water. Ehleringer and Cerling wondered
whether the ratios of heavy-to-light H and O in hair re-
flected the ratio of heavy-to-light H2O in the local water. To
address this question, EhleringerÕs wife and CerlingÕs chil-
dren and their friends went on a hair-collecting trip across
the United States, collecting hair trimmings from barber-
shop floors while at the same time filling test tubes with lo-
cal water. Back at the lab, scientists tested the samples and
found that the ratios of heavy to light isotopes in the hair
did indeed reflect these same ratios in the local water.

While this information is intrinsically fascinating, it is
also potentially useful. For example, police could use hair
analysis to evaluate a suspectÕs alibi: ÒYou say youÕve been
in Montana for the past month? Your hair sample indi-
cates that you were in a warm coastal area.Ó Such conflict-
ing evidence could form the basis of further investigation.

A hairy story

2

Hair Tells a Tale The ratio in hair protein of the heavy isotope
18O to its lighter counterpart 16O reflects the ratios in local water.



How Does Atomic Structure Explain 2.1 the Properties of Matter?

All matter is composed of atoms . Atoms are tiny„more than
a trillion (10 12) of them could fit on top of the period at the end
of this sentence. Each atom consists of a dense, positively
charged nucleus , around which one or more negatively charged
electrons move (Figure 2.1 ). The nucleus contains one or more
positively charged protons and may contain one or more neu-
trons with no electrical charge. Atoms and their component par-
ticles have volume and mass, which are characteristics of all
matter. Massis a measure of the quantity of matter present; the
greater the mass, the greater the quantity of matter.

The mass of a proton serves as a standard unit of measure
called the dalton(named after the English chemist John Dalton)
or atomic mass unit (amu). A single proton or neutron has a 
mass of about 1 dalton (Da), which is 1.7 × 10…24grams
(0.0000000000000000000000017 g). That•s tiny, but an electron is
even tinier at 9 ×10…28g (0.0005 Da). Because the mass of an elec-
tron is negligible compared with the mass of a proton or a neu-
tron, the contribution of electrons to the mass of an atom can
usually be ignored when measurements and calculations are
made. It is electrons, however, that determine how atoms will
combine with other atoms to form stable associations.

Each proton has a positive electric charge, defined as +1 unit
of charge. An electron has a negative charge equal and oppo-
site to that of a proton (…1). The neutron, as its name suggests,
is electrically neutral, so its charge is 0. Charges that are differ-
ent (+/…) attract each other, whereas charges that are alike (+/+,
…/…) repel each other. Atoms are electrically neutral because the
number of electrons in an atom equals the number of protons.

An element consists of only one kind of atom

An element is a pure substance that contains only one kind of
atom. The element hydrogen consists only of hydrogen atoms;
the element iron consists only of iron atoms. The atoms of each
element have certain characteristics or properties that distin-
guish them from the atoms of other elements. These properties
include their mass and how they interact and associate with
other atoms.

The more than 100 elements found in the universe are
arranged in the periodic table(Figure 2.2 ). Each element has its
own one- or two-letter chemical symbol. For example, H stands
for hydrogen, C for carbon, and O for oxygen. Some symbols
come from other languages: Fe (from the Latin, ferrum) stands
for iron, Na (Latin, natrium) for sodium, and W (German, wol-
fram) for tungsten.

IN THIS CHAPTER we will introduce the constituents
of matter: atoms, their variety, their properties, and their ca-
pacity to combine with other atoms. We will consider how
matter changes, including changes in state (solid to liquid
to gas), and changes caused by chemical reactions. We will
examine the structure and properties of water and its rela-
tionship to chemical acids and bases.

Or anthropologists might analyze hair samples from
graves to work out migration patterns of human groups.

The understanding that life is based on chemistry and
obeys universal laws of chemistry and physics is rela-
tively new in human history. Until the nineteenth cen-
tury, a Òvital forceÓ (from the Latin vitalis, Òof lifeÓ) was
presumed be responsible for life. This vital force was
seen as distinct from the mechanistic forces governing
physics and chemistry. Many people still assume that a
vital force exists, but the physicalÐchemical view of life
has led to great advances in biological science and is the
cornerstone of modern medicine and agriculture.

CHAPTER OUTLINE
2.1 How Does Atomic Structure Explain the Properties

of Matter?

2.2 How Do Atoms Bond to Form Molecules?

2.3 How Do Atoms Change Partners in Chemical
Reactions?

2.4 What Makes Water So Important for Life?

Free Samples Need hair samples for a research project?
Try the local barber shop.



The elements of the periodic table are not found in equal
amounts. Stars have abundant amounts of hydrogen and he-
lium. Earth•s crust, and the surfaces of the neighboring planets,
are almost half oxygen, 28 percent silicon, 8 percent aluminum,
and between 2 and 5 percent each of sodium, magnesium,
potassium, calcium, and iron. They contain much smaller
amounts of the other elements.

About 98 percent of the mass of every living organism (bac-
terium, turnip, or human) is composed of just six elements: car-

bon, hydrogen, nitrogen, oxygen, phosphorus, and sulfur. The
chemistry of these six elements will be our primary concern in
this chapter, but other elements found in living organisms are
important as well. Sodium and potassium, for example, are es-
sential for nerve function; calcium can act as a biological signal;
iodine is a component of a vital hormone; and magnesium is
bound to chlorophyll in plants. The physical and chemical (re-
active) properties of atoms depend on the number of subatomic
particles they contain.

Each element has a different number of protons

An element differs from other elements by the number of pro-
tons in the nucleus of each of its atoms; the number of protons
is designated the atomic number . This atomic number is unique
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Each proton has a mass 
of 1 and a positive charge.

Each neutron has a mass 
of 1 and no charge.

Each electron has negligible 
mass and a negative charge.

Nucleus

2.1 The Helium Atom This representation of a helium atom is called a
Bohr model. It exaggerates the space occupied by the nucleus. In reality,
although the nucleus accounts for virtually all of the atomic mass, it occu-
pies only about 1/10,000 of the atom•s volume. The Bohr model is also
inaccurate in that it represents the electron as a discrete particle in a
defined orbit around the nucleus.

Elements in the same vertical 
columns have similar properties 
because they have the same number 
of electrons in their outermost shell.

Elements highlighted in 
orange are present in small 
amounts in many organisms.

The six elements highlighted in 
yellow make up 98% of the 
mass of most living organisms.

Masses in parentheses indicate unstable elements 
that decay rapidly to form other elements.

Elements without a chemical 
symbol are as yet unnamed.

Atomic number 
(number of protons)

Chemical symbol 
(for helium)

Atomic mass 
(number of protons plus
 number of neutrons)

1
H

1.0079

3
Li

6.941

4
Be

9.012

11
Na

22.990

12
Mg

24.305

20
Ca

40.08

19
K

39.098

21
Sc

44.956

22
Ti

47.88

23
V

50.942

24
Cr

51.996

25
Mn

54.938

26
Fe

55.847

2
He

4.003

7
N

14.007

8
O

15.999

15
P

30.974

16
S

32.06

29
Cu

63.546

30
Zn

65.38

31
Ga

69.72

32
Ge

72.59

33
As

74.922

34
Se

78.96

35
Br

79.909

36
Kr

83.80

9
F

18.998

10
Ne

20.179

17
Cl

35.453

18
Ar

39.948

27
Co

58.933

28
Ni

58.69

5
B

10.81

6
C

12.011

13
Al

26.982

14
Si

28.086 

37
Rb

85.4778

38
Sr

87.62

39
Y

88.906

40
Zr

91.22

41
Nb

92.906

42
Mo

95.94

43
Tc

(99)

44
Ru

101.07  

47
Ag

107.870

48
Cd

112.41

49
In

114.82

50
Sn

118.69

51
Sb

121.75

52
Te

127.60

53
I

126.904

54
Xe

131.30

45
Rh

102.906

46
Pd

106.4

55
Cs

132.905

56
Ba

137.34

72
Hf

178.49

73
Ta

180.948

74
W

183.85

104
Rf

(261)

105
Db

(262)

106
Sg

(266)

107
Bh

(264)

108
Hs

(269)

109
Mt

(268)

110

(269)

111

(272)

112

(277)

113 114

(285)

115

(289)

116 117 118

(293)

75
Re

186.207

76
Os

190.2

79
Au

196.967

80
Hg

200.59

81
Tl

204.37

82
Pb

207.19

83
Bi

208.980

84
Po

(209)

85
At

(210)

86
Rn

(222)

77
Ir

192.2

78
Pt

195.08

87
Fr

(223)

88
Ra

226.025

58
Ce

140.12

59
Pr

140.9077

60
Nd

144.24

61
Pm

(145)

64
Gd

157.25

65
Tb

158.924

66
Dy

162.50

67
Ho

164.930

68
Er

167.26

69
Tm

168.934

70
Yb

173.04

62
Sm

150.36

63
Eu

151.96

90
Th

232.038

57
La

138.906

89
Ac

227.028

91
Pa

231.0359

92
U

238.02

93
Np

  237.0482  

96
Cm

(247)

97
Bk

(247)

98
Cf

(251)

99
Es

(252)

100
Fm

(257)

101
Md

(258)

102
No

(259)

71
Lu

174.97

94
Pu

(244)

95
Am

(243)

Lanthanide series

Actinide series

103
Lr

(260)

2
He

4.003

…

…

+
+

2.2 The Periodic Table The periodic table groups the
elements according to their physical and chemical proper-
ties. Elements 1…92 occur in nature; elements with atomic
numbers above 92 were created in the laboratory.



to each element and does not change. The atomic number of he-
lium is 2, and an atom of helium always has two protons; the
atomic number of oxygen is 8, and an atom of oxygen always
has eight protons.

Along with a definitive number of protons, every element
except hydrogen has one or more neutrons in its nucleus. The
mass number of an atom is the total number of protons and neu-
trons in its nucleus. The nucleus of a carbon atom contains six
protons and six neutrons, and has a mass number of 12. Oxy-
gen has eight protons and eight neutrons, and has a mass num-
ber of 16. The mass number is essentially the mass of the atom
in daltons (see below).

By convention, we often print the symbol for an element with
the atomic number at the lower left and the mass number at the
upper left, both immediately preceding the symbol. Thus hy-
drogen, carbon, and oxygen can be written as 11H, 12

6 C, and 16
8 O,

respectively.

The number of neutrons differs among isotopes

In some elements, the number of neutrons in the atomic nucleus
is not always the same. Different isotopes of the same element
have the same number of protons, but different numbers of neu-
trons. Many elements have several isotopes. The isotopes of hy-
drogen shown below have special names, but the isotopes of
most elements do not have distinct names.

The natural isotopes of carbon, for example, are 12C (six neu-
trons in the nucleus), 13C (seven neutrons), and 14C (eight neu-
trons). Note that all three (called •carbon-12,Ž •carbon-13,Ž and
•carbon-14Ž) have six protons, so they are all carbon. Most car-
bon atoms are 12C, about 1.1 percent are 13C, and a tiny frac-
tion are 14C. But all have virtually the same chemical reactiv-
ity, which is an important property for their use in experimental
biology and medicine. An element•s atomic weight (or atomic
mass) is the average of the mass numbers of a representative
sample of atoms of that element, with all the isotopes in their
normally occurring proportions. The atomic weight of carbon,
taking into account all of its isotopes and their abundances, is
thus 12.011. The fractional atomic weight results from averag-
ing the contributing weights of all of the isotopes.

Most isotopes are stable. But some, called radioisotopes , are
unstable and spontaneously give off energy in the form of � (al-
pha), � (beta), or � (gamma) radiation from the atomic nucleus.
Known as radioactive decay, this release of energy transforms the
original atom. The type of transformation varies depending on

the radioisotope, but some can change the number of protons,
so that the original atom becomes a different element.

With sensitive instruments, scientists can use the released ra-
diation to detect the presence of radioisotopes. For instance, if
an earthworm is given food containing a radioisotope, its path
through the soil can be followed using a simple detector called
a Geiger counter. Most atoms in living organisms are organized
into stable associations called molecules . If a radioisotope is in-
corporated into a molecule, it acts as a tag or label, allowing
researchers or physicians to trace the molecule in an experiment
or in the body (Figure 2.3 ). Radioisotopes are also used to date
fossils, an application described in Section 25.1.

Although radioisotopes are useful in research and in medi-
cine, even a low dose of the radiation they emit has the poten-
tial to damage molecules and cells. However, these damaging
effects are sometimes used to our advantage; for example, the
radiation from 60Co (cobalt-60) is used in medicine to kill can-
cer cells.

The behavior of electrons determines chemical 
bonding and geometry

The characteristic number of electrons in an atom determines
how it will combine with other atoms. Biologists are interested
in how chemical changes take place in living cells. When con-
sidering atoms, they are concerned primarily with electrons be-
cause the behavior of electrons explains how chemicalreactions
occur. Chemical reactions alter the atomic compositions of sub-
stances and thus alter their properties. Reactions usually involve
changes in the distribution of electrons between atoms.

The location of a given electron in an atom at any given time
is impossible to determine. We can only describe a volume of
space within the atom where the electron is likely to be. The
region of space where the electron is found at least 90 percent
of the time is the electron•s orbital . Orbitals have characteristic
shapes and orientations, and a given orbital can be occupied by

…

+

…

+

…

+

Hydrogen Deuterium Tritium

1 proton

1 neutron

1 proton

0 neutrons

1 proton

2 neutrons

1H 2H 3H1 1 1
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Comparison
subject

Methamphetamine
abuser Activity

level

High

Low

2.3 Tagging the Brain In these images from live people, a radioactive-
ly labeled sugar is used to detect differences between the brain activity of
a healthy person and that of a person who abuses methamphetamines.
The more active a brain region is, the more sugar it takes up. The healthy
brain (left) shows more activity in the region involved in memory (the red
area) than the drug abuser•s brain does.



a maximum of two electrons (Figure 2.4 ). Thus any atom larger
than helium (atomic number 2) must have electrons in two or
more orbitals. As we move from lighter to heavier atoms in
the periodic chart, the orbitals are filled in a specific sequence,
in a series of what are known as electron shells , or energy lev-
els, around the nucleus.

€ First shell: The innermost electron shell consists of just one
orbital, called an s orbital. A hydrogen atom ( 1H) has one
electron in its first shell; helium ( 2He) has two. Atoms of all
other elements have two or more shells to accommodate or-
bitals for additional electrons.

€ Second shell: The second shell contains four orbitals (an sor-
bital and three p orbitals), and hence holds up to eight elec-
trons. As depicted in Figure 2.4, the sorbitals have the
shape of a sphere, while the porbitals are directed at right
angles to one another. The orientations of these orbitals in
space contribute to the three-dimensional shapes of mole-
cules when atoms link to other atoms.
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First shell:
The two electrons closest
to the nucleus move in a 
spherical s orbital.

Second shell:
Two electrons occupy the 2s orbital, one of four 
orbitals in the second shell of electrons. The 
second shell can hold a total of eight electrons.

Two electrons form 
a dumbbell-shaped 
x axis (px) orbitalƒ

ƒtwo more fill 
the py orbitalƒ

ƒand two fill 
the pz orbital.

Six electrons fill all 
three p orbitals.

y y

z

x1s Orbital

py Orbitalpx Orbital

x

pz Orbital

z

All p orbitals full2s Orbital

Electrons occupying the same 
orbital are shown as pairs.

Atoms whose outermost shells contain unfilled 
orbitals (unpaired electrons) are reactive.

When all the orbitals in the outermost shell 
are filled, the atom is stable.

Hydrogen (H) Helium (He)

Neon (Ne)

Sodium (Na) Argon (Ar)

Third shell

Second shell

First shell

Lithium (Li)

Chlorine (Cl)Sulfur (S)Phosphorus (P)

Fluorine (F)Oxygen (O)Nitrogen (N)Carbon (C)

Nucleus

1+

11+

3+

2+

10+
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9+8+7+6+
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2.4 Electron Shells and Orbitals Each orbital holds a maximum of
two electrons. The sorbitals have a lower energy level and fill with elec-
trons before the p orbitals do.

2.5 Electron Shells Determine the Reactivity of Atoms Each shell
can hold a specific maximum number of electrons. Each shell must be filled
before electrons can occupy the next shell. The energy level of an electron
is higher in a shell farther from the nucleus. An atom with unpaired elec-
trons in its outermost shell can react (bond) with other atoms.

GO TO Web Activity 2.1 ¥ Electron Orbitals

yourB ioPortal.com



€ Additional shells: Elements with more than ten electrons
have three or more electron shells. The farther a shell is
from the nucleus, the higher the energy level is for an elec-
tron occupying that shell.

The sorbitals fill with electrons first, and their electrons have
the lowest energy level. Subsequent shells have different num-
bers of orbitals, but the outermost shells usually hold only eight
electrons. In any atom, the outermost electron shell (the va-
lence shell) determines how the atom combines with other
atoms„that is, how the atom behaves chemically. When a va-
lence shell with four orbitals contains eight electrons, there are
no unpaired electrons, and the atom is stable„it will not react
with other atoms ( Figure 2.5 ). Examples of chemically stable el-
ements are helium, neon, and argon. On the other hand, atoms
that have one or more unpaired electrons in their outer shells
are capable of reacting with other atoms.

Atoms with unpaired electrons (i.e., partially filled orbitals)
in their outermost electron shells are unstable, and will undergo
reactions in order to fill their outermost shells. Reactive atoms can
attain stability either by sharing electrons with other atoms or by
losing or gaining one or more electrons. In either case, the atoms
involved are bondedtogether into stable associations called mole-
cules. The tendency of atoms to form stable molecules so that they
have eight electrons in their outermost shells is known as the octet
rule. Many atoms in biologically important molecules„for exam-
ple, carbon (C) and nitrogen (N)„follow this rule. An important
exception is hydrogen (H), which attains stability when two elec-
trons occupy its single shell (consisting of just one sorbital).

2.1 RECAP
The living world is composed of the same set of
chemical elements as the rest of the universe. An
atom consists of a nucleus of protons and neutrons,
and a characteristic configuration of electrons in or-
bitals around the nucleus. This structure determines
the atom•s chemical properties.

€ Describe the arrangement of protons, neutrons, and
electrons in an atom. See Figure 2.1

€ Use the periodic table to identify some of the similari-
ties and differences in atomic structure among differ-
ent elements (for example, oxygen, carbon, and he-
lium). How does the configuration of the valence shell
influence the placement of an element in the periodic
table? See p. 25 and Figures 2.2 and 2.5

€ How does bonding help a reactive atom achieve 
stability? See p. 25 and Figure 2.5

We have introduced the individual players on the biochemical
stage„the atoms. We have shown how the energy levels of elec-
trons drive an atomic •quest for stability.Ž Next we will describe
the different types of chemical bonds that can lead to stability,
joining atoms together into molecular structures with hosts of
different properties.

How Do Atoms Bond to 2.2 Form Molecules?

A chemical bond is an attractive force that links two atoms to-
gether in a molecule. There are several kinds of chemical bonds
(Table 2.1 ). In this section we will begin with covalent bonds, the
strong bonds that result from the sharing of electrons. Next we
will examine ionic bonds, which form when an atom gains or
loses one or more electrons to achieve stability. We will then con-
sider other, weaker, kinds of interactions, including hydrogen
bonds, which are enormously important to biology.

Covalent bonds consist of shared pairs of electrons

A covalent bond forms when two atoms attain stable electron
numbers in their outermost shells by sharing one or more pairs
of electrons. Consider two hydrogen atoms coming into close
proximity, each with an unpaired electron in its single shell ( Fig-
ure 2.6 ). When the electrons pair up, a stable association is
formed, and this links the two hydrogen atoms in a covalent
bond, resulting in H 2.

A compound is a substance made up of molecules with two
or more elements bonded together in a fixed ratio. Methane gas
(CH4), water (H2O), and table sugar (sucrose, C12H22O11) are ex-
amples of compounds. The chemical symbols identify the dif-
ferent elements in a compound, and the subscript numbers in-
dicate how many atoms of each element are present. Every
compound has a molecular weight (molecular mass) that is the
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Each electron is 
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other atom•s 
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ƒbut the 
nucleus still 
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own electron.
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H

H

H

H

H

H
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bond

2.6 Electrons Are Shared in Covalent Bonds Two hydrogen atoms
can combine to form a hydrogen molecule. A covalent bond forms when
the electron orbitals of the two atoms overlap in an energetically stable
manner.

GO TO Animated Tutorial 2.1 ¥ Chemical Bond Formation
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sum of the atomic weights of all atoms in the molecule. Look-
ing at the periodic table in Figure 2.2, you can calculate the mo-
lecular weights of the three compounds listed above to be 16.04,
18.01, and 342.29, respectively. Molecules that make up living
organisms range in molecular weight from two to half a billion,
and covalent bonds are common to all.

How are covalent bonds formed in a molecule of methane
gas (CH4)? The carbon atom in this compound has six electrons:
two electrons fill its inner shell, and four unpaired electrons
travel in its outer shell. Because its outer shell can hold up to
eight electrons, carbon can share electrons with up to four other
atoms„it can form four covalent bonds(Figure 2.7A ). When an
atom of carbon reacts with four hydrogen atoms, methane
forms. Thanks to electron sharing, the outer shell of methane•s
carbon atom is now filled with eight electrons, a stable config-
uration. The outer shell of each of the four hydrogen atoms is
also filled. Four covalent bonds„four shared electron pairs„

hold methane together. Figure 2.7B shows several different
ways to represent the molecular structure of methane. Table 2.2
shows the covalent bonding capacities of some biologically sig-
nificant elements.

STRENGTH AND STABILITY Covalent bonds are very strong, mean-
ing that it takes a lot of energy to break them. At temperatures
in which life exists, the covalent bonds of biological molecules
are quite stable, as are their three-dimensional structures. How-
ever, this stability does not preclude change, as we will discover.

ORIENTATION For a given pair of elements„for example, car-
bon bonded to hydrogen„the length of the covalent bond is al-
ways the same. And for a given atom within a molecule, the an-
gle of each covalent bond, with respect to the other bonds, is
generally the same. This is true regardless of the type of larger
molecule that contains the atom. For example, the four filled or-
bitals around the carbon atom in methane are always distrib-
uted in space so that the bonded hydrogens point to the corners
of a regular tetrahedron, with carbon in the center (see Figure
2.7B). Even when carbon is bonded to four atoms other than hy-
drogen, this three-dimensional orientation is more or less main-
tained. The orientation of covalent bonds in space gives the mol-
ecules their three-dimensional geometry, and the shapes of
molecules contribute to their biological functions, as we will see
in Section 3.1.

MULTIPLE COVALENT BONDS A covalent bond can be represented
by a line between the chemical symbols for the linked atoms:

€ A single bondinvolves the sharing of a single pair of elec-
trons (for example, H„H or C„H).
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TABLE 2.1
Chemical Bonds and Interactions

NAME BASIS OF INTERACTION STRUCTURE BOND ENERGYa (KCAL/MOL)

Covalent bond Sharing of electron pairs 50…110

Ionic bond Attraction of opposite charges 3…7

Hydrogen bond Sharing of H atom 3…7

Hydrophobic interaction Interaction of nonpolar substances 1…2
in the presence of polar substances 
(especially water)

van der Waals interaction Interaction of electrons of nonpolar 
substances 1

aBond energy is the amount of energy needed to separate two bonded or interacting atoms under physiological conditions.
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TABLE 2.2
Covalent Bonding Capabilities of Some

Biologically Important Elements 
ELEMENT USUAL NUMBER OF COVALENT BONDS

Hydrogen (H) 1

Oxygen (O) 2

Sulfur (S) 2

Nitrogen (N) 3

Carbon (C) 4

Phosphorus (P) 5



€ A double bondinvolves the sharing of four electrons (two
pairs) (C„„ C).

€ Triple bonds„six shared electrons„are rare, but there is one
in nitrogen gas (N „„„ N), which is the major component of
the air we breathe.

UNEQUAL SHARING OF ELECTRONS If two atoms of the same el-
ement are covalently bonded, there is an equal sharing of the
pair(s) of electrons in their outermost shells. However, when
the two atoms are of different elements, the sharing is not nec-

essarily equal. One nucleus may exert a greater attractive force
on the electron pair than the other nucleus, so that the pair tends
to be closer to that atom.

The attractive force that an atomic nucleus exerts on electrons
in a covalent bond is called its electronegativity . The electroneg-
ativity of a nucleus depends on how many positive charges it
has (nuclei with more protons are more positive and thus more
attractive to electrons) and on the distances between the elec-
trons in the bond and the nucleus (the closer the electrons, the
greater the electronegative pull). Table 2.3 shows the electroneg-
ativities (which are calculated to produce dimensionless quan-
tities) of some elements important in biological systems.

If two atoms are close to each other in electronegativity, they
will share electrons equally in what is called a nonpolar cova-
lent bond. Two oxygen atoms, for example, each with an elec-
tronegativity of 3.5, will share electrons equally. So will two hy-
drogen atoms (each with an electronegativity of 2.1). But when
hydrogen bonds with oxygen to form water, the electrons in-
volved are unequally shared: they tend to be nearer to the oxy-
gen nucleus because it is the more electronegative of the two.
When electrons are drawn to one nucleus more than to the other,
the result is a polar covalent bond(Figure 2.8 ).
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Carbon can complete its outer shell 
by sharing the electrons of four
 hydrogen atoms, forming methane.
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shape methane presents 
to its environment.
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a shared pair of electrons.
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2.7 Covalent Bonding Can Form Compounds (A) Bohr mod-
els showing the formation of covalent bonds in methane, whose
molecular formula is CH4. Electrons are shown in shells around the
nucleus. (B) Three additional ways of representing the structure of
methane. The ball-and-stick model and the space-filling model
show the spatial orientations of the bonds. The space-filling model
indicates the overall shape and surface of the molecule. In the
chapters that follow, different conventions will be used to depict
molecules. Bear in mind that these are models to illustrate certain
properties, and not the most accurate portrayal of reality.

The electrons shared in bonds of water 
are shared unequally because they are 
more attracted to the nucleus of the oxygen 
atom than to those of the hydrogen atoms.
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2.8 Water•s Covalent Bonds Are Polar These three representations
all illustrate polar covalent bonding in water (H2O). When atoms with dif-
ferent electronegativities, such as oxygen and hydrogen, form a covalent
bond, the electrons are drawn to one nucleus more than to the other. A
molecule held together by such a polar covalent bond has partial (� + and
� …) charges at different surfaces. In water, the shared electrons are dis-
placed toward the oxygen atom•s nucleus.



Because of this unequal sharing of electrons, the oxygen end
of the hydrogen…oxygen bond has a slightly negative charge
(symbolized by � …and spoken of as •delta negative,Ž meaning
a partial unit of charge), and the hydrogen end has a slightly pos-
itive charge (� +). The bond is polar because these opposite
charges are separated at the two ends, or poles, of the bond. The
partial charges that result from polar covalent bonds produce
polar molecules or polar regions of large molecules. Polar bonds
within molecules greatly influence the interactions that they have
with other polar molecules. Water (H 2O) is a polar compound,
and this polarity has significant effects on its physical properties
and chemical reactivity, as we will see in later chapters.

Ionic bonds form by electrical attraction

When one interacting atom is much more electronegative than
the other, a complete transfer of one or more electrons may take
place. Consider sodium (electronegativity 0.9) and chlorine (3.1).
A sodium atom has only one electron in its outermost shell; this
condition is unstable. A chlorine atom has seven electrons in its
outermost shell„another unstable condition. Since the elec-
tronegativity of chlorine is so much greater than that of sodium,
any electrons involved in bonding will tend to transfer com-
pletely from sodium•s outermost shell to that of chlorine ( Fig-
ure 2.9 ). This reaction between sodium and chlorine makes
the resulting atoms more stable because they both have eight
fully paired electrons in their outer shells. The result is two ions.

Ions are electrically charged particles that form when atoms
gain or lose one or more electrons:

€ The sodium ion (Na +) in our example has a +1 unit of
charge because it has one less electron than it has protons.
The outermost electron shell of the sodium ion is full, with
eight electrons, so the ion is stable. Positively charged ions
are called cations .

€ The chloride ion (Cl …) has a …1 unit of charge because it has
one more electron than it has protons. This additional elec-
tron gives Cl…a stable outermost shell with eight electrons.
Negatively charged ions are called anions .

Some elements can form ions with multiple charges by losing
or gaining more than oneelectron. Examples are Ca2+ (the cal-

cium ion, a calcium atom that has lost two electrons) and Mg2+

(the magnesium ion). Two biologically important elements can
each yield more than one stable ion. Iron yields Fe2+ (the ferrous
ion) and Fe3+ (the ferric ion), and copper yields Cu + (the cuprous
ion) and Cu2+ (the cupric ion). Groups of covalently bonded
atoms that carry an electric charge are called complex ions; ex-
amples include NH 4

+ (the ammonium ion), SO 4
2…(the sulfate

ion), and PO4
3…(the phosphate ion). Once formed, ions are usu-

ally stable and no more electrons are lost or gained.
Ionic bonds are bonds formed as a result of the electrical at-

traction between ions bearing opposite charges. Ions can form
bonds that result in stable solid compounds, which are referred
to by the general term salts. Examples are sodium chloride
(NaCl) and potassium phosphate (K3PO4). In sodium chloride„
familiar to us as table salt„cations and anions are held together
by ionic bonds. In solids, the ionic bonds are strong because the
ions are close together. However, when ions are dispersed in
water, the distance between them can be large; the strength of
their attraction is thus greatly reduced. Under the conditions in
living cells, an ionic attraction is less strong than a nonpolar co-
valent bond (see Table 2.1).

Not surprisingly, ions can interact with polar molecules, since
they both carry electric charges. Such an interaction results
when a solid salt such as NaCl dissolves in water. Water mole-
cules surround the individual ions, separating them ( Figure
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The atoms are now electrically 
charged ions. Both have full 
electron shells and are thus stable.

Chlorine •stealsŽ an 
electron from sodium.

+ …

Sodium atom (Na)
(11 protons, 11 electrons)

Chlorine atom (Cl)
(17 protons, 17 electrons)

Sodium ion (Na+)
(11 protons, 10 electrons)

Chloride ion (Cl…)
(17 protons, 18 electrons)

Ionic
bond

2.9 Formation of Sodium and Chloride Ions When a sodium atom
reacts with a chlorine atom, the more electronegative chlorine fills its 
outermost shell by •stealingŽ an electron from the sodium. In so doing,
the chlorine atom becomes a negatively charged chloride ion (Cl…). With
one less electron, the sodium atom becomes a positively charged sodium
ion (Na+).

TABLE 2.3
Some Electronegativities

ELEMENT ELECTRONEGATIVITY

Oxygen (O) 3.5

Chlorine (Cl) 3.1

Nitrogen (N) 3.0

Carbon (C) 2.5

Phosphorus (P) 2.1

Hydrogen (H) 2.1

Sodium (Na) 0.9

Potassium (K) 0.8



2.10). The negatively charged chloride ions attract the positive
poles of the water molecules, while the positively charged
sodium ions attract the negative poles of the water molecules.
This is one of the special properties of water molecules, due to
their polarity.

Hydrogen bonds may form within or between 
molecules with polar covalent bonds

In liquid water, the negatively charged oxygen (� …) atom of one
water molecule is attracted to the positively charged hydro-
gen (� +) atoms of another water molecule (Figure 2.11A ). The
bond resulting from this attraction is called a hydrogen bond .
Hydrogen bonds are not restricted to water molecules; they may
also form between a strongly electronegative atom and a hydro-
gen atom that is covalently bonded to a different electronega-
tive atom, as shown in Figure 2.11B .

A hydrogen bond is weaker than most ionic bonds because
its formation is due to partial charges (� + and � …). It is much
weaker than a covalent bond between a hydrogen atom and an
oxygen atom (see Table 2.1). Although individual hydrogen
bonds are weak, many of them can form within one molecule or

between two molecules. In these cases, the hydrogen bonds to-
gether have considerable strength, and greatly influence the
structure and properties of substances. Later in this chapter we•ll
see how hydrogen bonding between water molecules con-
tributes to many of the properties that make water so significant
for living systems. Hydrogen bonds also play important roles in
determining and maintaining the three-dimensional shapes of
giant molecules such as DNA and proteins (see Section 3.2).

Polar and nonpolar substances: 
Each interacts best with its own kind

Just as water molecules can interact with one another through
hydrogen bonds, any molecule that is polar can interact with
other polar molecules through the weak ( � + to � …) attractions
of hydrogen bonds. If a polar molecule interacts with water in
this way, it is called hydrophilic (•water-lovingŽ) ( Figure 2.12A ).
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Ionic bonds between 
Na+ and Cl… hold ions 
together in a solid crystal.

When NaCl is dissolved 
in water, the chloride
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� + pole of waterƒ
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� … pole of water.
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2.10 Water Molecules Surround Ions When an ionic solid dissolves
in water, polar water molecules cluster around the cations and anions,
preventing them from re-associating.
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2.11 Hydrogen Bonds Can Form Between or Within Molecules
(A) A hydrogen bond between two molecules is an attraction between a
negative charge on one molecule and the positive charge on a hydrogen
atom of the second molecule. (B) Hydrogen bonds can form between 
different parts of the same large molecule.

2.12 Hydrophilic and Hydrophobic (A) Molecules with polar covalent
bonds are attracted to polar water (they are hydrophilic). (B) Molecules
with nonpolar covalent bonds show greater attraction to one another than
to water (they are hydrophobic).
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Nonpolar molecules tend to interact with other nonpolar
molecules. For example, carbon (electronegativity 2.5) forms
nonpolar bonds with hydrogen (electronegativity 2.1), and mol-
ecules containing only hydrogen and carbon atoms„called hy-
drocarbon molecules„are nonpolar. In water these molecules tend
to aggregate with one another rather than with the polar wa-
ter molecules. Therefore, nonpolar molecules are known as
hydrophobic (•water-hatingŽ), and the interactions between
them are called hydrophobic interactions(Figure 2.12B ). Of course,
hydrophobic substances do not really •hateŽ water; they can
form weak interactions with it, since the electronegativities of
carbon and hydrogen are not exactly the same. But these inter-
actions are far weaker than the hydrogen bonds between the
water molecules, so the nonpolar substances tend to aggregate.

The interactions between nonpolar substances are enhanced
by van der Waals forces , which occur when the atoms of two non-
polar molecules are in close proximity. These brief interactions
result from random variations in the electron distribution in one
molecule, which create opposite charge distributions in the adja-
cent molecule. Although a single van der Waals interaction is brief
and weak, the sum of many such interactions over the entire span
of a large nonpolar molecule can result in substantial attraction.
This makes nonpolar molecules stick together in the polar (aque-
ous) environment inside organisms. We will see this many times,
for example in the structure of biological membranes.

2.2 RECAP
Some atoms form strong covalent bonds with other
atoms by sharing one or more pairs of electrons. Un-
equal sharing of electrons produces polarity. Other
atoms become ions by losing or gaining electrons,
and they interact with other ions or polar molecules.

€ Why is a covalent bond stronger than an ionic bond?
See pp. 26Ð28 and Table 2.1

€ How do variations in electronegativity result in the 
unequal sharing of electrons in polar molecules? See
pp. 27Ð28 and Figure 2.8

€ What is a hydrogen bond and how is it important in 
biological systems? See p. 29 and Figure 2.11

The bonding of atoms into molecules is not necessarily a per-
manent affair. The dynamic of life involves constant change,
even at the molecular level. Let•s look at how molecules inter-
act with one another„how they break up, how they find new
partners, and what the consequences of those changes can be.

How Do Atoms Change Partners in 2.3 Chemical Reactions?

A chemical reaction occurs when moving atoms collide with suf-
ficient energy to combine or change their bonding partners. Con-
sider the combustion reaction that takes place in the flame of a
propane stove. When propane (C3H8) reacts with oxygen gas
(O2), the carbon atoms become bonded to oxygen atoms instead

of hydrogen atoms, and the hydrogen atoms become bonded to
oxygen instead of carbon (Figure 2.13 ). As the covalently bonded
atoms change partners, the composition of the matter changes;
propane and oxygen gas become carbon dioxide and water. This
chemical reaction can be represented by the equation

C3H8 + 5 O2 � 3 CO2 + 4 H2O + Energy

Reactants � Products 

In this equation, the propane and oxygen are the reactants , and
the carbon dioxide and water are the products . In fact, this is a
special type of reaction called an oxidation…reduction reac-
tion. Electrons and protons are transferred from propane (the
reducing agent) to oxygen (the oxidizing agent) to form water.
You will see this kind of reaction involving electron/proton
transfer many times in later chapters.

The products of a chemical reaction have very different prop-
erties from the reactants. In the case shown in Figure 2.13, the
reaction is complete: all the propane and oxygen are used up in
forming the two products. The arrow symbolizes the direction
of the chemical reaction. The numbers preceding the molecular
formulas indicate how many molecules are used or produced.

Note that in this and all other chemical reactions, matter is
neither created nor destroyed. The total number of carbon atoms
on the left (3) equals the total number of carbon atoms on the
right (3). In other words, the equation is balanced. However, there
is another aspect of this reaction: the heat and light of the stove•s
flame reveal that the reaction between propane and oxygen re-
leases a great deal of energy.

Energy is defined as the capacity to do work, but in the context
of chemical reactions, it can be thought of as the capacity for
change. Chemical reactions do not create or destroy energy, but
changes in the form of energy usually accompany chemical reactions.

In the reaction between propane and oxygen, a large amount
of heat energy is released. This energy was present in another
form, called potential chemical energy, in the covalent bonds within

Propane

Reactants Products

Oxygen 
gas

Carbon
dioxide

Water

+

+

+

+

+

+

+

+ Heat 
and light

+ Energy

C3H8 5 O2 3 CO2 4 H2O 

2.13 Bonding Partners and Energy May Change in a Chemical
Reaction One molecule of propane from this burner reacts with five
molecules of oxygen gas to give three molecules of carbon dioxide and
four molecules of water. This reaction releases energy in the form of heat
and light.
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the propane and oxygen gas molecules. Not all reactions release
energy; indeed, many chemical reactions require that energy be
supplied from the environment. Some of this energy is then stored
as potential chemical energy in the bonds formed in the products.
We will see in future chapters how reactions that release energy
and reactions that require energy can be linked together.

Many chemical reactions take place in living cells, and some
of these have a lot in common with the oxidation…reduction re-
action that happens in the combustion of propane. In cells, the
reactants are different (they may be sugars or fats), and the re-
actions proceed by many intermediate steps that permit the
released energy to be harvested and put to use by the cells.
But the products are the same: carbon dioxide and water. We
will discuss energy changes, oxidation…reduction reactions, and
several other types of chemical reactions that are prevalent in
living systems in Part Three of this book.

2.3 RECAP
In a chemical reaction, a set of reactants is con-
verted to a set of products with different chemical
compositions. This is accomplished by breaking and
making bonds. Reactions may release energy or 
require its input.

€ Explain how a chemical equation is balanced.See 
p. 30 and Figure 2.13

€ How can the form of energy change during a chemical
reaction? See p. 30

We will present and discuss energy changes, oxida-
tion…reduction reactions, and several other types of
chemical reactions that are prevalent in living systems
in Part Two of this book. First, however, we must un-
derstand the unique properties of the substance in
which most biochemical reactions take place: water.

What Makes Water So 2.4 Important for Life?

Water is an unusual substance with unusual proper-
ties. Under conditions on Earth, water exists in solid,
liquid, and gas forms, all of which have relevance to
living systems. Water allows chemical reactions to oc-
cur inside living organisms, and it is necessary for the
formation of certain biological structures. In this sec-
tion we will explore how the structure and interactions
of water molecules make water essential to life.

Water has a unique structure and special properties

The molecule H2O has unique chemical features. As we have
already learned, water is a polar molecule that can form hydro-
gen bonds. The four pairs of electrons in the outer shell of the
oxygen atom repel one another, giving the water molecule a
tetrahedral shape:

These chemical features explain some of the interesting
properties of water, such as the ability of ice to float, the melt-
ing and freezing temperatures of water, the ability of water to
store heat, the formation of water droplets, and water•s ability
to dissolve„and not dissolve„many substances.

ICE FLOATS In water•s solid state (ice), individual water mole-
cules are held in place by hydrogen bonds. Each molecule is
bonded to four other molecules in a rigid, crystalline structure
(Figure 2.14 ). Although the molecules are held firmly in place,
they are not as tightly packed as they are in liquid water. In
other words, solid water is less dense than liquid water, which is
why ice floats.

� +

� Š

� +

O

H

H

Non-bonding
electron pairs

Shared 
electron pairs
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In ice, water molecules 
are held in a rigid state 
by hydrogen bonds.

In its gaseous state, 
water does not form 
hydrogen bonds.

Hydrogen bonds continually 
break and form as water 
molecules move.

Solid water (ice)

Liquid water

Gaseous water (vapor)

2.14 Hydrogen Bonding and the Properties of Water
Hydrogen bonding exists between the molecules of water in
both its liquid and solid states. Ice is more structured but less
dense than liquid water, which is why ice floats. Water forms a
gas when its hydrogen bonds are broken and the molecules
move farther apart.



Think of the biological consequences if ice were to sink in wa-
ter. A pond would freeze from the bottom up, becoming a solid
block of ice in winter and killing most of the organisms living
there. Once the whole pond is frozen, its temperature could drop
well below the freezing point of water. But in fact ice floats, form-
ing an insulating layer on the top of the pond, and reducing heat
flow to the cold air above. Thus fish, plants, and other organisms
in the pond are not subjected to temperatures lower than 0°C,
which is the freezing point of pure water.

MELTING, FREEZING, AND HEAT CAPACITY Compared with many
other substances that have molecules of similar size, ice requires
a great deal of heat energy to melt. This is because so many
hydrogen bonds must be broken in order for water to change
from solid to liquid. In the opposite process„freezing„a great
deal of energy is released to the environment.

This property of water contributes to the surprising con-
stancy of the temperatures found in oceans and other large bod-
ies of water throughout the year. The temperature changes of
coastal land masses are also moderated by large bodies of wa-
ter. Indeed, water helps minimize variations in atmospheric
temperature across the planet. This moderating ability is a re-
sult of the high heat capacityof liquid water, which is in turn a
result of its high specific heat.

The specific heat of a substance is the amount of heat energy
required to raise the temperature of 1 gram of that substance by
1°C. Raising the temperature of liquid water takes a relatively
large amount of heat because much of the heat energy is used
to break the hydrogen bonds that hold the liquid together. Com-
pared with other small molecules that are liquids, water has a
high specific heat.

Water also has a high heat of vaporization , which means that
a lot of heat is required to change water from its liquid to its
gaseous state (the process of evaporation). Once again, much of
the heat energy is used to break the many hydrogen bonds be-
tween the water molecules. This heat must be absorbed from
the environment in contact with the water. Evaporation thus
has a cooling effect on the environment„whether a leaf, a for-
est, or an entire land mass. This effect explains why sweating
cools the human body: as sweat evaporates from the skin, it uses
up some of the adjacent body heat.

COHESION AND SURFACE TENSION In liquid water, individual
molecules are able to move about. The hydrogen bonds between
the molecules continually form and break (see Figure 2.14).
Chemists estimate that this occurs about a trillion times a minute
for a single water molecule, making it a truly dynamic structure.

At any given time, a water molecule will form an average of
3.4 hydrogen bonds with other water molecules. These hydro-
gen bonds explain the cohesive strengthof liquid water. This co-
hesive strength, or cohesion , is defined as the capacity of water
molecules to resist coming apart from one another when placed
under tension. Water•s cohesive strength permits narrow
columns of liquid water to move from the roots to the leaves
of tall trees. When water evaporates from the leaves, the entire
column moves upward in response to the pull of the molecules
at the top.

The surface of liquid water exposed to the air is difficult to
puncture because the water molecules at the surface are hydro-
gen-bonded to other water molecules below them (Figure 2.15 ).
This surface tensionof water permits a container to be filled
slightly above its rim without overflowing, and it permits in-
sects to walk on the surface of a pond.

Water is an excellent solvent„the medium of life

A human body is over 70 percent water by weight, excluding
the minerals contained in bones. Water is the dominant compo-
nent of virtually all living organisms, and most biochemical re-
actions take place in this watery, or aqueous, environment.

A solution is produced when a substance (the solute ) is dis-
solved in a liquid (the solvent ). If the solvent is water, then the so-
lution is an aqueous solution. Many of the important molecules
in biological systems are polar, and therefore soluble in water.
Many important biochemical reactions occur in aqueous solu-
tions within cells. Biologists study these reactions in order to iden-
tify the reactants and products and to determine their amounts:

€ Qualitative analysesdeal with the identification of sub-
stances involved in chemical reactions. For example, a qual-
itative analysis would be used to investigate the steps in-
volved, and the products formed, during the combustion of
glucose in living tissues.

€ Quantitative analysesmeasure concentrations or amounts of
substances. For example, a biochemist would seek to de-
scribe how muchof a certain product is formed during the
combustion of a given amount of glucose using a quantita-
tive analysis. What follows is a brief introduction to some
of the quantitative chemical terms you will see in this book.

Fundamental to quantitative thinking in chemistry and biology
is the concept of the mole. Amole is the amount of a substance
(in grams) that is numerically equal to its molecular weight.
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2.15 Surface Tension Water droplets form •beadsŽ on the surface 
of a leaf because hydrogen bonds keep the water molecules together.
The leaf is coated in a nonpolar wax that does not interact with the water
molecules.



So a mole of table sugar (C12H22O11) weighs about 342 grams;
a mole of sodium ion (Na +) weighs 23 grams; and a mole of hy-
drogen gas (H2) weighs 2 grams.

Quantitative analyses do not yield direct counts of molecules.
Because the amount of a substance in 1 mole is directly related
to its molecular weight, it follows that the number of molecules
in 1 mole is constant for all substances. So 1 mole of salt con-
tains the same number of molecules as 1 mole of table sugar.
This constant number of molecules in a mole is called Avo-
gadro•s number , and it is 6.02 × 1023 molecules per mole.
Chemists work with moles of substances (which can be weighed
out in the laboratory) instead of actual molecules (which are too
numerous to be counted). Consider 34.2 grams (just over 1
ounce) of table sugar, C12H22O11. This is one-tenth of a mole, or
as Avogadro puts it, 6.02 ×1022 molecules.

If you have trouble grasping the concept of a mole, compare
it with the concept of a dozen. We buy a dozen eggs or a dozen
doughnuts, knowing that we will get 12 of whichever we buy,
even though they don•t weigh the same or take up the same
amount of space.

A chemist can dissolve a mole of sugar (342 g) in water to
make 1 liter of solution, knowing that the mole contains 6.02 ×
1023 individual sugar molecules. This solution„1 mole of a sub-
stance dissolved in water to make 1 liter„is called a 1 molar
(1 M) solution. When a physician injects a certain molar concen-
tration of a drug into the bloodstream of a patient, a rough cal-
culation can be made of the actual number of drug molecules
that will interact with the patient•s cells.

The many molecules dissolved in the water of living tissues
are not present at concentrations anywhere near 1 molar. Most
are in the micromolar (millionths of a mole per liter of solution;
µM) to millimolar (thousandths of a mole per liter; mM ) range.
Some, such as hormone molecules, are even less concentrated
than that. While these molarities seem to indicate very low con-
centrations, remember that even a 1 µM solution has 6.02 ×1017

molecules of the solute per liter.

Aqueous solutions may be acidic or basic

When some substances dissolve in water, they release hydro-
gen ions (H+), which are actually single, positively charged pro-
tons. Hydrogen ions can attach to other molecules and change
their properties. For example, the protons in •acid rainŽ can
damage plants, and you probably have experienced the excess
of hydrogen ions that we call •acid indigestion.Ž

Here we will examine the properties of acids (defined as sub-
stances that release H+) and bases (defined as substances which
accept H+). We will distinguish between strong and weak acids
and bases and provide a quantitative means for stating the con-
centration of H + in solutions: the pH scale.

ACIDS RELEASE H+ When hydrochloric acid (HCl) is added to
water, it dissolves, releasing the ions H+ and Cl…:

HCl � H+ + Cl…

Because its H+ concentration has increased, such a solution 
is acidic.

Acids are substances that releaseH+ ions in solution. HCl is
an acid, as is H2SO4 (sulfuric acid). One molecule of sulfuric acid
will ionize to yield two H + and one SO4

2…. Biological compounds
that contain „COOH (the carboxyl group) are also acids because

„COOH � „COO …+ H+

Acids that fully ionize in solution, such as HCl and H 2SO4 are
called strong acids.However, not all acids ionize fully in water.
For example, if acetic acid (CH3COOH) is added to water, some
will dissociate into two ions (CH 3COO…and H+), but some of
the original acetic acid remains as well. Because the reaction is
not complete, acetic acid is a weak acid.

BASES ACCEPT H+ Bases are substances that acceptH+ in solu-
tion. Just as with acids, there are strong and weak bases. If
NaOH (sodium hydroxide) is added to water, it dissolves and
ionizes, releasing OH…and Na+ ions:

NaOH � Na+ + OH…

Because the concentration of OH…increases and OH…absorbs
H+ to form water (OH …+ H+ � H2O), such a solution is basic.
Because this reaction is complete, NaOH is a strong base.

Weak bases include the bicarbonate ion (HCO3
…), which can

accept a H+ ion and become carbonic acid (H2CO3), and ammo-
nia (NH 3), which can accept a H+ and become an ammonium
ion (NH 4

+). Biological compounds that contain „NH 2 (the
amino group) are also bases because

„NH 2 + H+ � „NH 3
+

ACID…BASE REACTIONS MAY BE REVERSIBLE When acetic acid is
dissolved in water, two reactions happen. First, the acetic acid
forms its ions:

CH3COOH � CH3COO…+ H+

Then, once the ions are formed, some of them re-form acetic
acid:

CH3COO…+ H+ �  CH 3COOH

This pair of reactions is reversible. A reversible reaction can pro-
ceed in either direction„left to right or right to left„depend-
ing on the relative starting concentrations of the reactants and
products. The formula for a reversible reaction can be written
using a double arrow:

CH3COOH ~ CH3COO…+ H+

In terms of acids and bases, there are two types of reactions, de-
pending on the extent of the reversibility:

€ The ionization of strong acids and bases in water is virtu-
ally irreversible.

€ The ionization of weak acids and bases in water is some-
what reversible.

WATER IS A WEAK ACID AND A WEAK BASE The water molecule has
a slight but significant tendency to ionize into a hydroxide ion
(OH…) and a hydrogen ion (H +). Actually, two water molecules
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participate in this reaction. One of the two molecules •capturesŽ
a hydrogen ion from the other, forming a hydroxide ion and a
hydronium ion:

The hydronium ion is, in effect, a hydrogen ion bound to a
water molecule. For simplicity, biochemists tend to use a mod-
ified representation of the ionization of water:

H2O � H+ + OH…

The ionization of water is important to all living creatures. This
fact may seem surprising, since only about one water molecule
in 500 million is ionized at any given time. But this is less sur-
prising if we focus on the abundance of water in living systems,
and the reactive nature of the H+ ions produced by ionization.

pH: HYDROGEN ION CONCENTRATION Compounds or ions can be
acids or bases, and thus, solutions can be acidic or basic. We can
measure how acidic or basic a solution is by measuring its con-
centration of H + in moles per liter (its molarity; see page 33). Here
are some examples:

€ Pure water has a H+ concentration of 10…7M.

€ A 1 M HCl solution has a H + concentration of 1 M (recall
that all the HCl dissociates into its ions).

€ A 1 M NaOH solution has a H + concentration of 10…14M.

This is a very wide range of numbers to work with„think about
the decimals! It is easier to work with the logarithm of the H+

concentration, because logarithms compress this range: the log10
of 100, for example is 2, and the log10 of 0.01 is …2. Because most
H+ concentrations in living systems are less than 1M, their log10
values are negative. For convenience, we convert these nega-
tive numbers into positive ones, by using the negativeof the log-
arithm of the H + molar concentration (the molar concentration
is designated by square brackets: [H+]). This number is called
the pH of the solution.

Since the H+ concentration of pure water is 10…7M, its pH is
…log(10…7) = …(…7), or 7. A smaller negative logarithm means a
larger number. In practical terms, a lower pH means a higher H +

concentration, or greater acidity. In 1 M HCl, the H + concentra-
tion is 1 M, so the pH is the negative logarithm of 1 (…log 100), or
0. The pH of 1 M NaOH is the negative logarithm of 10 …14, or 14.

A solution with a pH of less than 7 is acidic„it contains
more H+ ions than OH…ions. A solution with a pH of 7 is neu-
tral (without net charge), and a solution with a pH value greater
than 7 is basic. Figure 2.16 shows the pH values of some com-
mon substances.

Why is this discussion of pH so important in biology? Many
biologically important molecules contain charged groups 

(e.g., „COO …) that can interact with the polar regions of water
to form their structures. But these groups can combine with
H+ or other ions in their environment to form uncharged groups
(e.g., „COOH, see above). These uncharged groups have much
less tendency to interact with water. If such a group is part of a
larger molecule, it might now induce the molecule to fold in
such a way that it stays away from water because it is hydro-
phobic. In a more acidic environment, a negatively charged
group such as „COO … is more likely to combine with H +. So
the pH of a biological tissue is a key to the three-dimensional
structures of many of its constituent molecules. Organisms do
all they can to minimize changes in the pH of their watery
medium. An important way to do this is with buffers.

BUFFERS The maintenance of internal constancy„ homeostasis„
is a hallmark of all living things and extends to pH. As we men-
tioned earlier, if biological molecules lose or gain H + ions their
properties can change, thus upsetting homeostasis. Internal con-
stancy is achieved with buffers: solutions that maintain a rela-
tively constant pH even when substantial amounts of acid or
base are added. How does this work?

A buffer is a solution of a weak acid and its corresponding
base„for example, carbonic acid (H 2CO3) and bicarbonate ions
(HCO 3

…). If an acid is added to a solution containing this buffer,
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not all the H + ions from the acid stay in solution. Instead, many
of them combine with the bicarbonate ions to produce more car-
bonic acid:

HCO 3
…+ H+ � H2CO3

This reaction uses up some of the H+ ions in the solution and
decreases the acidifying effect of the added acid. If a base is
added, the reaction essentially reverses. Some of the carbonic
acid ionizes to produce bicarbonate ions and more H+, which
counteracts some of the added base. In this way, the buffer min-
imizes the effect that an added acid or base has on pH. This
buffering system is present in the blood, where it is important
for preventing significant changes in pH that could disrupt
the ability of the blood to carry vital oxygen to tissues. A given
amount of acid or base causes a smaller pH change in a buffered
solution than in a non-buffered one ( Figure 2.17 ).

Buffers illustrate an important chemical principle of re-
versible reactions, called the law of mass action. Addition of a re-
actant on one side of a reversible system drives the reaction in
the direction that uses up that compound. In the case of buffers,
addition of an acid drives the reaction in one direction; addition
of a base drives the reaction in the other direction.

We use a buffer to relieve the common problem of indiges-
tion. The lining of the stomach constantly secretes hydrochlo-
ric acid, making the stomach contents acidic. Excessive stom-
ach acid inhibits digestion and causes discomfort. We can relieve
this discomfort by ingesting a salt such as NaHCO3 (•bicarbon-
ate of sodaŽ), which acts as a buffer.

2.4 RECAP
Most of the chemistry of life occurs in water, which
has molecular properties that make it suitable for its
important biochemical roles. A special property of
water is its ability to ionize (release hydrogen ions).
The presence of hydrogen ions in solution can
change the properties of biological molecules.

€ Describe some of the biologically important properties
of water arising from its molecular structure. See pp.
31Ð32 and Figure 2.14

€ What is a solution, and why do we call water Òthe
medium of lifeÓ? See pp. 32Ð33

€ What is the relationship between hydrogen ions, acids,
and bases? Explain what the pH scale measures. See
pp. 33Ð34 and Figure 2.16

€ How does a buffer work, and why is buffering impor-
tant to living systems? See pp. 34Ð35 and Figure 2.17

An Overview and a Preview

Now that we have covered the major properties of atoms and
molecules, let•s review them and see how these properties re-
late to the major molecules of biological systems.

€ Molecules vary in size.Some are small, such as those of hy-
drogen gas (H2) and methane (CH4). Others are larger, such
as a molecule of table sugar (C12H22O11), which has 45
atoms. Still others, especially proteins and nucleic acids, are
gigantic, containing tens of thousands or even millions of
atoms.

€ All molecules have a specific three-dimensional shape.For exam-
ple, the orientations of the bonding orbitals around the car-
bon atom give the methane molecule (CH4) the shape of a
regular tetrahedron (see Figure 2.7B). Larger molecules
have complex shapes that result from the numbers and
kinds of atoms present, and the ways in which they are
linked together. Some large molecules, such as the protein
hemoglobin (the oxygen carrier in red blood cells), have
compact, ball-like shapes. Others, such as the protein called
keratin that makes up your hair, have long, thin, ropelike
structures. Their shapes relate to the roles these molecules
play in living cells.

€ Molecules are characterized by certain chemical propertiesthat
determine their biological roles. Chemists use the character-
istics of composition, structure (three-dimensional shape),
reactivity, and solubility to distinguish a pure sample of
one molecule from a sample of a different molecule. The
presence of certain groups of atoms can impart distinctive
chemical properties to a molecule.

Between the small molecules discussed in this chapter and the
world of the living cell are the macromolecules. These larger
molecules„proteins, lipids, carbohydrates, and nucleic acids„
will be discussed in the next two chapters.
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In the presence of buffer, additions 
of even large quantities of base result
in relatively small changes in pH.

When buffering capacity 
is exceeded, added base 
greatly increases pH.

In the absence of buffer, there is a 
rapid increase in pH as base is added.
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2.17 Buffers Minimize Changes in pH With increasing amounts of
added base, the overall slope of a graph of pH is downward. Without a
buffer, the slope is steep. Inside the buffering range of an added buffer,
however, the slope is shallow. At very high and very low values of pH,
where the buffer is ineffective, the slopes are much steeper.



1. The atomic number of an element
a. equals the number of neutrons in an atom.
b. equals the number of protons in an atom.
c. equals the number of protons minus the number of 

neutrons.
d. equals the number of neutrons plus the number of 

protons.
e. depends on the isotope.

2. The atomic weight (atomic mass) of an element
a. equals the number of neutrons in an atom.
b. equals the number of protons in an atom.
c. equals the number of electrons in an atom.

d. equals the number of neutrons plus the number of 
protons.

e. depends on the relative abundances of its electrons and
neutrons.

3. Which of the following statements about the isotopes of an
element is not true?
a. They all have the same atomic number.
b. They all have the same number of protons.
c. They all have the same number of neutrons.
d. They all have the same number of electrons.
e. They all have identical chemical properties.
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2.1 How Does Atomic Structure Explain the Properties 
of Matter?

¥Matter is composed of atoms. Each atom consists of a positively
charged nucleus made up of protonsand neutrons, surround-
ed by electronsbearing negative charges. Review Figure 2.1

¥The number of protons in the nucleus defines an element.
There are many elements in the universe, but only a few of
them make up the bulk of living organisms: C, H, O, P, N, and S.
Review Figure 2.2

¥ Isotopes of an element differ in their numbers of neutrons.
Radioisotopes are radioactive, emitting radiation as they break
down.

¥Electrons are distributed in shells, which are volumes of space
defined by specific numbers of orbitals. Each orbital contains a
maximum of two electrons. Review Figures 2.4 and 2.5,WEB
ACTIVITY 2.1

¥ In losing, gaining, or sharing electrons to become more stable,
an atom can combine with other atoms to form a molecule.

2.2 How Do Atoms Bond to Form Molecules?
SEE ANIMATED TUTORIAL 2.1

¥A chemical bond is an attractive force that links two atoms
together in a molecule. Review Table 2.1

¥A compound is a substance made up of molecules with two or
more elements bonded together in a fixed ratio, such as water
(H2O) or table sugar (C6H12O6).

¥Covalent bonds are strong bonds formed when two atoms
share one or more pairs of electrons. Review Figure 2.6

¥When two atoms of unequal electronegativity bond with each
other, a polarcovalent bond is formed. The two ends, or poles,
of the bond have partial charges (�+ or � Ð). Review Figure 2.8

¥ Ions are electrically charged bodies that form when an atom
gains or loses one or more electrons in order to form more sta-
ble electron configurations. Anionsand cations are negatively
and positively charged ions, respectively. Different charges
attract, and like charges repel each other.

¥ Ionic bonds are electrical attractions between oppositely
charged ions. Ionic bonds are strong in solids (salts), but weak-
en when the ions are separated from one another in solution.
Review Figure 2.9

¥A hydrogen bond is a weak electrical attraction that forms
between a � + hydrogen atom in one molecule and a � Ðatom in
another molecule (or in another part of a large molecule).
Hydrogen bonds are abundant in water.

¥Nonpolar molecules interact very little with polar molecules,
including water. Nonpolar molecules are attracted to one
another by very weak bonds called van der Waals forces.

2.3 How Do Atoms Change Partners in Chemical 
Reactions?

¥ In chemical reactions, atoms combine or change their bonding
partners. Reactantsare converted into products.

¥Some chemical reactions release energy as one of their prod-
ucts; other reactions can occur only if energy is provided to the
reactants.

¥Neither matter nor energy is created or destroyed in a chemical
reaction, but both change form. Review Figure 2.13

¥Some chemical reactions, especially in biology, are reversible.
That is, the products formed may be converted back to the
reactants.

¥ In living cells, chemical reactions take place in multiple steps so
that the released energy can be harvested for cellular activities.

2.4 What Makes Water So Important for Life?

¥WaterÕs molecular structure and its capacity to form hydrogen
bonds give it unique properties that are significant for life.
Review Figure 2.14

¥The high specific heatof water means that water gains or loses
a great deal of heat when it changes state. WaterÕs high heat of
vaporization ensures effective cooling when water evaporates. 

¥The cohesion of water molecules refers to their capacity to
resist coming apart from one another. Hydrogen bonds
between water molecules play an essential role in these 
properties.

¥A solution is produced when a solid substance (the solute) dis-
solves in a liquid (the solvent). Water is the critically important
solvent for life.

¥Acids are solutes that release hydrogen ions in aqueous solu-
tions. Basesaccept hydrogen ions.

¥The pH of a solution is the negative logarithm of its hydrogen
ion concentration. Values lower than pH 7 indicate that a solu-
tion is acidic; values above pH 7 indicate a basic solution.
Review Figure 2.16

¥A buffer is a mixture of a weak acid and a base that limits
changes in the pH of a solution when acids or bases are added.

CHAPTER SUMMARY
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1. Using the information in the periodic table (Figure 2.2),
draw a Bohr model (see Figures 2.5 and 2.7) of silicon diox-
ide, showing electrons shared in covalent bonds.

2. Compare a covalent bond between two hydrogen atoms
with a hydrogen bond between a hydrogen and an oxygen
atom, with regard to the electrons involved, the role of
polarity, and the strength of the bond.

3. Write an equation describing the combustion of glucose
(C6H12O6) to produce carbon dioxide and water.

4. The pH of the human stomach is about 2.0, while the pH of
the small intestine is about 10.0. What are the hydrogen ion
concentrations [H+] inside these two organs?
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FOR DISCUSSION 

ADDITIONAL INVESTIGATION 
Would you expect the elemental composition of Earth•s crust to be the same as that of the human body? How could you find out?

4. Which of the following statements about covalent bonds is
not true?
a. A covalent bond is stronger than a hydrogen bond.
b. A covalent bond can form between atoms of the same

element.
c. Only a single covalent bond can form between two

atoms.
d. A covalent bond results from the sharing of electrons by

two atoms.
e. A covalent bond can form between atoms of different 

elements.
5. Hydrophobic interactions

a. are stronger than hydrogen bonds.
b. are stronger than covalent bonds.
c. can hold two ions together.
d. can hold two nonpolar molecules together.
e. are responsible for the surface tension of water.

6. Which of the following statements about water is not true?
a. It releases a large amount of heat when changing from

liquid into vapor.
b. Its solid form is less dense than its liquid form.
c. It is the most effective solvent for polar molecules.
d. It is typically the most abundant substance in a living

organism.
e. It takes part in some important chemical reactions.

7. The reaction HCl � H+ + Cl…in the human stomach is an
example of the
a. cleavage of a hydrophobic bond.
b. formation of a hydrogen bond.
c. elevation of the pH of the stomach.
d. formation of ions by dissolving an acid.
e. formation of polar covalent bonds.

8. The hydrogen bond between two water molecules arises
because water is
a. polar.
b. nonpolar.
c. a liquid.
d. small.
e. hydrophobic.

9. When table salt (NaCl) is added to water,
a. a covalent bond is broken.
b. an acidic solution is formed.
c. the Na+ and Cl…ions are separated.
d. the Na+ ions are attracted to the hydrogen atoms of

water.
e. water molecules surround the Na+ (but not Cl …) ions.

10. The three most abundant elements in a human skin cell are
a. calcium, carbon, and oxygen.
b. carbon, hydrogen, and oxygen.
c. carbon, hydrogen, and sodium.
d. carbon, nitrogen, and potassium.
e. nitrogen, hydrogen, and argon.



3
A bout 68 million years ago, a Tyrannosaurus rex,

the fearsome dinosaur of movie stardom, died in
what is now Wyoming in the United States. Over

time, the giant carcass became buried 60 feet below the
surface of what geologists call the Hell Creek Formation.
In 2003, a thigh bone from the long-dead beast was found
by the famous dinosaur hunter/biologist, John Horner
from the Museum of the Rockies. Mary Schweitzer, a mo-
lecular paleontologist, was visiting HornerÕs Montana lab
from North Carolina State University. She cut into the
bone and found that it contained the remnants of soft tis-
sues (such as bone marrow). This discovery was remark-

able, because up until then scientists had thought that af-
ter about a million years, all the soft tissues in bone were
replaced with minerals.

Back on the east coast, Lewis Cantley, a biochemist at
Harvard University, read about SchweitzerÕs find in a news-
paper and saw the possibility for a unique opportunity: for
the first time, a scientist would be able to isolate and study
the complex molecules of soft tissues from an extinct or-
ganism. He asked Schweitzer to send him a sample, and
when he and his colleagues analyzed the dinosaur mate-
rial, they found fragments of protein molecules.

Protein molecules are composed of long chains of indi-
vidual molecules called amino acids. The protein frag-

ments extracted from the T. rexbone were iden-
tified as collagen, a substance found in many
modern animals. Moreover, the identity and spe-
cific order of the amino acids in the dinosaur col-
lagen fragments closely matched that of colla-

gen from chickens, and the dinosaur collagen
folded into shapes very similar to those of

bird collagen. This similarity to birds is
not surprising, because, based on other
evidence, scientists believe that birds
are evolutionarily closely related to 

dinosaurs. CantleyÕs molecular analysis
further confirmed this belief.
Proteins are one of the four major kinds of

large molecules that characterize living systems.
These macromolecules, which also include carbo-
hydrates, lipids, and nucleic acids, differ in several
significant ways from the small molecules and
ions described in Chapter 2. FirstÑno surpriseÑ
they are larger; the molecular weights of some

Molecular fossils

Molecular Clues A thigh bone from a
Tyrannosaurus rex that died 68 million years ago 
contained fragments of the protein collagen.



What Kinds of Molecules 3.1 Characterize Living Things?

Four kinds of molecules are characteristic of living things: pro-
teins, carbohydrates, lipids, and nucleic acids. With the ex-
ception of the lipids, these biological moleculesare polymers (poly,
•manyŽ; mer, •unitŽ) constructed by the covalent bonding of
smaller molecules called monomers . The monomers that make
up each kind of biological molecule have similar chemical
structures:

€ Proteinsare formed from different combinations of 20 amino
acids, all of which share chemical similarities.

€ Carbohydratescan form giant molecules by linking together
chemically similar sugar monomers ( monosaccharides) to
form polysaccharides.

€ Nucleic acidsare formed from four kinds of nucleotide
monomers linked together in long chains.

€ Lipidsalso form large structures from a limited set of
smaller molecules, but in this case noncovalent forces main-
tain the interactions between the lipid monomers. 

Polymers with molecular weights exceeding 1,000 grams per
mole are considered to be macromolecules . The proteins, car-
bohydrates, and nucleic acids of living systems certainly fall
into this category. Although large lipid structures are not poly-
mers in the strictest sense, it is convenient to treat them as a spe-
cial type of macromolecule (see Section 3.4).

How the macromolecules function and interact with other
molecules depends on the properties of certain chemical groups
in their monomers, the functional groups. 

Functional groups give specific properties 
to biological molecules

Certain small groups of atoms, called functional groups , are con-
sistently found together in very different biological molecules.
You will encounter several functional groups repeatedly in your
study of biology ( Figure 3.1 ). Each functional group has spe-
cific chemical properties and, when it is attached to a larger mol-
ecule, it confers those properties on the larger molecule. One of
these properties is polarity. Looking at the structures in Figure
3.1, can you determine which functional groups are the most

IN THIS CHAPTER we will describe the chemical and
biological properties of proteins, carbohydrates, and lipids.
We will identify the components that make up these larger
molecules, describe their assembly and geometries, as well
as the roles they play in living organisms.

nucleic acids reach billions of daltons. Second, these
molecules all contain carbon atoms, and so belong to a
group of what are known as organic chemicals. Third, the
atoms of individual macromolecules are held together
mostly by covalent bonds, which gives them important
structural stability and distinctive three-dimensional
geometries. These distinctive shapes are the basis of
many of the functions of macromolecules, particularly
the proteins.

Finally, carbohydrates, proteins, lipids, and nucleic
acids are all unique to the living world. None of these
molecular classes occurs in inanimate nature. You arenÕt
likely to find protein in a rockÑbut if you do, you can be
sure it came from a living organism.

CHAPTER OUTLINE
3.1 What Kinds of Molecules Characterize Living

Things?

3.2 What Are the Chemical Structures and Functions of
Proteins?

3.3 What Are the Chemical Structures and Functions of
Carbohydrates?

3.4 What Are the Chemical Structures and Functions of
Lipids?

Molecular Evolution The sequence of amino acids in colla-
gen dictates the shape the protein folds into. Collagen•s amino
acid sequence is similar in T. rex and in chickens, indicating
that the two species share a common evolutionary ancestor.

GO TO Animated Tutorial 3.1 ¥ Macromolecules
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polar? (Hint: Look for C„O, N„H, and P„O bonds.) The con-
sistent chemical behavior of functional groups helps us under-
stand the properties of the molecules that contain them.

Because macromolecules are so large, they contain many dif-
ferent functional groups (see Figure 3.1). A single large protein
may contain hydrophobic, polar, and charged functional
groups, each of which gives different specific properties to lo-
cal sites on the macromolecule. As we will see, sometimes these

different groups interact on the same macromolecule. These di-
verse groups and their properties help determine the shapes
of macromolecules as well as how they interact with other
macromolecules and with smaller molecules.

Isomers have different arrangements of the same atoms

Isomers are molecules that have the same chemical formula„the
same kinds and numbers of atoms„but the atoms are arranged
differently. (The prefix iso-, meaning •same,Ž is encountered in
many biological terms.) Of the different kinds of isomers, we will
consider two: structural isomers and optical isomers.

Structural isomers differ in how their atoms are joined to-
gether. Consider two simple molecules, each composed of four
carbon and ten hydrogen atoms bonded covalently, both with
the formula C 4H10. These atoms can be linked in two different
ways, resulting in different molecules:

The different bonding relationships in butane and isobutane are
distinguished by their structural formulas, and the two mole-
cules have different chemical properties.

Optical isomers occur when a carbon atom has four differ-
ent atoms or groups of atoms attached to it. This pattern allows
two different ways of making the attachments, each the mirror
image of the other (Figure 3.2 ). Such a carbon atom is called an
asymmetrical carbon, and the two resulting molecules are opti-
cal isomers of each other. You can envision your right and left
hands as optical isomers. Just as a glove is specific for a par-
ticular hand, some biochemical molecules that can interact with
one optical isomer of a carbon compound are unable to •fitŽ
the other.

The structures of macromolecules reflect 
their functions

The four kinds of biological macromolecules are present in
roughly the same proportions in all living organisms ( Figure
3.3). Furthermore, a protein that has a certain function in an ap-
ple tree probably has a similar function in a human being be-
cause its chemistry is the same wherever it is found. Such bio-
chemical unityreflects the evolution of all life from a common
ancestor, by descent with modification. An important advan-
tage of biochemical unity is that some organisms can acquire
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Class of compounds
and an example Properties

Ethanol

Alcohols

Aldehydes

Ketones

Hydroxyl

AcetaldehydeAldehyde

AcetoneKeto

Acetic acid

Amines

Carboxylic acids

Carboxyl

MethylamineAmino

3-PhosphoglyceratePhosphate

Mercaptoethanol

Thiols

Organic phosphates

Sulfhydryl

Functional group

R

R R

R

R

R

R

R

Polar. Hydrogen bonds 
with water to help dissolve 
molecules. Enables linkage 
to other molecules by 
dehydration.

C==O group is very reactive. 
Important in building 
molecules and in 
energy-releasing 
reactions.

C==O group is important 
in carbohydrates and in 
energy reactions.

Acidic. Ionizes in living 
tissues to form „COO … 
and H+. Enters into dehy-
dration synthesis by giving 
up „OH. Some carboxylic 
acids important in energy-
releasing reactions.

Basic. Accepts H+ in living 
tissues to form „NH 3 
Enters into dehydration 
synthesis by giving up H+.

Negatively charged. Enters 
into dehydration synthesis 
by giving up „OH. When 
bonded to another phos-
phate, hydrolysis releases 
much energy.

By giving up H, two „SH 
groups can react to form a 
disulfide bridge, thus 
stabilizing protein structure.

+.

3.1 Some Functional Groups Important to Living Systems
Highlighted here are the seven functional groups most commonly found in
biologically important molecules. •RŽ is a variable chemical grouping.

GO TO Web Activity 3.1 ¥ Functional Groups
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needed raw materials by eating other organisms. When you eat
an apple, the molecules you take in include carbohydrates,
lipids, and proteins that can be broken down and rebuilt into
the varieties of those molecules needed by humans.

Each type of macromolecule performs some combination of
functions, such as energy storage, structural support, protection,
catalysis (speeding up a chemical reaction), transport, defense,
regulation, movement, and information storage. These roles are
not necessarily exclusive; for example, both carbohydrates and
proteins can play structural roles, supporting and protecting tis-
sues and organs. However, only the nucleic acids specialize in

information storage and transmission. These macromolecules
function as hereditary material, carrying the traits of both species
and individuals from generation to generation.

The functions of macromolecules are directly related to their
three-dimensional shapes and to the sequences and chemical
properties of their monomers. Some macromolecules fold into
compact spherical forms with surface features that make them
water-soluble and capable of intimate interaction with other mol-
ecules. Some proteins and carbohydrates form long, fibrous sys-
tems (such as those found in hair) that provide strength and
rigidity to cells and tissues. The long, thin assemblies of proteins
such as those in muscles can contract, resulting in movement.

Most macromolecules are formed by condensation 
and broken down by hydrolysis

Polymers are constructed from monomers by a series of re-
actions called condensation reactions (sometimes called 
dehydration reactions; both terms refer to the loss of water). 
Condensation reactions result in covalent bonds between
monomers. A molecule of water is released with each covalent
bond formed ( Figure 3.4A ). The condensation reactions that
produce the different kinds of polymers differ in detail, but in
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Fit to template is 
impossible for 
the other isomer.

One isomer fits 
the template.

Asymmetrical  
carbon atoms

(A)

(B)

Mirror
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Hand

Living tissues are
70% water by weight.

Every living organism contains about these same 
proportions of the four kinds of macromolecules.

Nucleic
acids

Proteins
(polypeptides)

Macromolecules

Ions and
small molecules

Carbohydrates
(polysaccharides)

Lipids

WaterWater

3.2 Optical Isomers (A) Optical isomers are mirror images of each
other. (B) Molecular optical isomers result when four different atoms or
groups are attached to a single carbon atom. If a template (representing 
a larger biological molecule in a living system) is laid out to match the
groups on one carbon atom, the groups on that carbon•s optical isomer
cannot be rotated to fit the same template. This is a source of specificity
in biological structure and biochemical transformations.

3.3 Substances Found in Living Tissues The substances shown
here make up the nonmineral components of living tissues (bone would
be an example of a mineral component).

Water is removed
in condensation.

Water is added
in hydrolysis.

A covalent bond 
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monomers.

A covalent bond 
between 
monomers is 
broken.
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3.4 Condensation and Hydrolysis of Polymers (A) Condensation
reactions link monomers into polymers and produce water. (B) Hydrolysis
reactions break polymers into individual monomers and consume water.



all cases, polymers form only if water molecules are removed
and energy is added to the system. In living systems, specific
energy-rich molecules supply the necessary energy.

The reverse of a condensation reaction is a hydrolysis reac-
tion (hydro, •waterŽ; lysis, •breakŽ). Hydrolysis reactions result
in the breakdown of polymers into their component monomers.
Water reacts with the covalent bonds that link the polymer to-
gether. For each covalent bond that is broken, a water molecule
splits into two ions (H + and OH…), which each become part of
one of the products (Figure 3.4B ). The linkages between
monomers can thus be formed and broken inside living tissues.

3.1 RECAP
The four kinds of large molecules that distinguish liv-
ing tissues are proteins, lipids, carbohydrates, and
nucleic acids. These biological molecules carry out a
wide range of life-sustaining functions. Most of them
are polymers, made up of linked monomeric subunits.
Very large polymers are called macromolecules. 

€ How do functional groups affect the structure and
function of macromolecules? (Keep this question in
mind as you read the rest of this chapter.) See 
pp. 39Ð40 and Figure 3.1

€ Why is biochemical unity, as seen in the proportions of
the four types of macromolecules present in all organ-
isms, important for life? See p. 40 and Figure 3.3

€ How do monomers link up to make polymers and how
do they break down into monomers again? See pp.
41Ð42 and Figure 3.4

The four types of macromolecules can be seen as the build-
ing blocks of life. The unique properties of the nucleic acids
will be covered in Chapter 4. The remainder of this chapter de-
scribes the structures and functions of the proteins, carbohy-
drates, and lipids.

What Are the Chemical Structures 3.2 and Functions of Proteins?

While all of the kinds of large molecules are essential to the func-
tion of organisms, few have such diverse roles as the proteins.
In virtually every chapter of this book, you will be studying ex-
amples of their extensive functions:

€ Enzymesare catalytic proteins that speed up biochemical 
reactions.

€ Defensive proteinssuch as antibodies recognize and respond
to non-self substances that invade the organism from the
environment.

€ Hormonal and regulatory proteinssuch as insulin control
physiological processes.

€ Receptor proteinsreceive and respond to molecular signals
from inside and outside the organism.

€ Storage proteinsstore chemical building blocks„amino
acids„for later use.

€ Structural proteinssuch as collagen provide physical stabil-
ity and movement.

€ Transport proteinssuch as hemoglobin carry substances
within the organism.

€ Genetic regulatory proteinsregulate when, how, and to what
extent a gene is expressed.

Among the functions of macromolecules listed earlier, only
two„energy storage and information storage„are not usually
performed by proteins.

All proteins are polymers made up of different proportions
and sequences of 20 amino acids. Proteins range in size from
small ones such as insulin, which has a molecular weight of
5,733 daltons and 51 amino acids, to huge molecules such as the
muscle protein titin, with a molecular weight of 2,993,451 dal-
tons and 26,926 amino acids. All proteins consist of one or more
polpeptide chains„unbranched (linear) polymer of covalently
linked amino acids. The compositionof a protein refers to the rel-
ative amounts of the different amino acids present in its
polypeptide chains. Variation in the sequenceof the amino acids
in polypeptide chains is the source of the diversity in protein
structure and function, because each chain folds into specific
three-dimensional shape that is defined by the precise sequence
of the amino acids present in the chain.

Many proteins are made up of more than one polypeptide
chain. For example, the oxygen-carrying protein hemoglobin
has four chains that are folded separately and come together to
make up the functional protein. Proteins can also associate with
one another, forming multi-protein complexes that carry out in-
tricate tasks such as DNA synthesis.

To understand the many functions of proteins, we must first
explore protein structure. We begin by examining the properties
of amino acids and how they link together to form polypeptide
chains. Then we will describe how a linear chain of amino acids
is consistently folded into a specific, compact, three-dimensional
shape. Finally, we will see how this three-dimensional structure
provides a definitive physical and chemical environment that in-
fluences how other molecules can interact with the protein.

Amino acids are the building blocks of proteins

The amino acids have both a carboxyl functional group and an
amino functional group (see Figure 3.1) attached to the same
carbon atom, called the � (alpha) carbon. Also attached to the
� carbon atom are a hydrogen atom and a side chain , or R
group , designated by the letter R.

The � carbon is asymmetrical because it is bonded to four dif-
ferent atoms or groups of atoms. Therefore, amino acids exist

C COO…H3N+

H

R
Side chain

� carbon

Amino
group

Carboxyl
group
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in two isomeric forms, called D-amino acids and L-amino acids.
D and L are abbreviations of the Latin terms for right ( dextro) and
left (levo). Only L-amino acids are commonly found in proteins
in most organisms, and their presence is an important chemi-
cal •signatureŽ of life.

At the pH values commonly found in cells, both the carboxyl
and amino groups of amino acids are ionized: the carboxyl
group has lost a hydrogen ion, and the amino group has gained
one. Thus amino acids are simultaneously acids and bases. 

The side chains of amino acids contain functional groups that
are important in determining the three-dimensional structure
and thus the function of the protein. As Table 3.1 shows, the
20 amino acids found in living organisms are grouped and dis-
tinguished by their side chains:

€ The five amino acids that have electrically charged side
chains (+1, …1) attract water (are hydrophilic) and attract
oppositely charged ions of all sorts.

€ The five amino acids that have polar side chains (� +, � …)
tend to form hydrogen bonds with water and with other
polar or charged substances. These amino acids are also 
hydrophilic.

€ Seven amino acids have side chains that are nonpolar hy-
drocarbons or very slightly modified hydrocarbons. In the
watery environment of the cell, these hydrophobic side
chains may cluster together in the interior of the protein.
These amino acids are hydrophobic.
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Proline
(Pro; P)

Tyrosine
(Tyr; Y)

Glutamine
(Gln; Q)

A.  Amino acids with electrically charged hydrophilic side chains 

B.  Amino acids with polar but uncharged side chains (hydrophilic)

D.  Amino acids with nonpolar hydrophobic side chains

C.  Special cases

Leucine 
(Leu; L)

Serine
(Ser; S)

Glycine
(Gly; G)

Glutamic acid
(Glu; E)

Aspartic acid
(Asp; D)

Asparagine
(Asn; N)

Valine
(Val; V)

Methionine
(Met; M)

Arginine
(Arg; R)

Lysine
(Lys; K) 

Threonine
(Thr; T)

Cysteine
(Cys; C)

Histidine 
(His; H)

Positive Negative

Phenylalanine
(Phe; F)

Tryptophan
(Trp; W)

…+

Alanine
(Ala; A)

Isoleucine
(Ile; I) 

TABLE 3.1
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Three amino acids„cysteine, glycine, and proline„are spe-
cial cases, although the side chains of the latter two are gener-
ally hydrophobic.

€ The cysteineside chain, which has a terminal „SH group,
can react with another cysteine side chain in an oxidation
reaction to form a covalent bond called a disulfide bridge ,
or disulfide bond („S„S„) ( Figure 3.5 ). Disulfide bridges
help determine how a polypeptide chain folds. 

€ The glycineside chain consists of a single hydrogen atom
and is small enough to fit into tight corners in the interior of
a protein molecule, where a larger side chain could not fit.

€ Prolinepossesses a modified amino group that lacks a hy-
drogen and instead forms a covalent bond with the hydro-
carbon side chain, resulting in a ring structure. This limits
both its hydrogen-bonding ability and its ability to rotate
about the � carbon. Thus proline is often found where a
protein bends or loops.

Peptide linkages form the backbone of a protein

When amino acids polymerize, the carboxyl and amino groups
attached to the � carbon are the reactive groups. The carboxyl
group of one amino acid reacts with the amino group of an-
other, undergoing a condensation reaction that forms a peptide
linkage (also called a peptide bond). Figure 3.6 gives a simplified
description of this reaction. 

Just as a sentence begins with a capital letter and ends with
a period, polypeptide chains have a beginning and an end. The
•capital letterŽ marking the beginning of a polypeptide is the
amino group of the first amino acid added to the chain and is
known as the N terminus. The •periodŽ is the carboxyl group of
the last amino acid added; this is the C terminus. 

Two characteristics of the peptide bond are especially impor-
tant in the three-dimensional structure of proteins:

€ In the C„N linkage, the adjacent � carbons (� C„C„N„
� C) are not free to rotate fully, which limits the folding of
the polypeptide chain.

€ The oxygen bound to the carbon (C=O) in the carboxyl
group carries a slight negative charge (� …), whereas the hy-
drogen bound to the nitrogen (N„H) in the amino group is
slightly positive (� +). This asymmetry of charge favors hy-
drogen bonding within the protein molecule itself and with
other molecules, contributing to both the structure and the
function of many proteins.

Before we explore the significance of these characteristics of the
peptide linkage, however, we will describe the significance of
the sequence of amino acids in determining a protein•s structure. 

The primary structure of a protein is its 
amino acid sequence

There are four levels of protein structure: primary, secondary,
tertiary, and quaternary. We will consider each of these in turn
over the next few pages. The precise sequence of amino acids
in a polypeptide chain held together by peptide linkages con-
stitutes the primary structure of a protein (Figure 3.7A ). The pep-
tide backbone of the polypeptide chain consists of the repeat-
ing sequence „N„C„C„made up of the N atom from the
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3.6 Formation of Peptide Linkages In living things, the reaction
leading to a peptide linkage (also called a peptide bond) has many inter-
mediate steps, but the reactants and products are the same as those
shown in this simplified diagram.
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amino group, the � carbon atom, and the C atom from the car-
boxyl group of each amino acid.

Scientists have determined the primary structure of many
proteins. The single-letter abbreviations for amino acids (see
Table 3.1) are used to record the amino acid sequence of a pro-
tein. Here, for example, are the first 20 amino acids (out of a
total of 124) in the protein ribonuclease from a cow:

KETAAAKFERQHMDSSTSAA

The theoretical number of different proteins is enormous. Since
there are 20 different amino acids, there could be 20 × 20 = 400
distinct dipeptides (two linked amino acids), and 20 × 20 × 20 =

8,000 different tripeptides (three linked amino acids). Imagine
this process of multiplying by 20 extended to a protein made
up of 100 amino acids (which would be considered a small pro-
tein). There could be 20100 (that•s approximately 10130) such
small proteins, each with its own distinctive primary structure.
How large is the number 20100? Physicists tell us that there aren•t
that many electrons in the entire universe.

At the higher levels of protein structure (secondary, tertiary
and quaternary), local coiling and folding of the polypeptide
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Two or more polypeptides assemble to form larger 
protein molecules. The hypothetical molecule here 
is a tetramer, made up of four polypeptide subunits. 

C

C

R

O

N

H

H

C C

C C

R

O

O

R

N

N

H

H

H

H

C C

C C

R

O

O

R

N

N

H

H

H

H

Peptide linkageAmino acid monomers

(B)

� helix

(A)

(D)
(E)

(C)

� pleated sheet

Subunit 1 Subunit 2

Subunit 4Subunit 3
Disulfide bridge

Hydrogen bond

Hydrogen bond

Hydrogen bond

C C

C C

R

O

O

R

N

N

H

H

H

H

� helix � pleated sheet 

3.7 The Four Levels of Protein Structure Secondary, tertiary, and
quaternary structure all arise from the primary structure of the protein.



chain(s) give the molecule its final functional shape. All of these
levels, however, derive from the protein•s primary structure„
that is, the precise location of specific amino acids in the
polypeptide chain. The properties associated with a precise
sequence of amino acids determine how the protein can twist
and fold, thus adopting a specific stable structure that distin-
guishes it from every other protein.

Primary structure is established by covalent bonds. The next
level of protein structure makes use of weaker hydrogen bonds.

The secondary structure of a protein requires 
hydrogen bonding

Aprotein•s secondary structure consists of regular, repeated spa-
tial patterns in different regions of a polypeptide chain. There
are two basic types of secondary structure, both determined by
hydrogen bonding between the amino acids that make up the
primary structure, the � helix and the � pleated sheet.

THE a HELIX The a (alpha) helix is a right-handed coil that turns
in the same direction as a standard wood screw (Figure 3.7B ).
The R groups extend outward from the peptide backbone of the
helix. The coiling results from hydrogen bonds that form be-
tween the � + hydrogen of the N„H of one amino acid and the
� …oxygen of the C=O of another. When this pattern of hy-
drogen bonding is established repeatedly over a segment of the
protein, it stabilizes the coil. 

THE b PLEATED SHEET A b (beta) pleated sheet is formed from
two or more polypeptide chains that are almost completely
extended and aligned. The sheet is stabilized by hydrogen
bonds between the N„H groups on one chain and the C =O
groups on the other (Figure 3.7C ). A � pleated sheet may form
between separate polypeptide chains, as in spider silk, or be-

tween different regions of a single polypeptide chain that is bent
back on itself. Many proteins contain regions of both � helix and
� pleated sheet in the same polypeptide chain. 

The tertiary structure of a protein is formed by 
bending and folding

In many proteins, the polypeptide chain is bent at specific sites
and then folded back and forth, resulting in the tertiary struc-
ture of the protein ( Figure 3.7D ). Although � helices and �
pleated sheets contribute to the tertiary structure, usually only
portions of the macromolecule have these secondary structures,
and large regions consist of tertiary structure unique to a par-
ticular protein. Tertiary structure results in a macromolecule•s
definitive three-dimensional shape, often including a buried in-
terior as well as a surface that is exposed to the environment.

The protein•s exposed outer surfaces present functional
groups capable of interacting with other molecules in the cell.
These molecules might be other proteins (as happens in quater-
nary structure, as we will see below) or smaller chemical reac-
tants (as in enzymes; see Section 7.4).

While hydrogen bonding between the N„H and C =O
groups within and between chains is responsible for secondary
structure, the interactions between R groups„the amino acid
side chains„determine tertiary structure. We described the var-
ious strong and weak interactions between atoms in Section 2.2.
Many of these interactions are involved in determining and
maintaining tertiary structure.
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A realistic depiction of lysozyme shows 
dense packing of its atoms.

The •backboneŽ of lysozyme consists of 
repeating N„C„C units of amino acids.C C

N
C C

N

a helix

b pleated sheet

a helix

b pleated sheet

(A)  Space-filling model (B)  Stick model (C)  Ribbon model

3.8 Three Representations of Lysozyme Different molecular repre-
sentations of a protein emphasize different aspects of its tertiary struc-
ture: surface features, sites of bends and folds, sites where alpha or beta
structure predominate. These three representations of lysozyme are simi-
larly oriented.



€ Covalent disulfide bridgescan form between specific
cysteine side chains (see Figure 3.5), holding a
folded polypeptide in place.

€ Hydrogen bondsbetween side chains also stabilize
folds in proteins.

€ Hydrophobicside chains can aggregate together in
the interior of the protein, away from water, folding
the polypeptide in the process.

€ van der Waals forcescan stabilize the close interac-
tions between hydrophobic side chains.

€ Ionic bondscan form between positively and nega-
tively charged side chains, forming salt bridgesbe-
tween amino acids. Ionic bonds can also be buried
deep within a protein, away from water.

A complete description of a protein•s tertiary structure
would specify the location of every atom in the mole-
cule in three-dimensional space relative to all the other
atoms. Such a description is available for the protein
lysozyme (Figure 3.8 ). 

The different ways of depicting the molecule have
their uses. The space-filling model might be used to
study how other molecules interact with specific sites
and R groups on a protein•s surface. The stick model em-
phasizes the sites where bends occur in order to make
the folds of the polypeptide chain. The ribbon model,
perhaps the most widely used, shows the different types
of secondary structure and how they fold into the terti-
ary structure. 

Remember that both secondary and tertiary structure
derive from primary structure. If a protein is heated
slowly, the heat energy will disrupt only the weak inter-
actions, causing the secondary and tertiary structure to
break down. The protein is then said to be denatured .
But the protein can return to its normal tertiary struc-
ture when it cools, demonstrating that all the informa-
tion needed to specify the unique shape of a protein is
contained in its primary structure. This was first shown
(using chemicals instead of heat to denature the protein)
by biochemist Christian Anfinsen for the protein ribonu-
clease (Figure 3.9 ). 

The quaternary structure of a protein 
consists of subunits

Many functional proteins contain two or more polypep-
tide chains, called subunits, each of them folded into its
own unique tertiary structure. The protein•s quater-
nary structure results from the ways in which these sub-
units bind together and interact ( Figure 3.7E ).

The models of hemoglobin in Figure 3.10 illustrate
quaternary structure. Hydrophobic interactions, van der
Waals forces, hydrogen bonds, and ionic bonds all help
hold the four subunits together to form a hemoglobin
molecule. However, the weak nature of these forces per-
mits small changes in the quaternary structure to aid the
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CONCLUSION

INVESTIGATING LIFE
3.9  Primary Structure Specifies Tertiary Structure

Using the protein ribonuclease, Christian Anfinsen showed that pro-
teins spontaneously fold into a functionally correct three-dimensional 
configuration. As long as the primary structure is not disrupted, the 
information for correct folding under the right conditions is retained.

HYPOTHESIS   Under controlled conditions that simulate normal 
 cellular environment in the laboratory, the primary
 structure of a denatured protein can ree stablish the
 protein•s three-dimensional structure.

 In normal cellular conditions, the primary structure 
 of a protein specifies how it folds into a functional,
 three-dimensional structure.

Go to yourBioPortal.com  for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 

METHOD

RESULTS

Extract and purify a 
functional protein, 
ribonuclease, from 
tissue.

Add chemicals that disrupt 
hydrogen and ionic bonds 
(urea) and disulfide bridges
(mercaptoethanol).

Slowly remove the 
chemical agents.

Chemically denature functional ribonuclease, disrupting 
disulfide bridges and other intramolecular interactions that 
maintain the protein•s shape, so that only primary structure 
(i.e., the amino acid sequence) remains. Once denaturation 
is complete, remove the disruptive chemicals.

When the disruptive agents are removed, three-dimensional 
structure is restored and the protein once again is functional.

1

2

3

Disulfide bridge

Denatured protein

� pleated sheet

� helix



protein•s function„which is to carry oxygen in red blood cells.
As hemoglobin binds one O2 molecule, the four subunits shift
their relative positions slightly, changing the quaternary struc-
ture. Ionic bonds are broken, exposing buried side chains that
enhance the binding of additional O 2 molecules. The quaternary
structure changes again when hemoglobin releases its O2 mol-
ecules to the cells of the body.

Shape and surface chemistry contribute 
to protein function

The shape and structure of a protein allow specific sites on its
exposed surface to bind noncovalently to another molecule,
which may be large or small. The binding is said to be specific
because only certain compatible chemical groups will bind to
one another. The specificity of protein binding depends on two
general properties of the protein: its shape, and the chemistry
of its exposed surface groups.

€ Shape. When a small molecule collides with and binds to a
much larger protein, it is like a baseball being caught by a
catcher•s mitt: the mitt has a shape that binds to the ball
and fits around it. Just as a hockey puck or a ping-pong ball
does not fit a baseball catcher•s mitt, a given molecule will
not bind to a protein unless there is a general •fitŽ between
their two three-dimensional shapes. 

€ Chemistry. The exposed amino acid R groups on the surface
of a protein permit chemical interactions with other sub-
stances (Figure 3.11 ). Three types of interactions may be in-
volved: ionic, hydrophobic, and hydrogen bonding. Many
important functions of proteins involve interactions be-
tween exposed-surface R groups and other molecules.

Environmental conditions affect protein structure
Because it is determined by weak forces, the three-dimensional
structure of proteins is influenced by environmental conditions.
Conditions that would not break covalent bonds can disrupt the

weaker, noncovalent interactions that determine secondary and
tertiary structure. Such alterations may affect a protein•s shape
and thus its function. Various conditions can alter the weak,
noncovalent interactions:

€ Increases in temperaturecause more rapid molecular move-
ments and thus can break hydrogen bonds and hydropho-
bic interactions.

€ Alterations in pHcan change the pattern of ionization of ex-
posed carboxyl and amino groups in the R groups of amino
acids, thus disrupting the pattern of ionic attractions and
repulsions.

€ High concentrations of polar substancessuch as urea can dis-
rupt the hydrogen bonding that is crucial to protein struc-
ture. This was used in the experiment on reversible protein
denaturation shown in Figure 3.9. 

€ Nonpolar substancesmay also disrupt normal protein struc-
ture in cases where hydrophobic groups are essential to
maintain the structure. 

Denaturation can be irreversible when amino acids that were
buried in the interior of the protein become exposed at the sur-
face, and vice versa, causing a new structure to form or differ-
ent molecules to bind to the protein. Boiling an egg denatures
its proteins and is, as you know, not reversible. 
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(A) (B)

Heme

� subunits

� subunits

3.10 Quaternary Structure of a Protein Hemoglobin
consists of four folded polypeptide subunits that assemble
themselves into the quaternary structure shown here. In
these two graphic representations, each type of subunit is a
different color. The heme groups contain iron and are the
oxygen-carrying sites.

Ionic interactions occur 
between charged R groups.

Two nonpolar groups 
interact hydrophobically.

Hydrogen bonds form 
between two polar groups.

COO… +H3N

OHH

Molecule 1
Molecule 2

3.11 Noncovalent Interactions Between Proteins and Other
Molecules Noncovalent interactions allow a protein (brown) to bind
tightly to another molecule (green) with specific properties. Noncovalent
interactions also allow regions within the same protein to interact with 
one another.



Molecular chaperones help shape proteins
Because of their specific shapes and the exposure of chemical
groups on their surfaces, proteins can bind specific substances.
Within a living cell, a polypeptide chain is sometimes in dan-
ger of binding the wrong substance. Two important examples
of such a situation are:

€ Following denaturation: Inappropriate environmental con-
ditions in a cell, such as elevated temperature, can cause
the denatured protein to re-fold incorrectly.

€ Just after a protein is made: When a protein has not yet
folded completely, it can present a surface that binds the
wrong molecule.

In these cases, change may be irreversible. Eukaryotic cells have
a special class of proteins that act to counteract threats to three-
dimensional structure. Proteins in this class, called chaperones ,
act as molecular caretakers for other proteins. Like the chaper-
ones at a high school dance, they prevent inappropriate inter-
actions and enhance the appropriate ones.

Molecular chaperones were discovered by accident in 1962,
when the temperature of an incubator holding fruit flies was ac-
cidentally turned up. Italian geneticist Ferruccio Ritossa noticed
that this •heat shockŽ did not kill the flies. Instead, there was
enhanced synthesis of a set of proteins that were later described
as chaperones. They bound to many target proteins in the fruit
fly cells and kept them from being denatured, and in some cases
facilitated the correct refolding of proteins. 

The general class of stress-induced chaperone proteins is called
the heat shock proteins (HSPs), after this discovery. HSPs are
made by most eukaryotic cells, and many enhance protein fold-
ing in addition to their protective role during periods of stress.
As an example, HSP60 forms a cage that sucks a protein in, causes
it to fold into the correct shape, and then releases it (Figure 3.12 ).
Tumors make abundant HSPs, possibly to stabilize proteins im-
portant in the cancer process, and so HSP-inhibiting drugs are
being designed. In some clinical situations, treatment with these
inhibitors results in the inappropriate folding of tumor-cell pro-
teins, causing the tumors to stop growing and even disappear.

3.2 RECAP
Proteins are polymers of amino acids. The sequence
of amino acids in a protein determines its primary
structure. Secondary, tertiary, and quaternary struc-
tures arise through interactions between the amino
acids. A protein• s three-dimensional shape and e x-
posed chemical groups establish binding specificity
for other substances.

€ What are the attributes of an amino acidÕs R group that
would make it hydrophobic? Hydrophilic? See pp.
42Ð43 and Table 3.1

€ Sketch and explain how two amino acids link together
to form a peptide linkage. See p. 44 and Figure 3.6

€ What are the four levels of protein structure and how
are they all ultimately determined by the proteinÕs pri-
mary structure (i.e., its amino acid sequence)? See pp.
44Ð48 and Figure 3.7

€ How do environmental factors such as temperature
and pH affect the weak interactions that give a protein
its specific shape and function? See p. 48

The seemingly infinite number of protein configurations made
possible by the biochemical properties of the 20 amino acids has
driven the evolution of life•s diversity. The linkage configura-
tions of sugar monomers (monosaccharides) drives the struc-
ture of the next group of macromolecules, the carbohydrates
that provide energy for life.

What Are the Chemical Structures 3.3 and Functions of Carbohydrates?

Carbohydrates are a large group of molecules that all have a
similar atomic composition but differ greatly in size, chemical
properties, and biological functions. Carbohydrates have the
general formula Cn(H 2O)n, which makes them appear as hy-
drates of carbon (association between water molecules and car-
bon in the ratio C1H2O1), hence their name. When their molec-
ular structures are examined, the linked carbon atoms are seen
to be bonded with hydrogen atoms („H) and hydroxyl groups

3.3 | WHAT ARE THE CHEMICAL STRUCTURES AND FUNCTIONS OF CARBOHYDRATES?49

A denatured protein binds 
to HSP60 and enters it.

1 A •lidŽ seals 
the •cage.Ž

2 3 The protein folds into its appropriate 
shape and is released.

 HSP60 •cageŽ

•LidŽ

Denatured
protein

3.12 Chaperones Protect Proteins from Inappropriate Binding
Chaperone proteins surround new or denatured proteins and prevent
them from binding to the wrong substance. Heat shock proteins such as
HSP60, whose actions are illustrated here, are one class of chaperone
proteins.



(„OH), the components of water. Carbohydrates have three
major biochemical roles: 

€ They are a source of stored energy that can be released in a
form usable by organisms.

€ They are used to transport stored energy within complex
organisms.

€ They serve as carbon skeletonsthat can be rearranged to
form new molecules.

Some carbohydrates are relatively small, with molecular
weights of less than 100 Da. Others are true macromolecules,
with molecular weights in the hundreds of thousands.

There are four categories of biologically important carbo-
hydrates:

€ Monosaccharides (mono, •oneŽ; saccharide, •sugarŽ), such as
glucose, ribose, and fructose, are simple sugars. They are the
monomers from which the larger carbohydrates are con-
structed.

€ Disaccharides (di, •twoŽ) consist of two monosaccharides
linked together by covalent bonds. The most familiar is su-
crose, which is made up of covalently bonded glucose and
fructose molecules.

€ Oligosaccharides (oligo, •severalŽ) are made up of several
(3…20) monosaccharides.

€ Polysaccharides (poly, •manyŽ), such as starch, glycogen,
and cellulose, are polymers made up of hundreds or thou-
sands of monosaccharides.

Monosaccharides are simple sugars 

All living cells contain the monosaccharide glucose ; it is the fa-
miliar •blood sugar,Ž used to transport energy in humans. Cells
use glucose as an energy source, breaking it down through a se-
ries of reactions that release stored energy and produce water
and carbon dioxide; this is a cellular form of the combustion re-
action described in Chapter 2.

Glucose exists in straight chains and in ring forms. The ring
forms predominate in virtually all biological circumstances
because they are more stable under physiological conditions.
There are two versions of glucose ring, called � - and � -glucose,
which differ only in the orientation of the „H and „OH at-
tached to carbon 1 (Figure 3.13 ). The � and � forms intercon-
vert and exist in equilibrium when dissolved in water.

Different monosaccharides contain different numbers of car-
bons. Some monosaccharides are structural isomers, with the
same kinds and numbers of atoms, but in different arrangements
(Figure 3.14 ). Such seemingly small structural changes can sig-
nificantly alter properties. Most of the monosaccharides in liv-
ing systems belong to the D (right-handed) series of isomers. 

Pentoses (pente, •fiveŽ) are five-carbon sugars. Two pentoses
are of particular biological importance: the backbones of the nu-
cleic acids RNA and DNA contain ribose and deoxyribose, re-
spectively (see Section 4.1). These two pentoses are not isomers
of each other; rather, one oxygen atom is missing from carbon
2 in deoxyribose (de-, •absentŽ). The absence of this oxygen
atom is an important distinction between RNA and DNA.

The hexoses (hex, •sixŽ), a group of structural isomers, all
have the formula C6H12O6. Included among the hexoses are glu-
cose, fructose (so named because it was first found in fruits),
mannose, and galactose.

Glycosidic linkages bond monosaccharides

The disaccharides, oligosaccharides, and polysaccharides are all
constructed from monosaccharides that are covalently bonded
together by condensation reactions that form glycosidic linkages .
Asingle glycosidic linkage between two monosaccharides forms
a disaccharide. For example, sucrose„common table sugar in
the human diet and a major disaccharide in plants„is a disac-
charide formed from a glucose and a fructose molecule.  
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The dark line indicates that the edge of 
the molecule extends toward you; the 
thin line extends back away from you.

The numbers in red indicate the standard 
convention for numbering the carbons.

Aldehyde
group

Straight-chain form �- D-glucose �- D-glucoseIntermediate form

The straight-chain form of 
glucose has an aldehyde 
group at carbon 1.

A reaction between the aldehyde 
group and the hydroxyl group at 
carbon 5 gives rise to a ring form.

Depending on the orientation of the aldehyde group when 
the ring closes, either of two molecules„�- D-glucose or 
�- D-glucose„forms. 

Hydroxyl group

3.13 From One Form of Glucose to the Other All glucose molecules have the formula C6H12O6,
but their structures vary. When dissolved in water, the �and � •ringŽ forms of glucose interconvert. The
convention used here for numbering the carbon atoms is standard in biochemistry.

GO TO Web Activity 3.3 ¥ Forms of Glucose

yourBioPortal.com



The disaccharides maltose and cellobiose are made from two
glucose molecules (Figure 3.15 ). Maltose and cellobiose are
structural isomers, both having the formula C 12H22O11. How-
ever, they have different chemical properties and are recognized
by different enzymes in biological tissues. For example, malt-
ose can be hydrolyzed into its monosaccharides in the human
body, whereas cellobiose cannot. 

Oligosaccharides contain several monosaccharides bound by
glycosidic linkages at various sites. Many oligosaccharides have
additional functional groups, which give them special properties.
Oligosaccharides are often covalently bonded to proteins and
lipids on the outer cell surface, where they serve as recognition
signals. The different human blood groups (for example, the ABO
blood types) get their specificity from oligosaccharide chains.
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Glyceraldehyde

Deoxyribose

These hexoses are structural isomers. All have the formula 
C6H12O6, but each has distinct biochemical properties. 

Ribose and deoxyribose 
each have five carbons,
but very different chemical 
properties and biological 
roles.

Glyceraldehyde is the 
smallest monosaccharide
and exists only as the 
straight-chain form.

3.14 Monosaccharides Are Simple Sugars Monosaccharides are made up of varying numbers
of carbons. Some hexoses are structural isomers that have the same kind and number of atoms,
but the atoms are arranged differently. Fructose, for example, is a hexose, but forms a five-mem-
bered ring like the pentoses. 
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Formation
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Maltose is produced when an �-1,4 
glycosidic linkage forms between
two glucose molecules. The hydroxyl 
group on carbon 1 of one D-glucose
in the � (down) position reacts with the 
hydroxyl group on carbon 4 of the 
other glucose.

In cellobiose, two glucoses are linked 
by a �-1,4 glycosidic linkage.

In sucrose, glucose and fructose are 
linked by an �-1,2 glycosidic linkage.

�-1,2 glycosidic linkage

Fructose �- D-glucose Fructose

Sucrose

3.15 Disaccharides Form by Glycosidic Linkages Glycosidic link-
ages between two monosaccharides can create many different disaccha-
rides. Which disaccharide is formed depends on which monosaccharides
are linked; on the site of linkage (i.e., which carbon atoms are involved);
and on the form (� or �) of the linkage.
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Polysaccharides store energy and provide 
structural materials

Polysaccharides are large (sometimes gigantic) polymers of
monosaccharides connected by glycosidic linkages (Figure
3.16). In contrast to proteins, polysaccharides are not necessar-
ily linear chains of monomers. Each monomer unit has several
sites that may be capable of forming glycosidic linkages, and
thus branched molecules are possible.

STARCH Starches comprise a family of giant molecules of
broadly similar structure. While all starches are polysaccharides
of glucose with � -glycosidic linkages (�Š1,4 and �Š1,6 glycosidic

bonds; Figure 3.16A), the different starches can be distinguished
by the amount of branching that occurs at carbons 1 and 6 (Fig-
ure 3.16B). Starch is the principal energy storage compound of
plants. Some plant starches, such as amylose, are unbranched;
others are moderately branched (amylopectin, for example).
Starch readily binds water. When that water is removed, how-
ever, hydrogen bonds tend to form between the unbranched
polysaccharide chains, which then aggregate, as in the large
starch grains observed in the storage material of plant seeds (see
Figure 3.16C).
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Hydrogen bonding to other cellulose 
molecules can occur at these points.

Branching occurs here.
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(B)  Macromolecular structure

(C)  Polysaccharides in cells

Starch and glycogen

Cellulose

(A)  Molecular structure

Cellulose is an unbranched polymer of glucose with 
�-1,4 glycosidic linkages that are chemically very stable.

Glycogen and starch are polymers of glucose with �-1,4 glycosidic 
linkages. �-1,6 glycosidic linkages produce branching at carbon 6.

Parallel cellulose molecules form 
hydrogen bonds, resulting in thin fibrils.

Branching limits the number of 
hydrogen bonds that can form in
starch molecules, making starch
less compact than cellulose.

The high amount of branching in
glycogen makes its solid deposits
more compact than starch.

Layers of cellulose fibrils, as seen in
this scanning electron micrograph, 
give plant cell walls great strength.

Within these plant cells, starch deposits 
(dyed purple in this micrograph) have a 
granular shape.

The pink-stained granules in this 
electron micrograph are glycogen
deposits in the human liver.

3.16 Representative Polysaccharides Cellulose, starch, and 
glycogen have different levels of branching and compaction of the 
polysaccharides.



GLYCOGEN Glycogen is a water-insoluble, highly branched
polymer of glucose. It stores glucose in liver and muscle, serv-
ing as an energy storage compound for animals as starch does
for plants. Both glycogen and starch are readily hydrolyzed into
glucose monomers, which in turn can be broken down to liber-
ate their stored energy.

But if it is glucose that is needed for fuel, why store it in the
form of glycogen? The reason is that 1,000 glucose molecules
would exert 1,000 times the osmotic pressureof a single glycogen
molecule, causing water to enter the cells (see Section 6.3). If it
were not for polysaccharides, many organisms would expend
a lot of energy expelling excess water from their cells.

CELLULOSE As the predominant component of plant cell walls,
cellulose is by far the most abundant organic compound on
Earth. Like starch and glycogen, cellulose is a polysaccharide of
glucose, but its individual monosaccharides are connected by
� - rather than by � -glycosidic linkages. Starch is easily degraded
by the actions of chemicals or enzymes. Cellulose, however, is
chemically more stable because of its �-glycosidic linkages.
Thus, whereas starch is easily broken down to supply glucose
for energy-producing reactions, cellulose is an excellent struc-
tural material that can withstand harsh environmental condi-
tions without substantial change.

Chemically modified carbohydrates contain additional
functional groups

Some carbohydrates are chemically modified by the addition of
functional groups, such as phosphate and amino groups (Fig-
ure 3.17). For example, carbon 6 in glucose may be oxidized
from „CH 2OH to a carboxyl group („COOH), producing glu-
curonic acid. Or a phosphate group may be added to one or
more of the „OH sites. Some of the resulting sugar phosphates,
such as fructose 1,6-bisphosphate, are important intermedi-
ates in cellular energy reactions, which will be discussed in
Chapter 9.

When an amino group is substituted for an „OH group,
amino sugars, such as glucosamine and galactosamine, are pro-
duced. These compounds are important in the extracellular ma-
trix (see Section 5.4), where they form parts of glycoproteins,
which are molecules involved in keeping tissues together.
Galactosamine is a major component of cartilage, the material
that forms caps on the ends of bones and stiffens the ears and
nose. A derivative of glucosamine is present in the polymer
chitin, the principal structural polysaccharide in the external
skeletons of insects and many crustaceans (e.g., crabs and lob-
sters) and a component of the cell walls of fungi. Because these
organisms are among the most abundant eukaryotes on Earth,
chitin rivals cellulose as one of the most abundant substances
in the living world.
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Galactosamine is an important
component of cartilage, a connective 
tissue in vertebrates.

The external skeletons of insects
are made up of chitin.
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group

N-acetyl group
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Fructose 1,6 bisphosphate

N-acetylglucosamine

(A)  Sugar phosphate

(B)  Amino sugars

(C)  Chitin

Fructose 1,6 bisphosphate is 
involved in the reactions that 
liberate energy from glucose.
(The numbers in its name 
refer to the carbon sites
of phosphate bonding;
bis- indicates that two 
phosphates are present.)

The monosaccharides 
glucosamine and 
galactosamine are amino
sugars with an amino group
in place of a hydroxyl group.

Chitin is a polymer of
N-acetylglucosamine;
N-acetyl groups provide 
additional sites for 
hydrogen bonding between 
the polymers.

3.17 Chemically Modified Carbohydrates Added functional
groups can modify the form and properties of a carbohydrate.



3.3 RECAP
Carbohydrates are composed of carbon, hydrogen,
and ox ygen in the general ratio of 1:2:1. They pro-
vide energy and structure to cells and are precursors
of numerous important biological molecules. Mono-
saccharide monomers can be connected by glyco-
sidic linkages to form disaccharides, oligosaccha-
rides, and polysaccharides.

€ Draw the chemical structure of a disaccharide formed
by two monosaccharides. See Figure 3.15

€ What qualities of the polysaccharides starch and
glycogen make them useful for energy storage? See
pp. 52Ð53 and Figure 3.16

€ From looking at the cellulose molecules in Figure
3.16A, can you see where a large number of hydrogen
bonds are present in the linear structure of cellulose
shown in Figure 3.16B? Why is this structure so strong?

We have seen how amino acid monomers form protein poly-
mers and how sugar monomers form the polymers of carbohy-
drates. Now we will look at the lipids, which are unique among
the four classes of large biological molecules in that they are not,
strictly speaking, polymers.

What Are the Chemical Structures 3.4 and Functions of Lipids?

Lipids „colloquially called fats„are hydrocarbons that are insol-
uble in water because of their many nonpolar covalent bonds.
As we saw in Section 2.2, nonpolar hydrocarbon molecules are
hydrophobic and preferentially aggregate among themselves,
away from water (which is polar). When nonpolar hydrocarbons
are sufficiently close together, weak but additive van der Waals
forces hold them together. The huge
macromolecular aggregations that can
form are not polymers in a strict chemi-
cal sense, because the individual lipid
molecules are not covalently bonded. With
this understanding, it is still useful to con-
sider aggregations of individual lipids as
a different sort of polymer.

There are several different types of
lipids, and they play a number of roles
in living organisms:

€ Fats and oils store energy.

€ Phospholipids play important struc-
tural roles in cell membranes.

€ Carotenoids and chlorophylls help
plants capture light energy.

€ Steroids and modified fatty acids play
regulatory roles as hormones and 
vitamins.

€ Fat in animal bodies serves as thermal insulation.

€ A lipid coating around nerves provides electrical insulation.

€ Oil or wax on the surfaces of skin, fur, and feathers repels
water.

Fats and oils are hydrophobic 

Chemically, fats and oils are triglycerides, also known as simple
lipids. Triglycerides that are solid at room temperature (around
20°C) are called fats ; those that are liquid at room temperature
are called oils . Triglycerides are composed of two types of build-
ing blocks: fatty acidsand glycerol. Glycerol is a small molecule
with three hydroxyl („OH) groups (thus it is an alcohol). A fatty
acid is made up of a long nonpolar hydrocarbon chain and a
polar carboxyl group („COOH). These chains are very hy-
drophobic, with their abundant C„H and C„C bonds, which
have low electronegativity and are nonpolar (see Section 2.2).

A triglyceride contains three fatty acid molecules and one
molecule of glycerol. Synthesis of a triglyceride involves three
condensation (dehydration) reactions. In each reaction, the car-
boxyl group of a fatty acid bonds with a hydroxyl group of glyc-
erol, resulting in a covalent bond called an ester linkage and the
release of a water molecule (Figure 3.18 ). The three fatty acids
in a triglyceride molecule need not all have the same hydrocar-
bon chain length or structure; some may be saturated fatty acids,
while others may be unsaturated:

€ In saturated fatty acids , all the bonds between the carbon
atoms in the hydrocarbon chain are single bonds„there are
no double bonds. That is, all the bonds are saturated with
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The synthesis of an ester linkage releases 
water and thus is a condensation reaction.

Triglyceride 

Ester 
linkage

3 H2O+ 

Glycerol
(an alcohol)

3 
Fatty acid
molecules

 

3.18 Synthesis of a Triglyceride In living things, the reaction that
forms a triglyceride is more complex, but the end result is the same as
shown here.



hydrogen atoms (Figure 3.19A ). These fatty acid molecules
are relatively rigid and straight, and they pack together
tightly, like pencils in a box.

€ In unsaturated fatty acids , the hydrocarbon chain contains
one or more double bonds. Linoleic acid is an example of a
polyunsaturatedfatty acid that has two double bonds near
the middle of the hydrocarbon chain, which causes kinks in
the molecule (Figure 3.19B ). Such kinks prevent the unsat-
urated fat molecules from packing together tightly.

The kinks in fatty acid molecules are important in determin-
ing the fluidity and melting point of a lipid. The triglycerides

of animal fats tend to have many long-chain saturated fatty
acids, packed tightly together; these fats are usually solids at
room temperature and have a high melting point. The triglyc-
erides of plants, such as corn oil, tend to have short or unsatu-
rated fatty acids. Because of their kinks, these fatty acids pack
together poorly and have a low melting point, and these triglyc-
erides are usually liquids at room temperature.

Fats are excellent storehouses for chemical energy. As you
will see in Chapter 9, when the C„H bond is broken, it releases
significant energy that an organism can use for its own pur-
poses, such as movement or building up complex molecules.
On a per weight basis, broken-down fats yield more than twice
as much energy as do degraded carbohydrates.

Phospholipids form biological membranes

We have mentioned the hydrophobic nature of the many 
C„C and C„H bonds in fatty acids. But what about the car-
boxyl functional group at the end of the molecule? When it ion-
izes and forms COO…, it is strongly hydrophilic. So a fatty acid
is a molecule with a hydrophilic end and a long hydrophobic
tail. It has two opposing chemical properties; the technical term
for this is amphipathic . This explains what happens when oil
(fatty acid) and water mix: the fatty acids orient themselves so
that their polar ends face outward (i.e., toward the water) and
their nonpolar tails face inward (away from water). Although
no covalent bonds link individual lipids in large aggregations,
such stable aggregations form readily in aqueous conditions. So
these large lipid structures can be considered a different kind
of macromolecule. 

Like triglycerides, phospholipids contain fatty acids bound
to glycerol by ester linkages. In phospholipids, however, any
one of several phosphate-containing compounds replaces one
of the fatty acids, giving these molecules amphipathic proper-
ties„that is properties of both water soluble and water insolu-
ble molecules (Figure 3.20A ). The phosphate functional group
has a negative electric charge, so this portion of the molecule
is hydrophilic, attracting polar water molecules. But the two
fatty acids are hydrophobic, so they tend to avoid water and ag-
gregate together or with other hydrophobic substances.

In an aqueous environment, phospholipids line up in such a
way that the nonpolar, hydrophobic •tailsŽ pack tightly together
and the phosphate-containing •headsŽ face outward, where
they interact with water. The phospholipids thus form a bilayer :
a sheet two molecules thick, with water excluded from the core
(Figure 3.20B ). Biological membranes have this kind of phos-
pholipid bilayer structure, and we will devote Chapter 6 to their
biological functions.

Lipids have roles in energy conversion, regulation, 
and protection

In the previous section, we focused on lipids involved in energy
storage and cell structure, whose molecular structures are vari-
ations on the glycerol…fatty acid structure. However, there are
other nonpolar and amphipathic lipids that are not based on
this structure.
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All bonds between carbon 
atoms are single in a saturated 
fatty acid (chain is straight).

The straight chain 
allows a molecule 
to pack tightly 
among other similar 
molecules.

Double bonds between two carbons 
make an unsaturated fatty acid 
(carbon chain has kinks).

Kinks prevent close packing.
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3.19 Saturated and Unsaturated Fatty
Acids (A) The straight hydrocarbon
chain of a saturated fatty acid allows the
molecule to pack tightly with other, similar
molecules. (B) In unsaturated fatty acids,
kinks in the chain prevent close packing.
The color convention in the models
shown here (gray, H; red, O; black, C) is
commonly used.



CAROTENOIDS The carotenoids are a family of light-absorbing
pigments found in plants and animals. Beta-carotene (� -carotene)
is one of the pigments that traps light energy in leaves during
photosynthesis. In humans, a molecule of � -carotene can be bro-
ken down into two vitamin A molecules ( Figure 3.21 ), from
which we make the pigment cis-retinal, which is required for
vision. Carotenoids are responsible for the colors of carrots,
tomatoes, pumpkins, egg yolks, and butter.

STEROIDS The steroids are a family of organic compounds whose
multiple rings share carbons (Figure 3.22 ). The steroid choles-
terol is an important constituent of membranes. Other steroids
function as hormones, chemical signals that carry messages from
one part of the body to another (see Chapter 41). Cholesterol is
synthesized in the liver and is the starting material for making
testosterone and other steroid hormones, such as estrogen. 

VITAMINS Vitamins are small molecules that are not synthesized
by the human body and so must be acquired from the diet (see

Chapter 50). For example, vitamin Ais formed
from the � -carotene found in green and yellow
vegetables (see Figure 3.21). In humans, a de-
ficiency of vitamin A leads to dry skin, eyes,
and internal body surfaces, retarded growth
and development, and night blindness, which
is a diagnostic symptom for the deficiency. Vi-
tamins D, E, and K are also lipids.
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The hydrophilic •headŽ is 
attracted to water, which is polar.

In an aqueous environment, •tailsŽ
stay away from water and •headsŽ
interact with water, forming a bilayer.

The hydrophobic •tailsŽ are
not attracted to water.
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3.20 Phospholipids (A) Phosphatidylcholine (lecithin) demon-
strates the structure of a phospholipid molecule. In other phos-
pholipids, the amino acid serine, the sugar alcohol inositol, or
other compounds replace choline. (B) In an aqueous environ-
ment, hydrophobic interactions bring the •tailsŽ of phospholipids
together in the interior of a bilayer. The hydrophilic •headsŽ face
outward on both sides of the bilayer, where they interact with the
surrounding water molecules.

3.21 b-Carotene is the Source of Vitamin A The
carotenoid �-carotene is symmetrical around its cen-
tral double bond. When that bond is broken, two mol-
ecules of vitamin A are formed. The structural formula
presented here is standard chemical shorthand for
large organic molecules with many carbon atoms; it is
simplified by omitting the C (indicating a carbon atom)
at the intersections representing covalent bonds. The
presence of hydrogen atoms (H) to fill all the available
bonding sites on each C is assumed.



WAXES The sheen on human hair is more than cosmetic. Glands
in the skin secrete a waxy coating that repels water and keeps
the hair pliable. Birds that live near water have a similar waxy
coating on their feathers. The shiny leaves of plants such as holly,
familiar during winter holidays, also have a waxy coating. Fi-
nally, bees make their honeycombs out of wax. All waxes have
the same basic structure: they are formed by an ester linkage be-
tween a saturated, long-chain fatty acid and a saturated, long-
chain alcohol. The result is a very long molecule, with 40…60 CH2
groups. For example, here is the structure of beeswax:

This highly nonpolar structure accounts for the impermeability
of wax to water.

3.4 RECAP
Lipids include both nonpolar and amphipathic mole-
cules that are largely composed of carbon and hy-
drogen. They are important in energy storage, light
absorption, regulation and biological structures. Cell
membranes contain phospholipids, which are com-
posed of hydrophobic fatty acids linked to glycerol
and a hydrophilic phosphate group. 

€ Draw the molecular structures of fatty acids and glyc-
erol and show how they are linked to form a triglyc-
eride. See p. 54 and Figure 3.18

€ What is the difference between fats and oils? See p. 54

€ How does the polar nature of phospholipids result in
their forming a bilayer? See p. 55 and Figure 3.20

€ Why are steroids and some vitamins classified as
lipids?See p. 56

All the types of molecules we have discussed in this chapter are
found only in living organisms, but a final class of biological
macromolecules has special importance to the living world. The
function of the nucleic acids is nothing less than the transmis-
sion of life•s •blueprintŽ to each new organism. This chapter
showed the wonderful biochemical unity of life, a unity that im-
plies all life has a common origin. Essential to this origin were
the monomeric nucleotides and their polymers, nucleic acids.
In the next chapter, we turn to the related topics of nucleic acids
and the origin of life.

 (CH2)14 „ C  CH2H3C

O

O  (CH2)28 „ CH 3

AlcoholFatty acid Ester
linkage
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Cholesterol is a constituent 
of membranes and is the 
source of steroid hormones.

Vitamin D2 can be produced 
in the skin by the action of light 
on a cholesterol derivative.

Cortisol is a hormone secreted  
by the adrenal glands.

Testosterone is a male sex 
hormone.

3.22 All Steroids Have the Same Ring Structure The
steroids shown here, all important in vertebrates, are composed
of carbon and hydrogen and are highly hydrophobic. However,
small chemical variations, such as the presence or absence of a
hydroxyl group, can produce enormous functional differences
among these molecules.

3.1 What Kinds of Molecules Characterize Living
Things?

SEE ANIMATED TUTORIAL 3.1

¥Macromolecules are polymers constructed by the formation of
covalent bonds between smaller molecules called monomers.
Macromolecules in living organisms include polysaccharides,
proteins, and nucleic acids. Large lipid structures may also be
considered macromolecules.

¥Functional groups are small groups of atoms that are consis-
tently found together in a variety of different macromolecules.
Functional groups have particular chemical properties that they

confer on any larger molecule of which they are a part. Review
Figure 3.1, WEB ACTIVITY 3.1

¥Structural and optical isomershave the same kinds and num-
bers of atoms, but differ in their structures and properties.
Review Figure 3.2

¥The many functions of macromolecules are directly related to
their three-dimensional shapes, which in turn result from the
sequences and chemical properties of their monomers.

¥Monomers are joined by condensation reactions, which release
a molecule of water for each bond formed. Hydrolysis reac-
tions use water to break polymers into monomers. Review
Figure 3.4

CHAPTER SUMMARY



1. The most abundant molecule in the cell is
a. a carbohydrate.
b. a lipid.
c. a nucleic acid.
d. a protein.
e. water.

2. All lipids are
a. triglycerides.
b. polar.
c. hydrophilic.
d. polymers of fatty acids.
e. more soluble in nonpolar solvents than in water.

3. All carbohydrates
a. are polymers.
b. are simple sugars.
c. consist of one or more simple sugars.
d. are found in biological membranes.
e. are more soluble in nonpolar solvents than in water.

4. Which of the following is not a carbohydrate?
a. Glucose
b. Starch
c. Cellulose
d. Hemoglobin
e. Deoxyribose

5. All proteins
a. are enzymes.
b. consist of one or more polypeptide chains.
c. are amino acids.
d. have quaternary structures.
e. are more soluble in nonpolar solvents than in water.

6. Which of the following statements about the primary struc-
ture of a protein is not true?
a. It may be branched.
b. It is held together by covalent bonds.
c. It is unique to that protein.
d. It determines the tertiary structure of the protein.
e. It is the sequence of amino acids in the protein.
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3.2 What Are the Chemical Structures and Functions of
Proteins?

¥The functions of proteins include support, protection, catalysis,
transport, defense, regulation, and movement.

¥Amino acids are the monomers from which proteins are con-
structed. Four groups are attached to a central carbon atom: a
hydrogen atom, an amino group, a carboxyl group, and a vari-
able R group. The particular properties of each amino acids
depend on itsside chain, or R group, which may be charged,
polar, or hydrophobic. Review Table 3.1, WEB ACTIVITY 3.2

¥Peptide linkages, also called peptide bonds, covalently link
amino acids into polypeptide chains. These bonds form by con-
densation reactions between the carboxyl and amino groups.
Review Figure 3.6

¥The primary structure of a protein is the sequence of amino
acids in the chain. This chain is folded into a secondary struc-
ture, which in different parts of the protein may form an a helix
or a bpleated sheet. Review Figure 3.7AÐC

¥Disulfide bridges and noncovalent interactions between amino
acids cause polypeptide chains to fold into three-dimensional
tertiary structures and allow multiple chains to interact in a
quaternary structure . Review Figure 3.7D,E

¥Heat, alterations in pH, or certain chemicals can all result in pro-
tein denaturation, which involves the loss of tertiary and/or
secondary structure as well as biological function. Review
Figure 3.9

¥The specific shape and structure of a protein allows it to bind
noncovalently to other molecules.Review Figure 3.11

¥Chaperone proteins enhance correct protein folding and pre-
vent binding to inappropriate ligands. Review Figure 3.12

3.3 What Are the Chemical Structures and Functions of
Carbohydrates?

¥Carbohydrates contain carbon bonded to hydrogen and oxy-
gen atoms in a ratio of 1:2:1, or (CH2O)n.

¥Monosaccharides are the monomers that make up carbohy-
drates. Hexosessuch as glucoseare six-carbon monosaccha-
rides; pentoses have five carbons. Review Figure 3.14, WEB
ACTIVITY 3.3

¥Glycosidic linkages, which have either an � or a � orientation in
space, covalently link monosaccharides into larger units such as
disaccharides, oligosaccharides, and polysaccharides. Review
Figure 3.15

¥Starch stores energy in plants. Starch and glycogenare formed
by �-glycosidic linkages between glucose monomers and are
distinguished by the amount of branching they exhibit. They
can be easily broken down to release stored energy.Review
Figure 3.16

¥Cellulose is a very stable glucose polymer and is the principal
structural component of plant cell walls.

3.4 What Are the Chemical Structures and Functions of
Lipids?

¥Fats and oils are triglycerides, composed of three fatty acids
covalently bonded to a molecule of glycerol by ester linkages.
Review Figure 3.18

¥Saturated fatty acids have a hydrocarbon chain with no double
bonds. The hydrocarbon chains of unsaturated fatty acids have
one or more double bonds that bend the chain, making close
packing less possible. Review Figure 3.19

¥Phospholipids have a hydrophobic hydrocarbon ÒtailÓ and a
hydrophilic phosphate ÒheadÓ; that is, they are amphipathic. In
water, the interactions of the tails and heads of phospholipids
generate a phospholipid bilayer. The heads are directed out-
ward, where they interact with the surrounding water. The tails
are packed together in the interior of the bilayer, away from
water. Review Figure 3.20

¥Other lipids include vitamins A and D, steroids and plant pig-
ments such as carotenoids.

SELF-QUIZ 



7. The amino acid leucine
a. is found in all proteins.
b. cannot form peptide linkages.
c. has a hydrophobic side chain.
d. has a hydrophilic side chain.
e. is identical to the amino acid lysine.

8. The quaternary structure of a protein
a. consists of four subunits„hence the name quaternary.
b. is unrelated to the function of the protein.
c. may be either alpha or beta.
d. depends on covalent bonding among the subunits.
e. depends on the primary structures of the subunits.

9. The amphipathic nature of phospholipids is
a. determined by the fatty acid composition.
b. important in membrane structure.
c. polar but not nonpolar.
d. shown only if the lipid is in a nonpolar solvent.
e. important in energy storage by lipids.

10. Which of the following statements about condensation
reactions is nottrue?
a. Protein synthesis results from them.
b. Polysaccharide synthesis results from them.
c. They involve covalent bonds.
d. They consume water as a reactant.
e. Different condensation reactions produce different kinds

of macromolecules.

CHAPTER SUMMARY 59

Primary Structure Specifies Tertiary Structure In this hands-
on exercise based on Figure 3.9, you will learn about the meth-
ods used to disrupt the chemical interactions that determine

the tertiary structure of proteins. You will examine the original
data that led Anfinsen to conclude that denaturation of
ribonuclease is reversible.

W O R K I N G  W I T H  D ATA (GO TO yourBioPortal.com)

FOR DISCUSSION 

ADDITIONAL INVESTIGATION 

1. Suppose that, in a given protein, one lysine is replaced by
aspartic acid (see Table 3.1). Does this change occur in the
primary structure or in the secondary structure? How
might it result in a change in tertiary structure? In quater-
nary structure?

2. If there are 20 different amino acids commonly found in
proteins, how many different dipeptides are there? How
many different tripeptides?

Human hair is composed of a protein, keratin. At the hair salon,
two techniques are used to modify the three-dimensional shape
of hair. Styling involves heat, and a perm involves cleaving and

reforming disulfide bonds. How would you investigate these
phenomena in terms of protein structure?



4
The trip had lasted a long and anxious ten months

when, in the summer of 1976, the first of two visitors
from Earth landed on a plain on the Martian surface.

A second spacecraft arrived in September. The task of
these robotic laboratories, part of NASAÕs Viking project,
was to search for life.

On Earth, life has existed for several billion years and has
spread over most of the planetÕs surface. Determining lifeÕs
origins is difficult, however, because (with few exceptions)
simple organisms leave no fossils. On Mars, scientists
thought, things might be different. A primitive form of life
might exist there now, or might have left chemical signa-
tures that remain in place, untouched by other organisms. 

The two Viking spacecraft that landed on Mars in 1976
analyzed soil samples for the small molecules of life, in-

cluding simple sugars and amino acids. None were found.
The robotic laboratories immersed soil samples in an
aqueous solution of sugars, amino acids, and minerals.
Living organisms take in and break down such substances
from their environment, releasing gases such as CO2. A
small amount of CO2 was detected in one experiment,
but, frustratingly, no gases were released in further exper-
iments. 

The results from the Viking landers remain controver-
sial. Why did that one experiment detect a sign of life?
The 1976 robotic landers are still on Mars but have long
since stopped working. In 2008, more probes were sent
from Earth, carrying more sophisticated instruments. One
of them, the Phoenix lander, is in a northern region of
Mars, at a latitude corresponding to that of Alaska on

Earth. Phoenix has a robotic arm like the
backhoes used in a construction site. When
the arm dug a small trench into the Martian
soil, shiny dice-sized beads of what turned
out to be ice were exposed, although the
beads disappeared in a few days as expo-
sure to the atmosphere caused them to va-
porize. Dissolved ions such as sodium, mag-
nesium, potassium and chloride were all
present in the frozen water, indicating that

at least those requirements for life are
present on Mars. Once again,

the soil was analyzed for
traces of current or past or-

ganisms; once again, the results
were negative. But even if there probably is
no life on Mars today, there might have
been in the past. 

Looking for life

Lab Seeking Life Landers such as the robotic
space laboratory Phoenix, shown here on Earth,
have been sent to look for traces of life on Mars.



What Are the Chemical Structures 4.1 and Functions of Nucleic Acids?

From medicine to evolution, from agriculture to forensics, the
properties of nucleic acids impact our lives every day. It is with
nucleic acids that the concept of •informationŽ entered the bi-
ological vocabulary. Nucleic acids are uniquely capable of cod-
ing for and transmitting biological information.

The nucleic acids are polymers specialized for the storage,
transmission between generations, and use of genetic infor-
mation. There are two types of nucleic acids: DNA (deoxyribonu-
cleic acid) and RNA (ribonucleic acid). DNA is a macromolecule
that encodes hereditary information and passes it from gener-
ation to generation. Through an RNA intermediate, the infor-
mation encoded in DNA is used to specify the amino acid se-
quences of proteins. Information flows from DNA to DNA
during reproduction. In the non-reproductive activities of the
cell, information flows from DNA to RNA to proteins. It is the
proteins that ultimately carry out life•s functions.

Nucleotides are the building blocks of nucleic acids

Nucleic acids are composed of monomers called nucleotides ,
each of which consists of a pentose sugar, a phosphate group,
and a nitrogen-containing base. (Molecules consisting of a pen-
tose sugar and a nitrogenous base„but no phosphate group„
are called nucleosides.) The bases of the nucleic acids take one of
two chemical forms: a six-membered single-ring structure called
a pyrimidine , or a fused double-ring structure called a purine
(Figure 4.1 ). In DNA, the pentose sugar is deoxyribose , which
differs from the ribose found in RNA by the absence of one oxy-
gen atom (see Figure 3.14). 

In both RNA and DNA, the backbone of the macromole-
cule consists of a chain of alternating pentose sugars and phos-
phate groups (sugar…phosphate…sugar…phosphate). The bases
are attached to the sugars and project from the polynucleotide
chain (Figure 4.2 ). The nucleotides are joined by phosphodiester
linkages between the sugar of one nucleotide and the phosphate
of the next (diesterrefers to the two covalent bonds formed by
„OH groups reacting with acidic phosphate groups). The phos-
phate groups link carbon 3 in one pentose sugar to carbon 5 in
the adjacent sugar.

Most RNA molecules consist of only one polynucleotide
chain. DNA, however, is usually double-stranded; its two
polynucleotide chains are held together by hydrogen bonding
between their nitrogenous bases. The two strands of DNA run
in opposite directions. You can see what this means by draw-
ing an arrow through a phosphate group from carbon 5 to 

IN THIS CHAPTER we first describe the structure of
nucleic acids, the informational macromolecules needed for
the perpetuation of life. We then turn to biologistsÕ specu-
lations on the origin of life and describe early experimental
evidence that life on Earth today comes from pre-existing
life. We present some ideas on the formation of the build-
ing blocks of life, including the monomers and polymers
that characterize biological systems. Finally, we describe
some proposals for the origin of cells.

As we saw in Chapter 2, water is a key requirement for
life. Remote measurements from orbiting spacecraft and
chemical measurements using special telescopes have
shown that water is present on Mars and, indeed, on
some of the moons of other planets in our solar system. 

Scientists are using their knowledge of the small and
large molecules that are present in living organisms to
search for the chemical signatures of life on other plan-
ets. Chapters 2 and 3 described molecules that are im-
portant for biological structure and function. In Chapter
4, we turn to certain molecules involved in the origin
and perpetuation of life itself. 

CHAPTER OUTLINE
4.1 What Are the Chemical Structures and Functions 

of Nucleic Acids?

4.2 How and Where Did the Small Molecules of Life
Originate?

4.3 How Did the Large Molecules of Life Originate?

4.4 How Did the First Cells Originate?

Ice on Mars The Phoenix
landing site (blue dot) is near
the Martian north pole, where
chemical traces of life might be
preserved in the hypercold environment. When the lander
scooped up a patch of soil for analysis, it also took photos
that revealed ice crystals just below the surface of the 
Red Planet.

Ice



carbon 3 in the next ribose. If you do this for both strands of the
DNA in Figure 4.2, the arrows will point in opposite directions.
This antiparallelorientation allows the strands to fit together in
three-dimensional space.

Base pairing occurs in both DNA and RNA

Only four nitrogenous bases„and thus only four nucleotides„
are found in DNA. The DNA bases and their abbreviations are
adenine (A), cytosine (C), guanine (G), and thymine (T). Adenine
and guanine are purines; thymine and cytosine are pyrimidines.
RNA is also made up of four different monomers, but its nu-
cleotides differ from those of DNA. In RNA the nucleotides
are termed ribonucleotides(the ones in DNA are deoxyribonu-
cleotides). They contain ribose rather than deoxyribose, and in-
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4.1 Nucleotides Have Three Components Nucleotide monomers
are the building blocks of DNA and RNA polymers.

4.2 Distinguishing Characteristics of DNA and RNA Polymers
RNA is usually a single strand. DNA usually consists of two strands run-
ning in opposite directions (antiparallel).

GO TO Web Activity 4.1 ¥ Nucleic Acid Building Blocks
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stead of the base thymine, RNA uses the base uracil (U). The
other three bases are the same in RNA and DNA (Table 4.1 ).

The key to understanding the structure and function of
nucleic acids is the principle of complementary base pairing .
In double-stranded DNA, adenine and thymine always pair
(A-T), and cytosine and guanine always pair (C-G).

Three factors make base pairing complementary:

€ The sites for hydrogen bonding on each base

€ The geometry of the sugar…phosphate backbone, which
brings complementary bases near each other

€ The molecular sizes of the paired bases; the pairing of a
larger purine with a smaller pyrimidine ensures stability
and uniformity in the double-stranded molecule of DNA

Although RNA is generally single-stranded, complementary
hydrogen bonding between ribonucleotides plays important
roles in determining the three-dimensional shapes of some types
of RNA molecules, since portions of the single-stranded RNA
can fold back and pair with each other (Figure 4.3 ). Comple-
mentary base pairing can also take place between ribonu-
cleotides and deoxyribonucleotides. In RNA, guanine and cy-
tosine pair (G-C), as in DNA, but adenine pairs with uracil
(A-U). Adenine in an RNA strand can pair either with uracil (in
another RNA strand) or with thymine (in a DNA strand).

The three-dimensional physical appearance of DNA is strik-
ingly uniform. The segment shown in Figure 4.4 could be from
any DNA molecule. The variations in DNA„the different se-
quences of bases„are strictly internal. Through hydrogen bond-
ing, the two complementary polynucleotide strands pair and
twist to form a double helix . When compared with the complex
and varied tertiary structures of proteins, this uniformity is sur-
prising. But this structural contrast makes sense in terms of the
functions of these two classes of macromolecules. As we describe
in Section 3.2, the different and unique shapes of proteins per-
mit these macromolecules to recognize specific •targetŽ mole-
cules. The area on the surface of a protein that interacts with the
target molecule must match the shape of at least part of the tar-
get molecule. In other words, structural diversity in the target
molecules requires corresponding diversity in the structures of
the proteins themselves. Structural diversity is necessary in DNA
as well. However, the diversity of DNA is found in its base se-
quence rather than in the physical shape of the molecule. Differ-
ent DNA base sequences encode specific information. 

DNA carries information and is expressed through RNA

DNA is a purely informational molecule. The information is en-
coded in the sequence of bases carried in its strands„the infor-
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Folding brings together
complementary but 
distant base sequences.

Double-stranded
segments form when
sequences of RNA
nucleotides pair with
one another.

3�

5� The yellow phosphorus atoms and 
their attached red oxygen atoms, 
along with deoxiribose sugars, 
form the two helical backbones.

The paired bases are stacked in 
the center of the coil (blue nitrogen 
atoms and gray carbon atoms).

4.3 Hydrogen Bonding in RNA When a single-stranded RNA folds 
in on itself, hydrogen bonds between complementary sequences can 
stabilize it into a three-dimensional shape with complicated surface 
characteristics.

4.4 The Double Helix of DNA The backbones of the two strands in a
DNA molecule are coiled in a double helix that is held together by hydro-
gen bonds between the purines and pyrimidines in the interior of the
structure. In this model, the small white atoms represent hydrogen.

TABLE 4.1
Distinguishing RNA from DNA

NUCLEIC ACID SUGAR BASES STRANDS

RNA Ribose Adenine Single

Cytosine

Guanine

Uracil

DNA Deoxyribose Adenine Double

Cytosine

Guanine

Thymine

GO TO Web Activity 4.2 ¥ DNA Structure
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mation encoded in the sequence TCAGCA is different from the
information in the sequence CCAGCA. DNA has two functions
in terms of information. Taken together, they comprise the cen-
tral dogma of molecular biology (Figure 4.5 ).

€ DNA can reproduce itself exactly. This is called DNA repli-
cation. It is done by polymerization on a template.

€ DNA can copy its information into RNA, in a process called
transcription. The nucleotide sequence in RNA can specify a
sequence of amino acids in a polypeptide. This is called
translation. 

While the details of these important processes are described in
later chapters, it is important to realize two things at this point:

1. DNA replication and transcription depend on the base pairing
properties of nucleic acids. The hydrogen-bonded base pairs are
A-T and G-C in DNA and A-U and G-C in RNA (see Figure 4.2).
Consider this double-stranded DNA region:

T CAGCA
A G T C G T

Transcription of the lower strand will result in a single strand
of RNA with the sequence UCAGCA. Can you figure out what
the top strand would produce?

2. DNA replication usually involves the entire DNA molecule, but
only relatively small sections of the DNA are transcribed into RNA mol-
ecules.Since DNA holds essential information, it must be repli-
cated completely so that each new cell or new organism receives
a complete set of DNAfrom its parent. The complete set of DNA
in a living organism is called its genome . However, not all of
the information in the genome is needed at all times (Figure 4.6A ).

The sequences of DNA that encode specific proteins are tran-
scribed into RNAand are called genes (Figure 4.6B ). In humans,
the genes that encode the subunits of the protein hemoglobin
(see Figure 3.10) are expressed only in the precursors of red
blood cells. The genetic information in each globin gene is tran-
scribed into RNA and then translated into a globin polypeptide.
In other tissues, such as the muscles, the genes that encode the
globin subunits are not transcribed, but others are„for exam-
ple, the genes for the myosin proteins that are the major com-
ponent of muscle fibers (see Section 48.1).

The DNA base sequence reveals evolutionary 
relationships 

Because DNA carries hereditary information from one genera-
tion to the next, a theoretical series of DNA molecules, with
changes in base sequences, stretches back through the lineage
of every organism to the beginning of biological evolution on
Earth, about 4 billion years ago. Therefore, closely related liv-
ing species should have more similar base sequences than
species that are more distantly related. The details of how sci-
entists use this information are covered in Chapter 24.

The elucidation and examination of DNA base sequences has
confirmed many of the evolutionary relationships that were in-
ferred from more traditional comparisons of body structures,
biochemistry, and physiology. Many studies of anatomy, phys-
iology, and behavior have concluded that the closest living rel-
ative of humans (Homo sapiens) is the chimpanzee (genus Pan).
In fact, the chimpanzee genome shares more than 98 percent
of its DNA base sequence with the human genome. Increasingly,
scientists turn to DNA analyses to elucidate evolutionary rela-
tionships when other comparisons are not possible or are not
conclusive. For example, DNA studies revealed a close relation-
ship between starlings and mockingbirds that was not expected
on the basis of their anatomy or behavior.

Nucleotides have other important roles

Nucleotides are more than just the building blocks of nucleic
acids. As we will describe in later chapters, there are several nu-
cleotides with other functions:

€ ATP (adenosine triphosphate) acts as an energy transducer
in many biochemical reactions (see Section 8.2).
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4.5 DNA Stores Information The DNA macromolecule stores infor-
mation that can either be copied (replicated) or transcribed into RNA.
RNA can then be translated into protein.

4.6 DNA Replication and Transcription DNA is usually completely
replicated (A) but only partially transcribed (B). RNA transcripts encode
the genes for specific proteins. Transcription of the many different pro-
teins is activated at different times and, in multicellular organisms, in dif-
ferent cells of the body.



€ GTP (guanosine triphosphate) serves as an energy source,
especially in protein synthesis. It also plays a role in the
transfer of information from the environment to cells (see
Section 7.2).

€ cAMP (cyclic adenosine monophosphate) is a special nu-
cleotide in which an additional bond forms between the
sugar and phosphate group. It is essential in many
processes, including the actions of hormones and the
transmission of information by the nervous system (see
Section 7.3).

4.1 RECAP
The nucleic acids DNA and RNA are polymers made
up of nucleotide monomers. The sequence of nu-
cleotides in DNA carries the information that is used
by RNA to specify primary protein structure. The ge-
netic information in DNA is passed from generation
to generation and can be used to understand evolu-
tionary relationships.

€ List the key differences between DNA and RNA. Be-
tween purines and pyrimidines. See p. 61, Table 4.1,
and Figure 4.1

€ How do purines and pyrimidines pair up in comple-
mentary base pairing? See pp. 62Ð63 and Figure 4.2

€ What are the differences between DNA replication and
transcription?See pp. 63Ð64 and Figures 4.5 and 4.6

€ How can DNA molecules be very diverse, even though
they appear to be structurally similar? See p. 64

We have seen that the nucleic acids RNA and DNA carry the
blueprint of life, and that the inheritance of these macromole-
cules reaches back to the beginning of evolutionary time. But
when, where, and how did nucleic acids arise on Earth? How
did the building blocks of life such as amino acids and sugars
originally arise?

How and Where Did the Small 4.2 Molecules of Life Originate?

Chapter 2 points out that living things are composed of the
same atomic elements as the inanimate universe„the 92 nat-
urally occurring elements of the periodic table (see Figure 2.2).
But the arrangements of these atoms into molecules are
unique in biological systems. You will not find biological 
molecules in inanimate matter unless they came from a once-
living organism.

It is impossible to know for certain how life on Earth began.
But one thing is sure: life (or at least life as we know it) is not
constantly being re-started. That is, spontaneous generationof life
from inanimate nature is not happening before our eyes. Now
and for many millenia past, all life has come from life that ex-
isted before. But people, including scientists, did not always be-
lieve this.

Experiments disproved spontaneous generation of life

The idea that life could have originated from nonliving matter
is common in many cultures and religions. During the Euro-
pean Renaissance (from about 1450 to 1700, a period that wit-
nessed the birth of modern science), most people thought that
at least some forms of life arose repeatedly and directly from
inanimate or decaying matter by spontaneous generation. Many
thought that mice arose from sweaty clothes placed in dim light;
that frogs sprang directly from moist soil; and that rotting meat
produced flies. Scientists such as the Italian physician and poet
Francesco Redi, however, doubted these assumptions. Redi pro-
posed that flies arose not by some mysterious transformation
of decaying meat, but from other flies that laid their eggs on the
meat. In 1668, Redi performed a scientific experiment„a rela-
tively new concept at the time„to test his hypothesis. He set
out several jars containing chunks of meat.

€ One jar contained meat exposed to both air and flies.

€ A second jar was covered with a fine cloth so that the meat
was exposed to air, but not to flies.

€ The third jar was sealed so the meat was exposed to neither
air nor flies.

As he had hypothesized, Redi found maggots, which then
hatched into flies, only in the first jar. This finding demonstrated
that maggots could occur only where flies were present. The
idea that a complex organism like a fly could appear de novo
from a nonliving substance in the meat, or from •something in
the air,Ž was laid to rest. Well, perhaps not quite to rest.

In the 1660s, newly developed microscopes revealed a vast
new biological world. Under microscopic observation, virtually
every environment on Earth was found to be teeming with tiny
organisms. Some scientists believed these organisms arose spon-
taneously from their rich chemical environment, by the action
of a •life force.Ž But experiments by the great French scientist
Louis Pasteur showed that microorganisms can arise only from
other microorganisms, and that an environment without life re-
mains lifeless (Figure 4.7 ).

Pasteur•s and Redi•s experiments showed that living organ-
isms cannot arise from nonliving materials under the conditions
that existed on Earth during their lifetimes. But their experiments did
not prove that spontaneous generation never occured. Eons ago,
conditions on Earth and in the atmosphere above it were vastly
different. Indeed, conditions similar to those found on primitive
Earth may have existed, or may exist now, on other bodies in our
solar system and elsewhere. This has led scientists to ask whether
life has originated on other bodies in space, as it did on Earth.

Life began in water

As we emphasize in Chapter 2 and in the opening story of this
chapter, the presence of water on a planet or moon is a neces-
sary prerequisite for life as we know it. Astronomers believe our
solar system began forming about 4.6 billion years ago, when a
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star exploded and collapsed to form the sun
and 500 or so bodies, called planetesimals.
These planetesimals collided with one another
to form the inner planets, including Earth and
Mars. The first chemical signatures indicating
the presence of life on Earth appear to be
about 4 billion years old. So it took 600 million
years, during a geological time frame called
the Hadean, for the chemical conditions on
Earth to become just right for life. Key among
those conditions was the presence of water.

Ancient Earth probably had a lot of water
high in its atmosphere. But the new planet
was hot, and the water remained in vapor
form and dissipated into space. As Earth
cooled, it became possible for water to con-
dense on the planet•s surface„but where did
that water come from? One current view is
that comets (loose agglomerations of dust
and ice that have orbited the sun since the
planets formed) struck Earth and Mars re-
peatedly, bringing to those planets not only
water but other chemical components of life,
such as nitrogen. 

As the planets cooled and chemicals from
their crusts dissolved in the water, simple
chemical reactions would have taken place.
Some of these reactions might have led to life,
but impacts by large comets and rocky me-
teorites released enough energy to heat the
developing oceans almost to boiling, thus de-
stroying any early life. On Earth, these large
impacts eventually subsided, and some time
around 3.8 to 4 billion years ago life gained a
foothold. There has been life on Earth ever
since. Because Mars and some other celestial
bodies have a similar geological history, the
possibility exists that life exists or has existed
on them. This possibility was an impetus for
sending the Viking and Phoenix landers to
Mars.

Several models have been proposed to ex-
plain the origin of life on Earth. The next sec-
tions discuss two alternative theories: that life
came from outside of Earth, or that life arose
on Earth through chemical evolution.

Life may have come from outside Earth

In 1969, a remarkable event led to the discov-
ery that a meteorite from space carried mole-
cules that were characteristic of life on Earth.
On September 28 of that year, fragments of a
meteorite fell around the town of Murchison,
Australia. Using gloves to avoid Earth-de-
rived contamination, scientists immediately
shaved off tiny pieces of the rock, put them in
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INVESTIGATING LIFE
4.7  Disproving the Spontaneous Generation of Life

Previous experiments disproving spontaneous generation were called into question in 
regard to microorganisms, whose abundance and diversity were appreciated but whose 
living processes were not understood. Louis Pasteur•s classic experiments disproved 
the spontaneous generation of microorganisms.

HYPOTHESIS   

 All life comes from pre-existing life. An environment without
 life remains lifeless.

METHOD

RESULTS

Microorganisms come only from other microorganisms and cannot 
arise by spontaneous generation.
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links for all INVESTIGATING LIFE figures. 

1 Create flasks of nutrient 
medium with •swanŽ necks 
that are open to air but 
exclude microorganism-
bearing dust particles.

2 Boil to kill all microorganisms 
in the nutrient medium.

3 Break the swan neck off one 
flask, exposing the contents 
to microorganisms in dust.

Microbial
growth

No microbial
growth
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Dust
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Microbial life grows only in the flasks exposed to microorganisms. 
There is no •spontaneous generationŽ of life in the sterile flask.



test tubes and extracted them in water (Figure 4.8 ). They found
a number of the molecules that are unique to life, including
purines, pyrimidines, sugars, and ten amino acids. 

Were these molecules truly brought from space as part of the
meteorite, or did they get there after the rock landed on Earth?
There were a number of reasons to believe the molecules were
not Earthly contaminants:

€ The scientists took great care to avoid contamination. They
used gloves and sterile instruments, took pieces from below
the rock•s surface, and did their work very soon after it
landed (hopefully before Earth organisms could contami-
nate the samples).

€ Amino acids found in living organisms on Earth are left-
handed (see Figure 3.2). The amino acids in the meteorite
were a mixture of right- and left-handed forms, with a
slight preponderance of the left-handed. Thus the amino
acids in the meteorite were not likely to have come from a
living organism on Earth. 

€ In the story that opens Chapter 2, we describe how the ratio
of isotopes in a living organism reflects that isotope ratio in
the environment where the organism lives. The isotope ra-
tios for carbon and hydrogen in the sugars from the mete-
orite were different from the ratios of those elements found
on Earth.

In 1984, another informative meteorite, this one the size of
a softball, was found in Antarctica. We know that the meteorite,
ALH 84001, came from Mars because the composition of the
gases trapped within the rock was identical to the composi-
tion found in the Martian atmosphere, which is quite different
from Earth•s atmosphere. Radioactive dating and mineral analy-
ses determined that ALH 84001 was 4.5 billion years old and
was blasted off the Martian surface 16 million years ago. It
landed on Earth fairly recently, about 13,000 years ago.

Scientists found water trapped below the Martian meteorite•s
surface. This discovery was not surprising, given that surface
observations had already shown that water was once abundant
on Mars (see the chapter-opening story). Because water is es-
sential for life, scientists wondered whether the meteorite might
contain other signs of life as well. Their analysis revealed two
substances related to living systems. First, simple carbon-con-
taining molecules called polycyclic aromatic hydrocarbons were
present in small but unmistakable amounts; these substances
can be formed by living organisms. Second, crystals of mag-
netite, an iron oxide mineral made by many living organisms
on Earth, were found in the interior of the rock.

ALH 84001 and the Murchison meteorite are not the only vis-
itors from outer space that have been shown to contain chemi-
cal signatures of life. While the presence of such molecules in
rocks may suggest that those rocks once harbored life, it does
not prove that there were living organisms in the rocks when
they landed on Earth. Most scientists find it hard to believe that
an organism could survive thousands of years of traveling
through space in a meteorite, followed by intense heat as the
meteorite passed through Earth•s atmosphere. But there is some
evidence that the heat inside some meteorites may not have
been severe. When weakly magnetized rock is heated, it reori-
ents its magnetic field to align with the magnetic field around
it. In the case of ALH 84001, this would have been Earth•s pow-
erful magnetic field, which would have affected the meteorite
as it approached our planet.

Careful measurements indicate that, while reorientation did
occur at the surface of the rock, it did not occur on the inside.
The scientists who took these measurements, Benjamin Weiss
and Joseph Kirschvink at the California Institute of Technology,
concluded that the inside of ALH 84001 was never heated over
40°C as it entered Earth•s atmosphere. This suggests that a long
interplanetary trip by living organisms could be possible. 

Prebiotic synthesis experiments model the early Earth

It is clear that other bodies in the solar system have, or once had,
water and other simple molecules. Possibly, a meteorite was the
source of the simple molecules that were the original building
blocks for life on Earth. But a second theory for the origin of life
on Earth, chemical evolution , holds that conditions on primitive
Earth led to the formation of these simple molecules (prebiotic
synthesis), and these molecules led to the formation of life
forms. Scientists have sought to reconstruct those primitive con-
ditions, both physically (hot or cold) and chemically (by re-cre-
ating the combinations and proportions of elements that may
have been present).

HOT CHEMISTRY The amounts of trace metals such as molybde-
num and rhenium in sediments under oceans and lakes is di-
rectly proportional to the amount of oxygen gas (O 2) present in
and above the water. Measurements of dated sedimentary cores
indicate that none of these rare metals was present prior to 2.5
billion years ago. This and other lines of evidence suggest that
there was little oxygen gas in Earth•s early atmosphere. Oxygen
gas is thought to have accumulated about 2.5 billion years ago
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4.8 The Murchison Meteorite Pieces from a fragment of the meteor-
ite that landed in Australia in 1969 were put into test tubes with water.
Soluble molecules present in the rock, including amino acids, nucleotide
bases, and sugars, dissolved in the water. Plastic gloves and sterile
instruments were used to reduce the possibility of contamination with
substances from Earth.



as the by-product of photosynthesis by single-celled life forms;
today 21 percent of our atmosphere is O2. 

In the 1950s, Stanley Miller and Harold Urey at the University
of Chicago set up an experimental •atmosphereŽ containing the
gases thought to have been present in Earth•s early atmosphere:
hydrogen gas, ammonia, methane gas, and
water vapor. They passed an electric spark
through these gases, to simulate lightning as
a source of energy to drive chemical reactions.
Then, they cooled the system so the gases
would condense and collect in a watery solu-
tion, or •oceanŽ (Figure 4.9 ). After a few days
of continuous operation, the system contained
numerous complex molecules, including
amino acids, purines, and pyrimidines„some
of the building blocks of life. 

The results of this experiment were pro-
foundly important in giving weight to spec-
ulations about the chemical origin of life on
Earth and elsewhere in the universe. Decades
of experimental work and critical evaluation
followed. The experiments showed that, un-
der the conditions used by Miller and Urey,
many small molecular building blocks of life
could be formed:

€ All five bases that are present in DNA
and RNA (i.e., A, T, C, G and U)

€ 17 of the 20 amino acids used in protein
synthesis

€ 3- to 6-carbon sugars

However, the 5-carbon sugar ribose was not
produced in these experiments.

In science, an experiment and its results
must be repeated, reinterpreted, and refined
as more knowledge accumulates. The results
of the Miller…Urey experiments have under-
gone several such refinements.

The amino acids in living things are al-
ways L-isomers (see Figure 3.2 and p. 43). But
a mixture of D- and L-isomers appeared in the
amino acids formed in the Miller…Urey ex-
periments. Recent experiments show that
natural processes could have selected the L-
amino acids from the mixture. Some miner-
als, especially calcite-based rocks, have
unique crystal structures that selectively bind
to D- or L-amino acids, separating the two.
Such rocks were abundant on early Earth.
This suggests that while both kinds of amino
acid structures were made, binding to certain
rocks may have eliminated the D- amino

acids. (Interestingly, some meteorites, such as the Murchison
meteorite, also have this selectivity.)

Ideas about Earth•s original atmosphere have changed since
Miller and Urey did their experiments. There is abundant evi-
dence indicating that major volcanic eruptions occurred 4 bil-
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HYPOTHESIS  

CONCLUSION

METHOD

The chemical building blocks of life could have been generated 
in the probable atmosphere of early Earth.

FURTHER INVESTIGATION:  What result would you predict if O2 were present in the 
 •atmosphereŽ in this experiment?

4.9  Miller and Urey Synthesized Prebiotic Molecules in an 
 Experimental Atmosphere

With an increased understanding of the atmospheric conditions that existed on 
primitive Earth, the researchers devised an experiment to see if these conditions 
could lead to the formation of organic molecules. 

RESULTS

Go to yourBioPortal.com for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 

INVESTIGATING LIFE

Organic chemical compounds can be generated under conditions 
similar to those that existed in the atmosphere of primitive Earth.
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lion years ago, which would have released carbon dioxide (CO2),
nitrogen (N 2), hydrogen sulfide (H 2S), and sulfur dioxide (SO2)
into the atmosphere. Experiments using these gases in addition
to the ones in the original experiment have produced more di-
verse molecules, including:

€ Vitamin B 6, pantothenic acid (a component of coenzyme A),
and nicotinamide (part of NAD, which is involved in en-
ergy metabolism).

€ Carboxylic acids such as succinic and lactic acids (also in-
volved in energy metabolism) and fatty acids.

€ Ribose, a key component of RNA, which can be formed
from formaldehyde gas (HCHO), evidence of which has
been found in space.

COLD CHEMISTRY Stanley Miller also performed a long-term
experiment in which the electric spark was not used. In 1972,
he filled test tubes with ammonia gas, water vapor and cyanide
(HCN), another molecule that is thought to have formed on
primitive Earth. After checking that there were no contaminat-
ing substances or organisms that might confound the results,
he sealed the tubes and cooled them to …100oC, the temperature
of the ice that covers Europa, one of Jupiter•s moons. Opening
the tubes 25 years later, he found amino acids and nucleotide
bases. Apparently, pockets of liquid water within the ice had al-
lowed high concentrations of the starting materials to accu-
mulate, thereby speeding up chemical reactions. The important
conclusion is that the cold water within ice on ancient Earth,
and other celestial bodies such as Mars, Europa, and Enceladus
(one of Saturn•s moons; satellite photos have revealed geysers
of liquid water coming from its interior) may have provided en-
vironments for the prebiotic synthesis of molecules required for
the subsequent formation of simple living systems.

4.2 RECAP
Life does not arise repeatedly through spontaneous
generation, but comes from pre-existing life. Water
is an essential ingredient for the emergence of life.
Meteorites that have landed on Earth provide some
evidence for an extraterrestrial origin of life. Prebi-
otic chemical synthesis experiments provide support
for the idea that life•s simple molecules formed in the
primitive Earth environment.

€ Explain how RediÕs and PasteurÕs experiments disproved
spontaneous generation. See p. 65 and Figure 4.7

€ What is the evidence that life on Earth came from
other bodies in the solar system? See pp. 66Ð67

€ What is the significance of the MillerÐUrey experiment,
what did it find, and what were its limitations? See 
p. 68 and Figure 4.9

Chemistry experiments using conditions modeling the ancient
Earth•s environment suggest an origin for the monomers (such
as amino acids) that make up the polymers (such as proteins)

that characterize life. How did these polymers develop on the
ancient Earth?

How Did the Large Molecules 4.3 of Life Originate?

The Miller…Urey experiment and other experiments that fol-
lowed it provide a plausible scenario for the formation of the
building blocks of life under conditions that prevailed on prim-
itive Earth. The next step in forming and supporting a general
theory on the origin of life on Earth would be an explanation of
the formation of polymers from these monomers. 

Chemical evolution may have led to polymerization

Scientists have used a number of model systems to try to sim-
ulate conditions under which polymers might have been made.
Each of these systems is based on several observations and
speculations:

€ Solid mineral surfaces, such as powder-like clays, have large
surface areas. Scientists speculate that the silicates within
clay may have been catalytic (speeded up the reactions) in
the formation of early carbon-based molecules.

€ Hydrothermal ventsdeep in the ocean, where hot water
emerges from beneath Earth•s crust, lack oxygen gas and
contain metals such as iron and nickel. In laboratory experi-
ments, these metals have been shown to catalyze the poly-
merization of amino acids to polypeptides in the absence of
oxygen.

€ Hot poolsat the edges of oceans may, through evaporation,
have concentrated monomers to the point where polymer-
ization was favored (the •primordial soupŽ hypothesis).

In whatever ways the earliest stages of chemical evolution oc-
curred, they resulted in the emergence of monomers and poly-
mers that have probably remained unchanged in their general
structure and function for several billion years.

There are two theories for the emergence of nucleic
acids, proteins, and complex chemistry

Earlier in this chapter, we described the key roles of nucleic acids
as informational molecules that are passed on from one gener-
ation to the next. We also described how DNA is transcribed
to RNA, which can then be translated into protein (see Figure
4.5). Chapter 3 describes the roles of proteins as catalysts, speed-
ing up biochemical transformations (see Section 3.2). In exist-
ing life forms, nucleic acids and proteins require one another in
order to perpetuate life. For the origin of life, this results in a
chicken-or-egg problem. Which came first, the genetic material
(nucleic acids) or proteins? Two ideas have emerged. One sug-
gests that sequential catalytic changes (primitive metabolism)
came first. The other suggests that replication by nucleic acids
preceded metabolism (Figure 4.10 ). 

CHEMICAL CHANGES (METABOLISM) FIRST In this model, life began
in tiny droplets, or compartments, that concentrated and sepa-
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rated their contents from the external environment. Within such
a chemically rich environment, some substances could occasion-
ally and randomly undergo chemical changes. Proponents of this
model speculate that those compartments where the changes
were effective for survival in the environment might even have
been selected for growth and some primitive form of reproduc-
tion. Could catalysis, the speeding up of reactions essential for
life, occur in such an environment? The German scientist Günter
Wächtershäuser proposed that catalysis and reproduction could
have occurred without proteins on a mineral called pyrite (iron
disulfide), which has been found at hydrothermal vents and
which could serve as a source of energy for polymerization reac-
tions. Over time, nucleic acids and eventually proteins might
have formed in the concentrated droplets. Then, in some of these
proteins, the ability to catalyze biochemical reactions„including
the replication of nucleic acids„could have evolved.

REPLICATOR FIRST In this model, the genetic material„nucleic
acids„came first. The nucleotide building blocks made by pre-
biotic chemistry came together to form polymers. Some of these
polymers might have had the right shape to be catalytic so that
they could reproduce themselves and catalyze other chemical
transformations. Such transformations might have included the
synthesis of proteins, just as RNA is translated into proteins in
living organisms today (see Figure 4.5). Along the way, those
molecules that were best adapted to the environment would
survive and reproduce. Eventually they would have become in-
corporated into living cells.
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4.10 Two Pathways to Life Biologists have proposed two ways in
which simple monomers could have become self-replicating systems
capable of biological functions. (A) The chemical changes (metabolism)
first pathway. (B) The replicator first pathway.
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4.11 The •RNA WorldŽ Hypothesis In a world before DNA, this view
postulates that RNA alone was both the blueprint for protein synthesis
and a catalyst for its own replication. Eventually, the more compact infor-
mation storage molecules of DNA could have evolved from RNA.



There are two major problems with the replicator first model:

€ Nucleic acid polymers have not been observed in prebiotic
chemistry simulations.

€ DNA, the genetic material in almost all current organisms,
is not self-catalytic.

The first problem remains, but the second has a plausible solu-
tion: RNA can be a catalyst and can catalyze its own synthesis.

RNA may have been the first biological catalyst

The three-dimensional structure of a folded RNA molecule
presents a unique surface to the external environment (see Fig-
ure 4.3). The surfaces of RNA molecules can be every bit as
specific as those of proteins. Just as the shapes of proteins al-
low them to function as catalysts, speeding up reactions that
would ordinarily take place too slowly to be biologically use-
ful, the three-dimensional shapes and other chemical proper-
ties of certain RNA molecules allow them to function as cata-
lysts. Catalytic RNAs, called ribozymes , can catalyze reactions
on their own nucleotides as well as in other cellular sub-
stances. Although in retrospect it is not too surprising, the dis-
covery of catalytic RNAs was a major shock to a community
of biologists who were convinced that all biological catalysts
were proteins (enzymes). It took almost a decade for the work
of the scientists involved, Thomas Cech and Sidney Altman,
to be fully accepted by other scientists. Later, they were
awarded the Nobel Prize.

Given that RNA can be both informational (in its nucleotide
sequence) and catalytic (due to its ability to form unique three-
dimensional shapes), it has been hypothesized that early life
consisted of an •RNA worldŽ„a world before DNA. It is
thought that when RNA was first made, it could have acted as
a catalyst for its own replication as well as for the synthesis of
proteins. DNA could eventually have evolved from RNA ( Fig-
ure 4.11). Some laboratory evidence supports this scenario:

€ When certain short RNA sequences are added to a mixture
of nucleotides, RNA polymers can be formed at a rate 7
million times greater than the formation of polymers with-
out the added RNA. This added RNA is not a template, but
a catalyst.

€ In the test tube, a ribozyme can catalyze the assembly of
short RNAs into a longer molecule (Figure 4.12 ). This may
be how nucleic acid replication evolved.

€ In living organisms today, the formation of peptide link-
ages (see Figure 3.6) is catalyzed by ribozymes.

€ In certain viruses called retroviruses, there is an enzyme
called reverse transcriptase that catalyzes the synthesis of
DNA from RNA.

4.3 RECAP
The emergence of the chemical reactions character-
istic of life (metabolism), and the polymerization of
monomers to polymers, may have occurred on the
surfaces of hydrothermal vents. One theory proposes
that metabolism came before polymerization;  an-
other suggests that the reverse occurred. RNA may
have been the first genetic material and catalyst.

€ What are the two theories for the emergence 
of metabolism and polymers? See pp. 69Ð71 and 
Figure 4.10

€ How does RNA self-replicate? See p. 71 and 
Figure 4.12

The discovery of mechanisms for the formation of small and
large molecules is essential to answering questions about the
origin of life on Earth. But we also need to understand how
organized systems formed that include these molecules and dis-
play the characteristic properties of life, such as reproduction,
energy processing, and responsiveness to the environment.
These properties are present in cells, and we now turn to ideas
on their origin.
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4.12 An Early Catalyst for Life? In the laboratory, a ribozyme (a fold-
ed RNA molecule) can catalyze the polymerization of several short RNA
strands into a longer molecule. Such a process could be a precursor for
the copying of nucleic acids, which is essential for their replication and for
gene expression.



4.4 How Did the First Cells Originate?
As you have seen from many of the theories for the origin of
life, the evolution of biochemistry occurred under localized con-
ditions. That is, the chemical reactions of metabolism, polymer-
ization, and replication could not occur in a dilute aqueous en-
vironment. There had to be a compartment of some sort that
brought together and concentrated the compounds involved in
these events. Biologists have proposed that initially this com-
partment may have simply been a tiny droplet of water on the
surface of a rock. But another major event in the origin of life
was necessary.

Life as we know it is separated from the environment within
structurally defined units called cells . The internal contents of
a cell are separated from the nonbiological environment by a
special barrier„a membrane . The membrane is not just a bar-
rier; it regulates what goes into and out of the cell, as we de-
scribe in Chapter 6. This role of the surface membrane is very
important because it permits the interior of the cell to main-
tain a chemical composition that is different from its external
environment. How did the first cells with membranes come into
existence?

Experiments describe the origin of cells

Jack Szostak and his colleagues at Harvard University built a
laboratory model that gives insights into the origin of cells. To
do this, they first put fatty acids (which can be made in prebi-
otic experiments) into water. Recall from Chapter 3 that fatty
acids are amphipathic: they have a hydrophilic polar end and a
long, nonpolar tail that is hydrophobic (see Figure 3.20). When
placed in water, fatty acids will arrange themselves in a round
•huddleŽ much like a football team: the hydrophilic ends point
outward to interact with the aqueous environment and the fatty
acid tails point inward, away from the water molecules. 

What if some water becomes trapped in the interior of this
•huddleŽ? Now the layer of hydrophobic fatty acid tails is in
water, which is an unstable situation. To stabilize this, a second
layer of fatty acids forms. This lipid bilayerhas the polar ends of
the fatty acids facing both outward and inward, because they
are attracted to the polar water molecules present on each side
of the double layer. The nonpolar tails form the interior of the
bilayer (Figure 4.13 ). These prebiotic, water-filled structures,
defined by a lipid bilayer membrane, very much resemble liv-
ing cells. Scientists refer to these compartments as protocells .
Examining their properties revealed that

€ Large molecules such as DNA or RNA could not pass
through the bilayer to enter the protocells, but small mole-
cules such as sugars and individual nucleotides could.

€ Nucleic acids inside the protocells could replicate using the
nucleotides from outside. When the investigators placed a
short nucleic acid strand capable of self-replication inside
protocells and added nucleotides to the watery environment
outside, the nucleotides crossed the barrier, entered the pro-
tocells, and became incorporated into new polynucleotide

chains. This may have been the first step toward cell repro-
duction, and it took place without protein catalysis.

Were these protocells truly cells, and was the lipid bilayer pro-
duced in these experiments a true cell membrane? Certainly not.
The protocells could not fully reproduce, nor could they carry
out all the metabolic reactions that take place in modern cells.
The simple lipid bilayer had few of the sophisticated functions
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4.13 Protocells (A) In a series of experiments in the Szostak lab,
researchers mixed fatty acid molecules in water. The molecules formed
bilayers that have some of the properties of a cell membrane. The bi-
layers and the water •trappedŽ inside them are essential to form a proto-
cell. (B) A model of the protocell. Nutrients and nucleotides (blue and
white particles) pass through the •membraneŽ and enter the protocell,
where they copy an already present DNA template. The new copies of
DNA remain in the protocell.



of modern cell membranes. Nevertheless, the protocell may be
a reasonable facsimile of a cell as it evolved billions of years ago: 

€ It can act as a system of interacting parts

€ It is capable of organization and self-catalysis

€ It includes an interior that is distinct from the exterior 
environment. 

These are all fundamental characteristics of living cells.

Some ancient cells left a fossil imprint

In the 1990s, scientists made an extremely rare find: a formation
of ancient rocks in Australia that had remained relatively un-
changed since they first formed 3.5 billion years ago. In one of
these rock samples, geologist J. William Schopf of the Univer-
sity of California, Los Angeles, saw chains and clumps of what
looked tantalizingly like contemporary cyanobacteria, or •blue-
greenŽ bacteria (Figure 4.14 ). Cyanobacteria are believed to

have been among the first organisms, because they can perform
photosynthesis, converting CO2 from the atmosphere and wa-
ter into carbohydrates. Schopf needed to prove that the chains
were once alive, not just the results of simple chemical reactions.
He and his colleagues looked for chemical evidence of photo-
synthesis in the rock samples.

The use of carbon dioxide in photosynthesis is a hallmark of
life and leaves a unique chemical signature„a specific ratio of
isotopes of carbon (13C:12C) in the resulting carbohydrates.
Schopf showed that the Australian material had this isotope sig-
nature. Furthermore, microscopic examination of the chains re-
vealed internal substructures that are characteristic of living sys-
tems and were not likely to be the result of simple chemical
reactions. Schopf•s evidence suggests that the Australian sam-
ple is indeed the remains of a truly ancient living organism.

Taking geological, chemical, and biological evidence into ac-
count, it is plausible that it took about 500 million to a billion
years from the formation of the Earth until the appearance of the
first cells (Figure 4.15 ). Life has been cellular ever since. In the
next chapter, we begin our study of cell structure and function.

4.4 RECAP
The chemical reactions that preceded living organ-
isms probably occurred in specialized compart-
ments, such as water droplets on the surfaces of
minerals. Life as we know it did not begin until the
emergence of cells. Protocells made in the labora-
tory have some of the properties of modern cells.
Cell-like structures fossilized in ancient rocks date
the first cells to about 3 .5 billion years ago.

€ Explain the importance of the cell membrane to the
evolution of living organisms. See p. 72

€ What is the evidence that ancient rocks contain the
fossils of cells? See p. 73
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4.14 The Earliest Cells? This fossil from Western Australia is 3.5 bil-
lion years old. Its form is similar to that of modern filamentous cyanobac-
teria (inset).
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4.15 The Origin of Life This highly simplified timeline gives a sense 
of the major events that culminated in the origin of life more than 3.5 
billion years ago.



1. A nucleotide in DNA is made up of
a. four bases. 
b. a base plus a ribose sugar.
c. a base plus a deoxyribose sugar plus phosphate.
d. a sugar plus a phosphate.
e. a sugar and a base.

2. Nucleotides in RNA are connected to one another in the
polynucleotide chain by
a. covalent bonds between bases.
b. covalent bonds between sugars.
c. covalent bonds between sugar and phosphate.
d. hydrogen bonds between purines.
e. hydrogen bonds between any bases.

3. Which is a difference between DNA and RNA?
a. DNA is single-stranded and RNA is double-stranded.
b. DNA is only informational and RNA is only catalytic.
c. DNA contains deoxyribose and RNA contains ribose.
d. DNA is transcribed and RNA is replicated.
e. DNA contains uracil (U) and RNA contains thymine (T).

4. The nucleotide sequence of DNA
a. is the same in all organisms of a species.
b. contains only information for translation.
c. evolved before RNA.
d. contains the four bases, A, T, G, and C.
e. is produced by prebiotic chemistry experiments.

5. Spontaneous generation of life from nonliving materials 
a. can occur in dark places. 
b. has not been a belief of humans.
c. has never occurred.
d. requires only nucleotides and fatty acids.
e. was disproven for microorganisms by Pasteur•s experiment.

6. The components in the atmosphere for the Miller…Urey
experiment on prebiotic synthesis did not include 
a. H2.
b. H2O.
c. O2.
d. NH 3.
e. CH4.
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4.1 What Are the Chemical Structures and Functions of
Nucleic Acids?

¥The unique function of the nucleic acidsÑDNA and RNAÑis
information storage. They form the hereditary material that
passes genetic information from one generation to the next.

¥Nucleic acids are polymers of nucleotides. A nucleotideconsists
of a phosphate group, a pentose sugar (ribose in RNA and
deoxyribose in DNA), and a nitrogen-containing base. Review
Figure 4.1 

¥ In DNA, the nucleotide bases are adenine, guanine, cytosine,
and thymine. Uracil replaces thymine in RNA. The nucleotides
are joined by phosphodiester linkagesbetween the sugar of
one and the phosphate of the next, forming a nucleic acid poly-
mer. WEB ACTIVITY 4.1

¥DNA is a double helixwith two separate strands in which there
is complementary base pairing based on hydrogen bonds
between adenine and thymine (A-T) and between guanine and
cytosine (G-C). The two strands of the DNA double helix run in
opposite directions. RNA consists of one chain of nucleotides.
Hydrogen bonding can occur within the single strand of RNA,
forming double-stranded regions and giving the molecule a
three-dimensional surface shape. Review Figures 4.2 and 4.3;
WEB ACTIVITY 4.2

¥The information content of DNA and RNA resides in their base
sequences. 

¥DNA is expressed as RNA in transcription. RNA can then specify
the amino acid sequence of a protein in translation. Review
Figures 4.5 and 4.6

4.2 How and Where did the Small Molecules of Life
Originate?

¥Historically, many cultures believed that life originates repeat-
edly by spontaneous generation. This was disproven experi-
mentally. Review Figure 4.7; ANIMATED TUTORIAL 4.1

¥Life probably originated from chemical reactions. A prerequisite
for life is the presence of water.

¥The presence of chemical traces of life on meteorites that have
landed on Earth suggests that life might have originated
extraterrestrially.

¥Chemical experiments modeling the prebiotic conditions on
Earth have shown that the small molecules that characterize life
could have been formed from atmospheric chemicals. Review
Figure 4.9; ANIMATED TUTORIAL 4.2

4.3 How Did the Large Molecules of Life Originate?

¥Polymerization of small molecules to polymers could occur in
small compartments such as droplets or on surfaces. Both of
these conditions concentrate molecules such that reactions are
favored.

¥The Òmetabolism firstÓ theory of poylmerization proposes that
chemical reactions involving small molecules evolved first, and
some of them formed polymers that acted as genetic informa-
tion and catalysts.

¥The Òreplicator firstÓ theory proposes that RNA formed early,
and acted as both genetic material and catalyst. Then reactions
involving small molecules could occur. Review Figure 4.10

¥ In contemporary organisms, RNA can act as both an information
molecule and as a catalyst. This favors the replicator first model.
The RNA world may have been an important step on the way to
life. Review Figure 4.11

4.4 How Did Cells Originate?

¥A key to the emergence of living cells was the prebiotic chemi-
cal generation of compartments enclosed by membranes. Such
enclosed compartments permitted the generation and mainte-
nance of internal chemical conditions that were different from
those in the exterior environment.

¥ In the laboratory, fatty acids and related lipids assemble into
protocells that have some of the characteristics of cells. Review
Figure 4.13

¥Ancient rocks (3.5 billion years old) have been found with
imprints that are probably fossils of early cells. 

CHAPTER SUMMARY
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7. All of the major building blocks of macromolecules were
made in Miller…Urey prebiotic synthesis experiments except
a. amino acids.
b. hexose sugars.
c. bases for nucleotides.
d. fatty acids.
e. ribose.

8. The •RNA worldŽ hypothesis proposes that
a. RNA formed from DNA.
b. RNA was both a catalyst and genetic material.
c. RNA was a catalyst only.
d. RNA formed after proteins.
e. DNA formed after RNA was broken down.

9. Ribozymes are
a. enzymes that are made up of ribose sugar.
b. ancient catalysts that no longer exist.
c. RNA catalysts.
d. present in bacterial cells only.
e. less active than protein enzymes.

10. Findings in ancient rocks indicate cells first appeared 
a. about 4.5 billion years ago.
b. about 3.5 billion years ago.
c. about 2 billion years ago.
d. before rocks were formed.
e. before water arrived on Earth.
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FOR DISCUSSION 

ADDITIONAL INVESTIGATION 

1. Are the statements •all life comes from pre-existing lifeŽ
and •life on Earth could have arisen from prebiotic mole-
culesŽ truly paradoxical? What conditions existing on 
Earth today might preclude the origin of life from such 
molecules?

2. Why might RNA have preceded proteins in the evolution
of biological macromolecules?

3. Do you consider the two alternative theories presented in
this chapter as possible explanations of the origin of life on
Earth (that life came from outside of Earth, or that life arose
on Earth through chemical evolution) to be equally plausi-
ble? Which do you favor, and why?

4. Why was the evolution of a self-contained cell essential for
life as we know it?

1. The interpretation of Pasteur•s experiment (see Figure 4.7)
depended on the inactivation of microorganisms by heat.
We now know of microorganisms that can survive extreme-
ly high temperatures (see Chapter 26). Does this change the
interpretation of Pasteur•s experiment? What experiments
would you do to inactivate such microbes?

2. The Miller…Urey experiment (see Figure 4.9) showed that it
was possible for amino acids to be formed from gases that
were hypothesized to have been in Earth•s early atmos-
phere. These amino acids were dissolved in water. Knowing
what you do about the polymerization of amino acids into
proteins (see Figure 3.6), how would you set up experiments
to show that proteins can form under the conditions of early
Earth? What properties would you expect of those proteins?

Synthesis of Prebiotic Molecules in an Experimental
Atmosphere In this hands-on exercise, you will examine the
original research paper of Miller and Urey to see the experimen-
tal approach they used to show that amino acids could be made
in a simulation of Earth•s early atmosphere (Figure 4.9). You
will also analyze more recent data using the same apparatus.

Disproving the Spontaneous Generation of Life In this
hands-on exercise, you will examine data from an experiment
similar to Pasteur•s famous experiments (Figure 4.7). By calcu-
lating growth rates in the different flasks, you will be able to
see how Pasteur came to the conclusion he did.

W O R K I N G  W I T H  D ATA (GO TO yourBioPortal.com)



It is a day in the not-too-distant future. Decades of eat-
ing fatty foods, combined with an inherited tendency to
deposit cholesterol in his arteries, have finally caught up

with 70-year-old Don. A blood clot has closed off blood
flow to part of his heart, leading to a heart attack and se-
vere damage to that vital organ.

If this had happened today, Don would have been faced
with a long period of rehabilitation, taking medications to
manage his weakened heart. Instead, his physicians take a
pinch of skin tissue from his arm and bring it to a labora-
tory. After certain DNA sequences are added, DonÕs skin
cells no longer look and act like skin cells: They are undif-
ferentiated (unspecialized) and reproduce continuously in
the laboratory dish. These cells are also multipotent stem

cells, able to differentiate into almost any type of cell in the
body if given the right environment. When they are in-
jected directly into DonÕs heart, his stem cells soon be-
come heart muscle cells, repairing the damage caused by
the heart attack. Don leaves the hospital with full cardiac
function and recommendations for a healthy diet.

You are probably familiar with another type of multiÐ
potent cell, the fertilized human egg. This single cell ulti-
mately produces the tens of trillions of cells that make up
the human body. The fertilized egg is programmed to
generate an entire organismÑnot just the heart and skin,
but blood, nerves, liver, brain, and even bonesÑand for
this reason is called totipotent (ÒtotiÓ means all; ÒmultiÓ
means most). In contrast, the stem cells derived from

DonÕs skin need specific external signals to dif-
ferentiate into other kinds of cells, and
could not develop into an entire person.

The potential uses of stem cells in medi-
cine have generated a lot of excitement in
recent years. Such widely read periodicals
as Timehave hailed advances in stem cell
research as Òbreakthroughs of the year.Ó
Patients with the neurological disorder
ParkinsonÕs disease dream of the day when
their skin cells can be turned into brain cells

to fix their damaged nervous systems. Peo-
ple with diabetes hope for stem cells to re-
pair their pancreases. The list is long.

Behind all of this hope and the research it
inspires is a cornerstone of biological sci-
ence: the cell theory. As you saw in the last

How to mend a broken heart

5
PART TWO CELLS

A New Heart Cell This cardiac stem cell is
developing into a fully differentiated heart cell. 
The hope is to be able to coax stem cells to follow
this path or to produce other cell types to repair
damaged tissues.



What Features Make Cells the 5.1 Fundamental Units of Life?

In Chapter 1 we introduced some of the characteristics of life:
chemical complexity, growth and reproduction, the ability to re-
fashion substances from the environment, and the ability to de-
termine what substances can move into and out of the organ-
ism. These characteristics are all demonstrated by cells. Just as
atoms are the building blocks of chemistry, cells are the build-
ing blocks of life.

The cell theory is described in Section 1.1 as the first unify-
ing principle of biology. There are three critical components of
the cell theory:

€ Cells are the fundamental units of life.

€ All living organisms are composed of cells.

€ All cells come from preexisting cells.

Cells contain water and the other small and large molecules,
which we examined in Chapters 2…4. Each cell contains at least
10,000 different types of molecules, most of them present in
many copies. Cells use these molecules to transform matter and
energy, to respond to their environments, and to reproduce
themselves.

The cell theory has three important implications:

€ Studying cell biology is in some sense the same as studying
life. The principles that underlie the functions of the single
cell of a bacterium are similar to those governing the ap-
proximately 60 trillion cells of your body.

€ Life is continuous. All those cells in your body came from a
single cell, a fertilized egg. That egg came from the fusion
of two cells, a sperm and an egg, from your parents. The
cells of your parents• bodies were all derived from their
parents, and so on back through generations and evolution
to the first living cell. 

€ The origin of life on Earth was marked by the origin of the
first cells (see Chapter 4).

Even the largest creatures on Earth are composed of cells, but
the cells themselves are usually too small for the naked eye to
see. Why are cells so small?

Cell size is limited by the surface area-to-volume ratio

Most cells are tiny. In 1665, the early microscopist Robert Hooke
estimated that in one square inch of cork, which he examined
under his magnifying lens, there were 1,259,712,000 cells! The
volumes of cells range from 1 to 1,000 cubic micrometers (µm3).
There are some exceptions: the eggs of birds are single cells that

IN THIS CHAPTER we examine the structure and
some of the functions of cells. We will begin with a fuller ex-
planation of cell theory. Then, we will examine the relatively
simple cells of prokaryotes. This is followed by a tour of the
more complex eukaryotic cell and its various internal com-
partments, each of which performs specific functions. Fi-
nally, we discuss ideas on how complex cells evolved.

chapter, a key event in the emergence of life was the en-
closure of biochemical reactions inside a cell, thus con-
centrating them and separating them from the external
environment. These are the first two tenets of the cell
theory, that the cell is the unit of life and that the activi-
ties of life either happen inside cells or are caused by
them. DonÕs stem cells contain not just the activities of a
living entity, but also the potential to change those ac-
tivities in new directions. The third tenet of the cell the-
oryÑequally importantÑis that the cell is the unit of re-
production: all cells come from pre-existing cells. Stem
cell therapy does not create new cells out of thin air; it
coaxes existing ones to differentiate and reproduce
along the desired path.

CHAPTER OUTLINE
5.1 What Features Make Cells the Fundamental 

Units of Life?

5.2 What Features Characterize Prokaryotic Cells?

5.3 What Features Characterize Eukaryotic Cells?

5.4 What Are the Roles of Extracellular Structures?

5.5 How Did Eukaryotic Cells Originate?

Open Heart Surgery Stem cell therapies may provide alter-
native approaches to treating heart disease in the future.



are, relatively speaking, enormous, and individual cells of sev-
eral types of algae and bacteria are large enough to be viewed
with the unaided eye ( Figure 5.1 ). And although neurons (nerve
cells) have volumes that are within the •usualŽ range, they of-
ten have fine projections that may extend for meters, carrying
signals from one part of a large animal to another. So there is
enormous diversity among cells in their dimensions and vol-
umes, but cells are usually very small.

Small cell size is a practical necessity arising from the change
in the surface area-to-volume ratio of any object as it increases
in size. As an object increases in volume, its surface area also in-
creases, but not at the same rate (Figure 5.2 ). This phenomenon
has great biological significance for two reasons:

€ The volume of a cell determines the amount of chemical 
activity it carries out per unit of time.

€ The surface area of a cell determines the amount of
substances that can enter it from the outside environment,
and the amount of waste products that can exit to the 
environment.
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5.1 The Scale of Life This logarithmic
scale shows the relative sizes of molecules,
cells, and multicellular organisms.
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5.2 Why Cells Are Small Whether it is cuboid (A) or spheroid (B), as
an object grows larger its volume increases more rapidly than its surface
area. Cells must maintain a large surface area-to-volume ratio in order to
function. This fact explains why large organisms must be composed of
many small cells rather than a few huge ones.



As a living cell grows larger, its chemical activity, and thus
its need for resources and its rate of waste production, increases
faster than its surface area. (The surface area increases in pro-
portion to the square of the radius, while the volume increases
much more„in proportion to the cube of the radius.) In addi-
tion, substances must move from one site to another within the
cell; the smaller the cell, the more easily this is accomplished.
This explains why large organisms must consist of many small
cells: cells must be small in volume in order to maintain a large
enough surface area-to-volume ratio and an ideal internal vol-
ume. The large surface area represented by the many small cells
of a multicellular organism enables it to carry out the many dif-
ferent functions required for survival.

Microscopes reveal the features of cells

Microscopes do two different things to allow cells and details
within them to be seen by the human eye. First, they increase the
apparent size of the object: this is called magnification. But just
increasing the magnification does not necessarily mean that
the object will be seen clearly. In addition to being larger, a mag-
nified object must be sharp, or clear. This is a property called res-
olution. Formally defined, resolution is the minimum distance
two objects can be apart and still be seen as two objects. Reso-
lution for the human eye is about 0.2 mm (200 µm). Most cells
are much smaller than 200 µm, and thus are invisible to the hu-
man eye. Microscopes magnify and increase resolution so that
cells and their internal structures can be seen clearly (Figure 5.3 ).

There are two basic types of microscopes„ light microscopes
and electron microscopes„that use different forms of radiation
(see Figure 5.3). While the resolution is better in electron mi-
croscopy, we should emphasize that because cells are prepared
in a vacuum, only dead, dehydrated cells are visualized. There-
fore, the preparation of cells for electron microscopy may alter
them, and this must be taken into consideration when interpret-
ing the images produced. On the other hand, light microscopes
can be used to visualize living cells (for example, by phase-
contrast microscopy; see Figure 5.3).

Before we delve into the details of cell structure, it is useful
to consider the many uses of microscopy. An entire branch of
medicine, pathology, makes use of many different methods of mi-
croscopy to aid in the analysis of cells and the diagnosis of dis-
eases. For instance, a surgeon might remove from a body some
tissue suspected of being cancerous. The pathologist might:

€ examine the tissue quickly by phase-contrast microscopy or
interference-contrast microscopy to determine the size,
shape, and spread of the cells

€ stain the tissue with a general dye and examine it by bright-
field microscopy to bring out features such as the shape of
the nucleus, or cell division characteristics

€ stain the tissue with a fluorescent dye and examine it by
fluorescence microscopy or confocal microscopy for the
presence of specific proteins that are diagnostic of a particu-
lar cancer

€ examine the tissue under the electron microscope to ob-
serve its most minute internal structures, such as the shapes

of the mitochondria and the chromatin. (These structures
are described in Section 5.3.)

The plasma membrane forms the outer surface 
of every cell 

While the structural diversity of cells can often be observed us-
ing light microscopy, the plasma membrane is best observed
with an electron microscope. This very thin structure forms the
outer surface of every cell, and it has more or less the same
thickness and molecular structure in all cells. Biochemical meth-
ods have shown that membranes have great functional diver-
sity. These methods have revealed that the thin, almost invisi-
ble plasma membrane is actively involved in many cellular
functions„it is not a static structure. The plasma membrane
separates the interior of the cell from its outside environment,
creating a segregated (but not isolated) compartment. The pres-
ence of this outer limiting membrane is a feature of all cells.
What is the composition and molecular architecture of this
amazing structure?

The plasma membrane is composed of a phospholipid bilayer
(or simply lipid bilayer), with the hydrophilic •headsŽ of the
lipids facing the cell•s aqueous interior on one side of the mem-
brane and the extracellular environment on the other (see Fig-
ure 3.20). Proteins and other molecules are embedded in the
lipids. The membrane is not a rigid, static structure. Rather, it is
an oily fluid, in which the proteins and lipids are in constant
motion. This allows the membrane to move and change the
shape of the cell. A detailed description of the structure and
functions of the plasma membrane is given in Chapter 6. Here
is a brief summary:

€ The plasma membrane acts as a selectively permeable barrier,
preventing some substances from crossing it while permit-
ting other substances to enter and leave the cell. For exam-
ple, macromolecules such as DNA and proteins cannot nor-
mally cross the plasma membrane, but some smaller
molecules such as oxygen can. In addition to size, other fac-
tors such as polarity determine a molecule•s ability to cross
the plasma membrane: because the membrane is composed
mostly of hydrophobic fatty acids, nonpolar molecules
cross it more easily than polar or charged molecules.

€ The plasma membrane allows the cell to maintain a more
or less constant internal environment. A self-maintaining, con-
stant internal environment (known as homeostasis) is a key
characteristic of life that will be discussed in detail in Chap-
ter 40. One way that the membrane does this is by actively
regulating the transport of substances across it. This dy-
namic process is distinct from the more passive process of
diffusion, which is dependent on the size of a molecule.

€ As the cell•s boundary with the outside environment, the
plasma membrane is important in communicating with adja-
cent cells and receiving signals from the environment. We
will describe this function in Chapter 7.

€ The plasma membrane often has proteins protruding from
it that are responsible for binding and adheringto adjacent
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cells. Thus the plasma membrane plays an important struc-
tural role and contributes to cell shape.

All cells are classified as either prokaryotic or eukaryotic

As we learned in Section 1.2, biologists classify all living things
into three domains: Archaea, Bacteria, and Eukarya. The organ-

isms in Archaea and Bacteria are collectively called prokaryotes
because they have in common a prokaryotic cell organization.
A prokaryotic cell does not typically have membrane-enclosed
internal compartments; in particular, it does not have a nucleus.
The first cells were probably similar in organization to those of
modern prokaryotes. 
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TOOLS FOR INVESTIGATING LIFE
5.3  Looking at Cells  

The six images on this page show some techniques used in light microscopy. The three images on the following page were created
using electron microscopes. All of these images are of a particular type of cultured cell known as HeLa cells. Note that the images in
most cases are flat, two-dimensional views. As you look at images of cells, keep in mind that they are three-dimensional structures.

In a light microscope, glass lenses and visible light are used to form 
an image. The resolution is about 0.2 µm, which is 1,000 times greater 
than that of the human eye. Light microscopy allows visualization of cell 
sizes and shapes and some internal cell structures. Internal structures 
are hard to see under visible light, so cells are often chemically treated 
and stained with various dyes to make certain structures stand out by 
increasing contrast. 

30 µm 30 µm
In bright-field microscopy, light passes 
directly through these human cells. Unless 
natural pigments are present, there is little 
contrast and details are not distinguished. 

In phase-contrast microscopy, contrast in 
the image is increased by emphasizing 
differences in refractive index (the capacity to 
bend light), thereby enhancing light and dark 
regions in the cell.

Differential interference-contrast 
microscopy uses two beams of polarized 
light. The combined images look as if the cell 
is casting a shadow on one side.

140 µm

In fluorescence microscopy, a natural 
substance in the cell or a fluorescent dye that 
binds to a specific cell material is stimulated 
by a beam of light, and the longer-wavelength 
fluorescent light is observed coming directly 
from the dye.

Confocal microscopy uses fluorescent 
materials but adds a system of focusing both 
the stimulating and emitted light so that a 
single plane through the cell is seen. The 
result is a sharper two-dimensional image 
than with standard fluorescence microscopy.

20 µm 20 µm
In stained bright-field microscopy, a stain 
enhances contrast and reveals details not 
otherwise visible. Stains differ greatly in their 
chemistry and their capacity to bind to cell 
materials, so many choices are available.

30 µm



Eukaryotic cell organization, on the other hand, is found in
members of the domain Eukarya (eukaryotes ), which includes
the protists, plants, fungi, and animals. As we will discuss later
in this chapter, eukaryotic cells probably evolved from prokary-
otes. In contrast to the prokaryotes, the genetic material (DNA)
of eukaryotic cells is contained in a special membrane-enclosed
compartment called the nucleus . Eukaryotic cells also contain
other membrane-enclosed compartments in which specific
chemical reactions occur. For example, some of the key reactions
that generate usable chemical energy for cells take place in mito-
chondria. The internal membranes that enclose these compart-
ments have the same basic composition, structure and proper-
ties as the plasma membrane. The efficiency afforded by these
compartments has led to the impressive functions that can oc-
cur in eukaryotic cells, and their specialization into tissues as
diverse as the parts of a flower, muscles, and nerves.

5.1 RECAP
The cell theory is a unifying principle of biology. Sur-
face area-to-volume ratios limit the sizes of cells.
Both prokaryotic and eukaryotic cells are enclosed
within a plasma membrane, but prokaryotic cells
lack the membrane-enclosed internal compartments
found in eukaryotes.

€ How does cell biology embody all the principles of
life? See p. 77

€ Why are cells small? See pp. 77Ð79 and Figure 5.2

€ Explain the importance of the plasma membrane to
cells. See pp. 79Ð80

As we mentioned in this section, there are two structural themes
in cell architecture: prokaryotic and eukaryotic. We now turn to
the organization of prokaryotic cells.
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TOOLS FOR INVESTIGATING LIFE
5.3  Looking at Cells (continued ) 

In an electron microscope, electromagnets are used to 
focus an electron beam, much as a light microscope 
uses glass lenses to focus a beam of light. Since we 
cannot see electrons, the electron microscope directs 
them through a vacuum at a fluorescent screen or 
photographic film to create a visible image. The 
resolution of electron microscopes is about 2 nm,
which is about 100,000 times greater than that of the 
human eye. This resolution permits the details of many 
subcellular structures to be distinguished.

In transmission electron microscopy (TEM), 
a beam of electrons is focused on the object 
by magnets. Objects appear darker if they 
absorb the electrons. If the electrons pass 
through they are detected on a fluorescent 
screen.

Scanning electron microscopy (SEM) 
directs electrons to the surface of the 
sample, where they cause other electrons to 
be emitted. These electrons are viewed on a 
screen. The three-dimensional surface of the 
object can be visualized.

In freeze-fracture microscopy, cells are frozen 
and then a knife is used to crack them open. 
The crack often passes through the interior of 
plasma and internal membranes. The •bumpsŽ 
that appear are usually large proteins or 
aggregates embedded in the interior of the 
membrane.

10 µm 20 µm 0.1 µm
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What Features Characterize 5.2 Prokaryotic Cells?

Prokaryotes can derive energy from more diverse sources than
any other living organisms. They can tolerate environmental ex-
tremes„such as very hot springs with temperatures up to 100 oC
(Thermus aquaticus) or very salty water (Halobacterium)„that
would kill other organisms. As we examine prokaryotic cells in
this section, bear in mind that there are vast numbers of
prokaryotic species, and that the Bacteria and Archaea are dis-
tinguished in numerous ways. These differences, and the vast
diversity of organisms in these two domains, will be the subject
of Chapter 26.

The volume of a prokaryotic cell is generally about one fifti-
eth of the volume of a eukaryotic cell. Prokaryotic cells range
from about 1 to 10 µm in length or diameter. Each individual
prokaryote is a single cell, but many types of prokaryotes are
usually seen in chains or small clusters, and some occur in large
clusters containing hundreds of cells. In this section we will first
consider the features shared by cells in the domains Bacteria
and Archaea. Then we will examine structural features that
are found in some, but not all, prokaryotes.

Prokaryotic cells share certain features

All prokaryotic cells have the same basic structure (Figure 5.4 ):

€ The plasma membrane encloses the cell, regulating the traf-
fic of materials into and out of the cell, and separating its
interior from the external environment.

€ The nucleoid is a region in the cell where the DNA is lo-
cated. As we described in Section 4.1, DNA is the heredi-
tary material that controls cell growth, maintenance, and
reproduction.

The rest of the material enclosed in the plasma membrane is
called the cytoplasm . The cytoplasm has two components: the
cytosol and insoluble suspended particles, including ribosomes:

€ The cytosol consists mostly of water that contains dissolved
ions, small molecules, and soluble macromolecules such as
proteins.

€ Ribosomes are complexes of RNA and proteins that are
about 25 nm in diameter. They can only be visualized with
the electron microscope. They are the sites of protein syn-
thesis, where information coded for in nucleic acids directs
the sequential linking of amino acids to form proteins.

The cytoplasm is not a static region. Rather, the substances in
this environment are in constant motion. For example, a typi-
cal protein moves around the entire cell within a minute, and it
collides with many other molecules along the way.

Although they are structurally less complex than eukaryotic
cells, prokaryotic cells are functionally complex, carrying out
thousands of biochemical reactions. Based on our current
knowledge about the origins of the first cells (see Section 4.4),
some prokaryotic cell lineages must stretch back in time for
more than 3 billion years. Thus, prokaryotes are very success-
ful organisms from an evolutionary perspective. 

82 CHAPTER 5 | CELLS: THE WORKING UNITS OF LIFE

5.4 A Prokaryotic Cell The bacterium Pseudomonas aeruginosa illustrates the typical structures
shared by all prokaryotic cells. This bacterium also has a protective outer membrane that not all prokary-
otes have. The flagellum and capsule are also structures found in some, but not all, prokaryotic cells.



Specialized features are found in some prokaryotes

As they evolved, some prokaryotes developed specialized struc-
tures that gave a selective advantage to those that had them:
cells with these structures were better able to survive and re-
produce in particular environments than cells lacking them.
These structures include a protective cell wall, an internal mem-
brane for compartmentalization of some chemical reactions, fla-
gella for cell movement through the watery environment, and
a rudimentary internal skeleton.

CELL WALLS Most prokaryotes have a cell wall located outside
the plasma membrane. The rigidity of the cell wall supports
the cell and determines its shape. The cell walls of most bacte-
ria, but not archaea, contain peptidoglycan, a polymer of amino
sugars that are cross-linked by covalent bonds to peptides, to
form a single giant molecule around the entire cell. In some
bacteria, another layer, the outer membrane (a polysaccharide-
rich phospholipid membrane), encloses the peptidoglycan
layer (see Figure 5.4). Unlike the plasma membrane, this outer
membrane is not a major barrier to the movement of molecules
across it.

Enclosing the cell wall in some bacteria is a slimy layer com-
posed mostly of polysaccharides, and referred to as a capsule.
In some cases these capsules protect the bacteria from attack by
white blood cells in the animals they infect. Capsules also help
to keep the cells from drying out, and sometimes they help bac-
teria attach to other cells. Many prokaryotes produce no cap-
sule, and those that do have capsules can survive even if they
lose them, so the capsule is not essential to prokaryotic life.

As you will see later in this chapter, eukaryotic plant cells
also have a cell wall, but it differs in composition and struc-
ture from the cell walls of prokaryotes.

INTERNAL MEMBRANES Some groups of bacteria„including the
cyanobacteria„carry out photosynthesis: they use energy from
the sun to convert carbon dioxide and water into carbohydrates.
These bacteria have an internal membrane system that contains
molecules needed for photosynthesis. The development of pho-
tosynthesis, which requires membranes, was an important event
in the early evolution of life on Earth. Other prokaryotes have
internal membrane folds that are attached to the plasma mem-
brane. These folds may function in cell division or in various
energy-releasing reactions. 

FLAGELLA AND PILI Some prokaryotes swim by using ap-
pendages called flagella , which sometimes look like tiny
corkscrews (Figure 5.5A ). In bacteria a single flagellum is made
of a protein called flagellin. A complex motor protein spins the
flagellum on its axis like a propeller, driving the cell along. The
motor protein is anchored to the plasma membrane and, in some
bacteria, to the outer membrane of the cell wall (Figure 5.5B ).
We know that the flagella cause the motion of cells because if
they are removed, the cells do not move.

Pili are structures made of protein that project from the sur-
faces of some types of bacterial cells. These hairlike structures are
shorter than flagella, and are used for adherence. The sex-pili help
bacteria join to one another to exchange genetic material. The fim-
briaeare similar to pili but shorter, and help cells to adhere to sur-
faces such as animal cells, for food and protection.
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The flagellum is rotated by a complex motor
protein secured in the plasma membrane.
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5.5 Prokaryotic Flagella (A) Flagella contribute to the movement and adhesion
of prokaryotic cells. (B) Complex protein ring structures anchored in the plasma
membrane form a motor unit that rotates the flagellum and propels the cell.



CYTOSKELETON Some prokaryotes, especially rod-shaped bac-
teria, have a helical network of filamentous structures that ex-
tend down the length of the cell just inside the plasma mem-
brane. The proteins that make up this structure are similar in
amino acid sequence to actin in eukaryotic cells. Since actin is
part of the cytoskeleton in eukaryotes (see Section 5.3), it has
been suggested that the helical filaments in prokaryotes play a
role in maintaining the rod-like cell shape.

5.2 RECAP
Prokaryotic organisms can live on diverse energy
sources and in extreme environments. Unlike eukary-
otic cells, prokaryotic cells do not have extensive 
internal compartments. 

€ What structures are present in all prokaryotic cells?
See p. 82 and Figure 5.4

€ Describe the structure and function of a specialized
prokaryotic cell feature, such as the cell wall, capsule,
flagellum, or pilus. See pp. 83Ð84 and Figure 5.5

As we mentioned earlier, the prokaryotic cell is one of two types
of cell structure recognized in cell biology. The other is the eu-
karyotic cell. Eukaryotic cells, and multicellular eukaryotic or-
ganisms, are more structurally and functionally complex than
prokaryotic cells. 

What Features Characterize 5.3 Eukaryotic Cells?

Eukaryotic cells generally have dimensions up to 10 times
greater than those of prokaryotes; for example, the spherical
yeast cell has a diameter of about 8 µm, in contrast to a typical
bacterium with a diameter of 1 µm. Like prokaryotic cells, eu-
karyotic cells have a plasma membrane, cytoplasm, and ribo-
somes. But as you learned earlier in this chapter, eukaryotic cells
also have compartments within the cytoplasm whose interiors
are separated from the cytosol by membranes.

Compartmentalization is the key to 
eukaryotic cell function

The membranous compartments of eukaryotic cells are called
organelles . Each type of organelle has a specific role in its par-
ticular cell. Some of the organelles have been characterized as
factories that make specific products. Others are like power
plants that take in energy in one form and convert it into a more
useful form. These functional roles are defined by the chemi-
cal reactions each organelle can carry out:

€ The nucleuscontains most of the cell•s genetic material (DNA).
The replication of the genetic material and the first steps in
expressing genetic information take place in the nucleus.

€ The mitochondrionis a power plant and industrial park,
where energy stored in the bonds of carbohydrates and

fatty acids is converted into a form that is more useful to
the cell (ATP; see Section 9.1).

€ The endoplasmic reticulumand Golgi apparatusare compart-
ments in which some proteins synthesized by the ribosomes
are packaged and sent to appropriate locations in the cell.

€ Lysosomes and vacuoles are cellular digestive systems in
which large molecules are hydrolyzed into usable monomers.

€ Chloroplasts(found in only some cells) perform photo-
synthesis.

The membrane surrounding each organelle has two essen-
tial roles. First, it keeps the organelle•s molecules away from
other molecules in the cell, to prevent inappropriate reactions.
Second, it acts as a traffic regulator, letting important raw ma-
terials into the organelle and releasing its products to the cyto-
plasm. In some organelles, the membrane also has proteins that
have functional roles in chemical reactions that occur at the or-
ganelle surface.

There are a number of other structures in eukaryotic cells that
have specialized functions, but are not generally called or-
ganelles because they lack membranes:

€ Ribosomes, where protein synthesis takes place

€ The cytoskeleton, composed of several types of protein-
based filaments, which has both structural and functional
roles

€ The extracellular matrix, which also has structural and
functional roles

The evolution of compartments was an important develop-
ment that enabled eukaryotic cells to specialize, forming the or-
gans and tissues of complex multicellular organisms.

Organelles can be studied by microscopy 
or isolated for chemical analysis

Cell organelles and structures were first detected by light and
then by electron microscopy. The functions of the organelles
could sometimes be inferred by observations and experiments,
leading, for example, to the hypothesis (later confirmed) that
the nucleus contained the genetic material. Later, the use of
stains targeted to specific macromolecules allowed cell biolo-
gists to determine the chemical compositions of organelles (see
Figure 5.17, which shows a single cell stained for three differ-
ent proteins).

Another way to analyze cells is to take them apart in a
process called cell fractionation. This process permits cell or-
ganelles and other cytoplasmic structures to be separated from
each other and examined using chemical methods. Cell fraction-
ation begins with the destruction of the plasma membrane,
which allows the cytoplasmic components to flow out into a test
tube. The various organelles can then be separated from one an-
other on the basis of size or density (Figure 5.6 ). Biochemical
analyses can then be done on the isolated organelles.

Microscopy and cell fractionation have complemented each
other, giving us a more complete picture of the composition and
function of each organelle and structure.
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Microscopy of plant and animal cells has revealed that many
of the organelles are similar in appearance in each cell type (Fig-
ure 5.7). By comparing the illustrations in Figure 5.7 and Figure
5.4 you can see some of the prominent differences between eu-
karyotic cells and prokaryotic cells.

Ribosomes are factories for protein synthesis

The ribosomes of prokaryotes and eukaryotes are similar in that
both types consist of two different-sized subunits. Eukaryotic
ribosomes are somewhat larger than those of prokaryotes, but
the structure of prokaryotic ribosomes is better understood.
Chemically, ribosomes consist of a special type of RNA called
ribosomal RNA (rRNA). Ribosomes also contain more than 50

different protein molecules, which are noncovalently
bound to the rRNA.

In prokaryotic cells, ribosomes float freely in the
cytoplasm. In eukaryotic cells they are found in two
places: in the cytoplasm, where they may be free or
attached to the surface of the endoplasmic reticulum
(a membrane-bound organelle, see below), and in-
side mitochondria and chloroplasts. In each of these
locations, the ribosomes are molecular factories
where proteins are synthesized with their amino acid
sequences specified by nucleic acids. Although they
seem small in comparison to the cells that contain
them, by molecular standards ribosomes are huge
complexes (about 25 nm in diameter), made up of
several dozen different molecules.

The nucleus contains most of the 
genetic information

Organisms depend on accurate information„inter-
nal signals, environmental cues, and stored instruc-
tions„in order to respond appropriately to chang-
ing conditions, to maintain a constant internal
environment, and to reproduce. In the cell, heredi-
tary information is stored in the sequence of nu-
cleotides in DNA molecules. Most of the DNA in eu-
karyotic cells resides in the nucleus (see Figure 5.7).
Information encoded in the DNA is translated into
proteins at the ribosomes. This process is described
in detail in Chapter 14.

Most cells have a single nucleus, which is usu-
ally the largest organelle (Figure 5.8 ). The nucleus of
a typical animal cell is approximately 5 µm in diam-
eter„substantially larger than most prokaryotic cells.
The nucleus has several functions in the cell:

€ It is the location of the DNA and the site of DNA
replication.

€ It is the site where gene transcription is turned
on or off.

€ A region within the nucleus, the nucleolus , is
where ribosomes begin to be assembled from
RNA and proteins.

The nucleus is surrounded by two membranes, which to-
gether form the nuclear envelope(see Figure 5.8). This structure
separates the genetic material from the cytoplasm. Functionally,
it separates DNA transcription (which occurs in the nucleus)
from translation (in the cytoplasm) (see Figure 4.5). The two
membranes of the nuclear envelope are perforated by thousands
of nuclear pores, each measuring approximately 9 nm in di-
ameter, which connect the interior of the nucleus with the cyto-
plasm (see Figure 5.8). The pores regulate the traffic between
these two cellular compartments by allowing some molecules
to enter the nucleus and blocking others. This allows the nu-
cleus to regulate the information-processing functions.

At the nuclear pore, small substances, including ions and
other molecules with molecular weights of less than 10,000 dal-
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TOOLS FOR INVESTIGATING LIFE
5.6  Cell Fractionation

Organelles can be separated from one another after cells are broken open 
and their contents suspended in an aqueous medium. The medium is 
placed in a tube and spun in a centrifuge, which rotates about an axis at 
high speed. Centrifugal forces cause particles to sediment at the bottom 
of the tube where they may be collected for biochemical study. Heavier 
particles sediment at lower speeds than do lighter particles. By adjusting 
the speed of centrifugation, cellular organelles and even large particles like 
ribosomes can be separated and partially purified.

The cell homogenate 
contains large and 
small organelles.

2

A centrifuge is used to
separate the organelles 
based on size and density.

1 A piece of tissue is homogenized 
by grinding it.

3

The heaviest organelles can 
be removed and the remaining 
suspension re-centrifuged until 
the next heaviest organelles
reach the bottom of the tube.
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Inside of cell

Mitochondria are the 
cell•s power plants.

The rough endoplasmic reticulum
 is the site of much protein synthesis.

The plasma membrane separates the cell 
from its environment and regulates traffic 
of materials into and out of the cell.

Centrioles are associated 
with nuclear division.

The nucleus is the site of 
most cellular DNA, which, 
with associated proteins, 
comprises chromatin.

A cytoskeleton composed of  
microtubules, intermediate filaments, 
and microfilaments supports the cell 
and is involved in cell and organelle 
movement.
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5.7 Eukaryotic Cells In electron micro-
graphs, many plant cell organelles are nearly
identical in form to those observed in animal
cells. Cellular structures unique to plant cells
include the cell wall and the chloroplasts. Note
that the images are two-dimensional •slices,Ž
while cells are three-dimensional structures.
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tons, freely diffuse through the pore. Larger molecules, such
as many proteins that are made in the cytoplasm and imported
into the nucleus, cannot get through without a certain short
sequence of amino acids that is part of the protein. We know
that this sequence is the nuclear localization signal(NLS) from
several lines of evidence (see also Figure 14.20):

€ The NLS occurs in most proteins targeted to the nucleus,
but not in proteins that remain in the cytoplasm.

€ If the NLS is removed from a protein, the protein stays in
the cytoplasm.

€ If the NLS is added to a protein that normally stays in the
cytoplasm, that protein moves into the nucleus.

€ Some viruses have an NLS that allows them to enter the
nucleus; viruses without the signal sequence do not enter
the nucleus as virus particles.

The NLS binds to a receptor protein at the pore, and the sig-
naled protein slides through the pore and across the nuclear
envelope.

Inside the nucleus, DNA is combined with proteins to form
a fibrous complex called chromatin. Chromatin occurs in the
form of exceedingly long, thin threads called chromosomes. Dif-
ferent eukaryotic organisms have different numbers of chromo-
somes (ranging from two in one kind of Australian ant to hun-
dreds in some plants). Prior to cell division, the chromatin
becomes tightly compacted and condensed so that the indi-
vidual chromosomes are visible under a light microscope. This
occurs to facilitate distribution of the DNA during cell division.
(Figure 5.9 ). Surrounding the chromatin are water and dis-
solved substances collectively referred to as the nucleoplasm.
Within the nucleoplasm, a network of structural proteins called
the nuclear matrixhelps organize the chromatin.

At the interior periphery of the nucleus, the chromatin is
attached to a protein meshwork, called the nuclear lamina, which
is formed by the polymerization of proteins called lamins into
long thin structures called intermediate filaments. The nuclear
lamina maintains the shape of the nucleus by its attachment to
both the chromatin and the nuclear envelope. There is some ev-
idence that the nuclear lamina may be involved with human
aging. As people age, the nuclear lamina begins to disintegrate
and in the process the structural integrity of the nucleus de-
clines. In people with the rare disease called progeria, this de-
cline begins very early in life and their aging is accelerated.

During most of a cell•s life cycle, the nuclear envelope is a
stable structure. When the cell reproduces, however, the nuclear
envelope breaks down into small, membrane-bound droplets,
called vesicles, containing pore complexes. The envelope re-
forms after the replicated DNA has been distributed to the
daughter cells (see Section 11.3).

At certain sites, the outer membrane of the nuclear envelope
folds outward into the cytoplasm and is continuous with the
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The nuclear lamina is 
a network of filaments 
just inside the nuclear
envelope. It interacts 
with chromatin and helps 
support the envelope to
which it is attached.

Eight protein complexes 
surround each nuclear 
pore. Protein fibrils on 
the nuclear side form a 
basketlike structure.

The nuclear envelope is continuous
with the endoplasmic reticulum.

Inside nucleus

Cytoplasmic
filament

Outside nucleus
(cytoplasm)

Nuclear
basket

Nuclear
envelope

Outer membrane

Inner membrane

Nucleolus

Chromatin

Nuclear
envelope

Nuclear
pore

1 µm

Nucleoplasm

5.8 The Nucleus Is Enclosed by a Double Membrane The nuclear envelope (made up
of two membranes), nucleolus, nuclear lamina, and nuclear pores are common features of all
cell nuclei. The pores are the gateways through which proteins from the cytoplasm enter the
nucleus, and genetic material (mRNA) exits the nucleus into the cytoplasm.



membrane of another organelle, the endoplasmic reticulum,
which we will discuss next.

The endomembrane system is a group of 
interrelated organelles

Much of the volume of some eukaryotic cells is taken up by an
extensive endomembrane system . This is an interconnected
system of membrane-enclosed compartments that are some-
times flattened into sheets and sometimes have other charac-
teristic shapes (see Figure 5.7). The endomembrane system
includes the plasma membrane, nuclear envelope, endoplas-
mic reticulum, Golgi apparatus, and lysosomes, which are de-
rived from the Golgi. Tiny, membrane-surrounded droplets
called vesicles shuttle substances between the various com-
ponents of the endomembrane system (Figure 5.10 ). In draw-
ings and electron microscope pictures this system appears
static, fixed in space and time. But these depictions are just
snapshots; in the living cell, membranes and the materials they
contain are in constant motion. Membrane components have
been observed to shift from one organelle to another within the
endomembrane system. Thus, all these membranes must be
functionally related.

ENDOPLASMIC RETICULUM Electron micrographs of eukaryotic
cells reveal networks of interconnected membranes branching
throughout the cytoplasm, forming tubes and flattened sacs.
These membranes are collectively called the endoplasmic retic-
ulum , or ER. The interior compartment of the ER, referred to as
the lumen, is separate and distinct from the surrounding cyto-
plasm (see Figure 5.10). The ER can enclose up to 10 percent of
the interior volume of the cell, and its foldings result in a sur-
face area many times greater than that of the plasma membrane.
There are two types of endoplasmic reticulum, the so-called
rough and smooth.

Rough endoplasmic reticulum (RER) is called •roughŽ be-
cause of the many ribosomes attached to the outer surface of
the membrane, giving it a •roughŽ appearance in electron mi-
croscopy (see Figure 5.7). The attached ribosomes are actively
involved in protein synthesis, but that is not the entire story:

€ The RER receives into its lumen certain newly synthesized
proteins, segregating them away from the cytoplasm. The
RER also participates in transporting these proteins to other
locations in the cell.

€ While inside the RER, proteins can be chemically modified
to alter their functions and to chemically •tag• them for de-
livery to specific cellular destinations.

€ Proteins are shipped to cellular destinations enclosed
within vesicles that pinch off from the ER.

€ Most membrane-bound proteins are made in the RER.

A protein enters the lumen of the RER through a pore as it is
synthesized. As with a protein passing through a nuclear pore,
this is accomplished via a sequence of amino acids on the pro-
tein, which acts as a RER localization signal (see Section 14.6).
Once in the lumen of the RER, proteins undergo several
changes, including the formation of disulfide bridges and fold-
ing into their tertiary structures (see Figure 3.7).

Some proteins are covalently linked to carbohydrate groups
in the RER, thus becoming glycoproteins. In the case of proteins
directed to the lysosomes, the carbohydrate groups are part of
an •addressingŽ system that ensures that the right proteins are
directed to those organelles. This addressing system is very im-
portant because the enzymes within the lysosomes are some
of the most destructive the cell makes. Were they not properly
addressed and contained, they could destroy the cell. 

The smooth endoplasmic reticulum (SER) lacks ribosomes
and is more tubular (and less like flattened sacs) than the RER,
but it shows continuity with portions of the RER (see Figure
5.10). Within the lumen of the SER, some proteins that have been
synthesized on the RER are chemically modified. In addition,
the SER has three other important roles:

€ It is responsible for the chemical modification of small mole-
cules taken in by the cell, including drugs and pesticides.
These modifications make the targeted molecules more po-
lar, so they are more water-soluble and more easily removed.

€ It is the site for glycogen degradation in animal cells. We
discuss this important process in Chapter 9.

€ It is the site for the synthesis of lipids and steroids.
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Dense chromatin (dark) near 
the nuclear envelope is 
attached to the nuclear lamina. 

Diffuse chromatin (light) 
is in the nucleoplasm.

5.9 Chromatin and Chromosomes
(A) When a cell is not dividing, the nuclear DNA
is aggregated with proteins to form chromatin,
which is dispersed throughout the nucleus. This
two-dimensional image was made using a
transmission electron microscope. (B) The chro-
mosomes in dividing cells become highly con-
densed. This three-dimensional image of isolat-
ed metaphase chromosomes was produced by
a scanning electron microscope.
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5.10 The Endomembrane System Membranes of
the nucleus, ER, and Golgi form a network, connect-
ed by vesicles. Membrane flows through these
organelles. Membrane synthesized in the smooth
endoplasmic reticulum becomes sequentially part of
the rough ER, then the Golgi, then vesicles formed
from the Golgi. Membrane making up the Golgi-
produced vesicles may eventually become part of 
the plasma membrane.

Cells that synthesize a lot of protein for export are usually
packed with RER. Examples include glandular cells that secrete
digestive enzymes and white blood cells that secrete antibod-
ies. In contrast, cells that carry out less protein synthesis (such
as storage cells) contain less RER. Liver cells, which modify mol-
ecules (including toxins) that enter the body from the digestive
system, have abundant SER.

GOLGI APPARATUS The Golgi apparatus (or Golgi complex),
more often referred to merely as the Golgi, is another part of the
diverse, dynamic, and extensive endomembrane system (see
Figure 5.10). The exact appearance of the Golgi apparatus
(named for its discoverer, Camillo Golgi) varies from species to
species, but it almost always consists of two components: flat-
tened membranous sacs called cisternae(singular cisterna) that
are piled up like saucers, and small membrane-enclosed vesi-
cles. The entire apparatus is about 1 µm long.

The Golgi has several roles:

€ When protein-containing vesicles from the RER fuse with
the Golgi membranes, the Golgi receives the proteins and
may further modify them.

€ It concentrates, packages, and sorts proteins before they are
sent to their cellular or extracellular destinations.

€ It adds some carbohydrates to proteins and modifies others
that were attached to proteins in the ER.

€ It is where some polysaccharides for the plant cell wall are
synthesized.

While there is a characteristic form for all Golgi, there are also
variations in its size and appearance in different cell types. In
the cells of plants, protists, fungi, and many invertebrate ani-
mals, the stacks of cisternae are individual units scattered
throughout the cytoplasm. In vertebrate cells, a few such stacks
usually form a single, larger, more complex Golgi apparatus.GO TO Animated Tutorial 5.1 ¥ The Golgi Apparatus
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The cisternae of the Golgi apparatus appear to have three
functionally distinct regions: the cis region lies nearest to the nu-
cleus or a patch of RER, the transregion lies closest to the plasma
membrane, and the medialregion lies in between (see Figure
5.10). (The terms cis, trans, and medialderive from Latin words
meaning, respectively, •on the same side,Ž •on the opposite
side,Ž and •in the middle.Ž) These three parts of the Golgi appa-
ratus contain different enzymes and perform different functions.

The Golgi apparatus receives proteins from the
ER, packages them, and sends them on their way.
Since there is often no direct membrane continuity
between the ER and Golgi apparatus, how does a
protein get from one organelle to the other? The pro-
tein could simply leave the ER, travel across the cy-
toplasm, and enter the Golgi apparatus. But that
would expose the protein to interactions with other
molecules in the cytoplasm. On the other hand, seg-
regation from the cytoplasm could be maintained if
a piece of the ER could •bud off,Ž forming a membra-
nous vesicle that contains the protein„and that is ex-
actly what happens.

Proteins make the passage from the ER to the
Golgi apparatus safely enclosed in vesicles. Once it
arrives, a vesicle fuses with the cismembrane of the
Golgi apparatus, releasing its cargo into the lumen of
the Golgi cisterna. Other vesicles may move between
the cisternae, transporting proteins, and it appears
that some proteins move from one cisterna to the next
through tiny channels. Vesicles budding off from the
trans region carry their contents away from the Golgi
apparatus. These vesicles go to the plasma mem-
brane, or to another organelle in the endomembrane
system called the lysosome. 

LYSOSOMES The primary lysosomes originate from the
Golgi apparatus. They contain digestive enzymes, and
they are the sites where macromolecules„proteins,
polysaccharides, nucleic acids, and lipids„are hy-
drolyzed into their monomers (see Figure 3.4). Lyso-
somes are about 1 µm in diameter; they are surrounded
by a single membrane and have a densely staining, fea-
tureless interior (Figure 5.11 ). There may be dozens of
lysosomes in a cell, depending on its needs.

Lysosomes are sites for the breakdown of food,
other cells, or foreign objects that are taken up by the
cell. These materials get into the cell by a process
called phagocytosis(phago, •eatŽ; cytosis, •cellularŽ). In
this process, a pocket forms in the plasma membrane
and then deepens and encloses material from outside

the cell. The pocket becomes a small vesicle called a phagosome,
containing food or other material, which breaks free of the
plasma membrane to move into the cytoplasm. The phagosome
fuses with a primary lysosome to form a secondary lysosome ,
in which digestion occurs.

The effect of this fusion is rather like releasing hungry foxes
into a chicken coop: the enzymes in the secondary lysosome
quickly hydrolyze the food particles. These reactions are en-
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5.11 Lysosomes Isolate Digestive Enzymes from the
Cytoplasm Lysosomes are sites for the hydrolysis of material taken
into the cell by phagocytosis.

GO TO Web Activity 5.3 ¥ Lysosomal Digestion
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hanced by the mild acidity of the lysosome•s interior, where the
pH is lower than in the surrounding cytoplasm. The products
of digestion pass through the membrane of the lysosome, pro-
viding energy and raw materials for other cellular processes.
The •usedŽ secondary lysosome, now containing undigested
particles, then moves to the plasma membrane, fuses with it,
and releases the undigested contents to the environment.

Phagocytes are specialized cells that have an essential role in
taking up and breaking down materials; they are found in
nearly all animals and many protists. You will encounter them
and their activities again at many places in this book, but at this
point one example suffices: in the human liver and spleen,
phagocytes digest approximately 10 billion aged or damaged
blood cells each day! The digestion products are then used to
make new cells to replace those that are digested.

Lysosomes are active even in cells that do not perform
phagocytosis. Because cells are such dynamic systems, some
cell components are frequently destroyed and replaced by new
ones. The programmed destruction of cell components is called
autophagy, and lysosomes are where the cell breaks down its
own materials. With the proper signal, lysosomes can engulf en-
tire organelles, hydrolyzing their constituents.

How important is autophagy? An entire class of human dis-
eases called lysosomal storage diseases occur when lysosomes
fail to digest internal components; these diseases are invariably
very harmful or fatal. An example is Tay-Sachs disease, in which
a particular lipid called a ganglioside is not broken down in
lysosomes and instead accumulates in brain cells. In the most
common form of this disease, a baby starts exhibiting neurolog-
ical symptoms and becomes blind, deaf, and unable to swallow
after six months of age. Death occurs before age 4.

Plant cells do not appear to contain lysosomes, but the cen-
tral vacuole of a plant cell (which we will describe below) may
function in an equivalent capacity because it, like lysosomes,
contains many digestive enzymes.

Some organelles transform energy

All living things require external sources of energy. The en-
ergy from such sources must be transformed so that it can be
used by cells. A cell requires energy to make the molecules it
needs for activities such as growth, reproduction, responsive-
ness, and movement. Energy is transformed from one form to
another in mitochondria (found in all eukaryotic cells) and in
chloroplasts (found in eukaryotic cells that harvest energy from
sunlight). In contrast, energy transformations in prokaryotic
cells are associated with enzymes attached to the inner surface
of the plasma membrane or to extensions of the plasma mem-
brane that protrude into the cytoplasm.

MITOCHONDRIA In eukaryotic cells, the breakdown of fuel mol-
ecules such as glucose begins in the cytosol. The molecules that
result from this partial degradation enter the mitochondria (sin-
gular mitochondrion), whose primary function is to convert the
chemical energy of those fuel molecules into a form that the cell
can use, namely the energy-rich molecule ATP (adenosine
triphosphate) (see Section 8.2). The production of ATP in the mi-

tochondria, using fuel molecules and molecular oxygen (O 2), is
called cellular respiration.

Typical mitochondria are somewhat less than 1.5 µm in di-
ameter and 2…8 µm in length„about the size of many bacteria.
They can divide independently of the central nucleus. The num-
ber of mitochondria per cell ranges from one gigantic organelle
in some unicellular protists to a few hundred thousand in large
egg cells. An average human liver cell contains more than a
thousand mitochondria. Cells that are active in movement and
growth require the most chemical energy, and these tend to have
the most mitochondria per unit of volume.

Mitochondria have two membranes. The outer membrane is
smooth and protective, and it offers little resistance to the move-
ment of substances into and out of the organelle. Immediately in-
side the outer membrane is an inner membrane, which folds in-
ward in many places, and thus has a surface area much greater
than that of the outer membrane (Figure 5.12 ). The folds tend to
be quite regular, giving rise to shelf-like structures called cristae.
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5.12 A Mitochondrion Converts
Energy from Fuel Molecules into ATP
The electron micrograph is a two-dimen-
sional slice through a three-dimensional
organelle. As the drawing emphasizes,
the cristae are extensions of the inner
mitochondrial membrane.



The inner membrane exerts much more control over what enters
and leaves the space it encloses than does the outer membrane.
Embedded in the inner mitochondrial membrane are many large
protein complexes that participate in cellular respiration. 

The space enclosed by the inner membrane is referred to as
the mitochondrial matrix. In addition to many enzymes, the ma-
trix contains ribosomes and DNA that are used to make some
of the proteins needed for cellular respiration. As you will see
later in this chapter, this DNA is the remnant of a much larger,
complete chromosome of a prokaryote that may have been the
mitochondrion•s progenitor (see Figure 5.26). In Chapter 9 we
discuss how the different parts of the mitochondrion work to-
gether in cellular respiration.

PLASTIDS One class of organelles„the plastids„is present only
in the cells of plants and certain protists. Like mitochondria,
plastids can divide autonomously. There are several types of
plastids, with different functions.

Chloroplasts contain the green pigment chlorophyll and are
the sites of photosynthesis (Figure 5.13 ). In photosynthesis, light
energy is converted into the chemical energy of bonds between
atoms. The molecules formed by photosynthesis provide food
for the photosynthetic organism and for other organisms that
eat it. Directly or indirectly, photosynthesis is the energy source
for most of the living world.

Chloroplasts are variable in size and shape (Figure 5.14 ). Like
a mitochondrion, a chloroplast is surrounded by two mem-
branes. In addition, there is a series of internal membranes
whose structure and arrangement vary from one group of pho-
tosynthetic organisms to another. Here we concentrate on the
chloroplasts of the flowering plants.

The internal membranes of chloroplasts look like stacks of
flat, hollow pita bread. Each stack, called a granum(plural

grana), consists of a series of flat, closely packed, circular com-
partments called thylakoids (see Figure 5.13). Thylakoid lipids
are distinctive: only 10 percent are phospholipids, while the rest
are galactose-substituted diglycerides and sulfolipids. Because
of the abundance of chloroplasts, these are the most abundant
lipids in the biosphere.

In addition to lipids and proteins, the membranes of the thy-
lakoids contain chlorophyll and other pigments that harvest
light energy for photosynthesis (we see how they do this in Sec-
tion 10.2). The thylakoids of one granum may be connected to
those of other grana, making the interior of the chloroplast a
highly developed network of membranes, much like the ER.

The fluid in which the grana are suspended is called the
stroma. Like the mitochondrial matrix, the chloroplast stroma
contains ribosomes and DNA, which are used to synthesize
some, but not all, of the proteins that make up the chloroplast.

Animal cells typically do not contain chloroplasts, but some
do contain functional photosynthetic organisms. The green color
of some corals and sea anemones comes from chloroplasts in al-
gae that live within those animals (see Figure 5.14C). The ani-
mals derive some of their nutrition from the photosynthesis that
their chloroplast-containing •guestsŽ carry out. Such an inti-
mate relationship between two different organisms is called
symbiosis.
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Thylakoid membranes are sites
where light energy is harvested 
by the green pigment chlorophyll
and converted into ATP.

ATP is used in converting CO2 to 
glucose in the stroma, the area 
outside the thylakoid membranes.
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5.13 Chloroplasts Feed the World The electron
micrographs show chloroplasts from a leaf of corn.
Chloroplasts are large compared with mitochondria and
contain extensive networks of thylakoid membranes.
These membranes contain the green pigment chlorophyll,
where light energy is converted into chemical energy for
the synthesis of carbohydrates from CO2 and H2O.



Other types of plastids such as chromoplastsand leucoplasts
have functions different from those of chloroplasts ( Figure 5.15 ).
Chromoplasts make and store red, yellow, and orange pigments,
especially in flowers and fruits. Leucoplasts are storage or-
ganelles that do not contain pigments. An amyloplast is a leu-
coplast that stores starch.

There are several other membrane-enclosed organelles

There are several other organelles whose boundary membranes
separate their specialized chemical reactions and contents from
the cytoplasm: peroxisomes, glyoxysomes, and vacuoles, in-
cluding contractile vacuoles. 

Peroxisomes are organelles that accumulate toxic peroxides,
such as hydrogen peroxide (H2O2), that occur as byproducts of
some biochemical reactions. These peroxides can be safely broken
down inside the peroxisomes without mixing with other parts
of the cell. Peroxisomes are small organelles, about 0.2 to 1.7 µm
in diameter. They have a single membrane and a granular inte-
rior containing specialized enzymes. Peroxisomes are found in at
least some of the cells of almost every eukaryotic species.
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5.15 Chromoplasts and Leucoplasts (A) Colorful pig-
ments stored in the chromoplasts of flowers like this poppy
may help attract pollinating insects. (B) Leucoplasts in the
cells of a potato are filled with white starch grains.

The chloroplasts in these filamentous 
green algae have assembled into spirals.

Chloroplast-filled green algae live 
in the tissues of this sea anemone.
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5.14 Chloroplasts Are Everywhere (A) In green plants, chloroplasts
are concentrated in the leaf cells. (B) Green algae are photosynthetic and
filled with chloroplasts. (C) No animal species produces its own chloro-
plasts, but this sea anemone (an animal) is nourished by the chloroplasts
of unicellular green algae living within its tissues, in what is termed a sym-
biotic relationship.



Glyoxysomes are similar to peroxisomes and are found only
in plants. They are most abundant in young plants, and are
the locations where stored lipids are converted into carbohy-
drates for transport to growing cells.

Vacuoles occur in many eukaryotic cells, but particularly
those of plants and protists. Plant vacuoles (Figure 5.16 ) have
several functions:

€ Storage: Plant cells produce a number of toxic by-products
and waste products, many of which are simply stored within
vacuoles. Because they are poisonous or distasteful, these
stored materials deter some animals from eating the plants,
and may thus contribute to plant defenses and survival.

€ Structure: In many plant cells, enormous vacuoles take up
more than 90 percent of the cell volume and grow as the cell
grows. The presence of dissolved substances in the vacuole
causes water to enter it from the cytoplasm, making the vac-
uole swell like a balloon. The plant cell does not swell when
the vacuole fills with water, since it has a rigid cell wall. In-
stead, it stiffens from the increase in water pressure (called
turgor), which supports the plant (see Figure 6.10).

€ Reproduction: Some pigments (especially blue and pink
ones) in the petals and fruits of flowering plants are con-
tained in vacuoles. These pigments„the anthocyanins„are
visual cues that help attract the animals that assist in polli-
nation or seed dispersal.

€ Digestion: In some plants, vacuoles in seeds contain en-
zymes that hydrolyze stored seed proteins into monomers
that the developing plant embryo can use as food.

Contractile vacuolesare found in many freshwater protists.
Their function is to get rid of the excess water that rushes into
the cell because of the imbalance in solute concentration between
the interior of the cell and its freshwater environment. The con-
tractile vacuole enlarges as water enters, then abruptly contracts,
forcing the water out of the cell through a special pore structure.

So far, we have discussed numerous membrane-enclosed or-
ganelles. Now we turn to a group of cytoplasmic structures
without membranes.

The cytoskeleton is important in cell structure 
and movement

From the earliest observations, light microscopy revealed dis-
tinctive shapes of cells that would sometimes change, and
within cells rapid movements were observed. With the advent
of electron microscopy, a new world of cellular substructure was
revealed, including a meshwork of filaments inside cells. Ex-
perimentation showed that this cytoskeleton fills several im-
portant roles:

€ It supports the cell and maintains its shape.

€ It holds cell organelles in position within the cell.

€ It moves organelles within the cell.

€ It is involved with movements of the cytoplasm, called 
cytoplasmic streaming.

€ It interacts with extracellular structures, helping to anchor
the cell in place.

There are three components of the cytoskeleton: microfila-
ments (smallest diameter), intermediate filaments, and micro-
tubules (largest diameter). These filaments have very different
functions. 

MICROFILAMENTS Microfilaments can exist as single filaments,
in bundles, or in networks. They are about 7 nm in diameter
and up to several micrometers long. Microfilaments have two
major roles:

€ They help the entire cell or parts of the cell to move.

€ They determine and stabilize cell shape.

Microfilaments are assembled from actin monomers, a protein
that exists in several forms and has many functions, especially
in animals. The actin found in microfilaments (which are also
known as actin filaments) has distinct ends designated •plusŽ
and •minus.Ž These ends permit actin monomers to interact
with one another to form long, double helical chains ( Figure
5.17A). Within cells, the polymerization of actin into microfila-
ments is reversible, and the microfilaments can disappear from
cells by breaking down into monomers of free actin. Special
actin-binding proteins mediate these events. 

In the muscle cells of animals, actin filaments are associated
with another protein, the •motor proteinŽ myosin, and the inter-
actions of these two proteins account for the contraction of mus-
cles (described in Section 48.1). In non-muscle cells, actin fila-
ments are associated with localized changes in cell shape. For
example, microfilaments are involved in the flowing movement
of the cytoplasm called cytoplasmic streaming, in amoeboid
movement, and in the •pinchingŽ contractions that divide an an-
imal cell into two daughter cells. Microfilaments are also involved
in the formation of cellular extensions called pseudopodia ( pseudo,
•falseŽ; podia, •feetŽ) that enable some cells to move (Figure 5.18 ).
As you will see in Chapter 42, cells of the immune system must
move toward other cells during the immune response.

In some cell types, microfilaments form a meshwork just
inside the plasma membrane. Actin-binding proteins then cross-
link the microfilaments to form a rigid net-like structure that
supports the cell. For example, microfilaments support the tiny
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5.16 Vacuoles in Plant Cells Are Usually Large The large central
vacuole in this cell is typical of mature plant cells. Smaller vacuoles are
visible toward each end of the cell.



microvilli that line the human intestine, giving it a larger sur-
face area through which to absorb nutrients (Figure 5.19 ).

INTERMEDIATE FILAMENTS There are at least 50 different kinds
of intermediate filaments , many of them specific to a few cell
types. They generally fall into six molecular classes (based on
amino acid sequence) that share the same general structure. One
of these classes consists of fibrous proteins of the keratin fam-
ily, which also includes the proteins that make up hair and fin-
gernails. The intermediate filaments are tough, ropelike protein
assemblages 8 to 12 nm in diameter (Figure 5.17B ). Intermedi-
ate filaments are more permanent than the other two types; in
cells they do not form and re-form, as the microtubules and
microfilaments do.

Intermediate filaments have two major structural functions:

€ They anchor cell structures in place. In some cells, interme-
diate filaments radiate from the nuclear envelope and help
maintain the positions of the nucleus and other organelles in
the cell. The lamins of the nuclear lamina are intermediate
filaments (see Figure 5.8). Other kinds of intermediate fila-
ments help hold in place the complex apparatus of microfil-
aments in the microvilli of intestinal cells (see Figure 5.19).

€ They resist tension. For example, they maintain rigidity in
body surface tissues by stretching through the cytoplasm
and connecting specialized membrane structures called
desmosomes (see Figure 6.7).
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Made up of strands of the protein actin; 
often interact with strands of other proteins. 
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5.17 The Cytoskeleton Three highly visible and important structural
components of the cytoskeleton are shown here in detail. These struc-
tures maintain and reinforce cell shape and contribute to cell movement.

Growth of actin filaments 
causes the cell to protrude.

Myosin-mediated 
movement of
cross-linked actin
bundles squeezes
the cytoplasm 
forward.

Pseudopod

Bundles of actin filaments at the cell
periphery are crosslinked by myosin.

Actin filaments here
are not cross-linked.

Actin

Myosin

Cell

5.18 Microfilaments and Cell Movements Microfilaments mediate
the movement of whole cells (as illustrated here for amoebic movement),
as well as the movement of cytoplasm within a cell.



MICROTUBULES The largest diameter components of the cy-
toskeletal system, microtubules , are long, hollow, unbranched
cylinders about 25 nm in diameter and up to several microme-
ters long. Microtubules have two roles in the cell:

€ They form a rigid internal skeleton for some cells.

€ They act as a framework along which motor proteins can
move structures within the cell.

Microtubules are assembled from dimers of the protein tubu-
lin. A dimer is a molecule made up of two monomers. The
polypeptide monomers that make up a tubulin dimer are
known as � -tubulin and � -tubulin. Thirteen chains of tubulin
dimers surround the central cavity of the microtubule ( Figure
5.17C; see also Figure 5.20). The two ends of a microtubule are
different: one is designated the plus (+) end, and the other the
minus (…) end. Tubulin dimers can be rapidly added or sub-
tracted, mainly at the plus end, lengthening or shortening
the microtubule. This capacity to change length rapidly makes
microtubules dynamic structures, permitting some animal
cells to rapidly change shape.

Many microtubules radiate from a region of the cell called the
microtubule organizing center. Tubulin polymerization results in a
rigid structure, and tubulin depolymerization leads to its collapse.

In plants, microtubules help control the arrangement of the
cellulose fibers of the cell wall. Electron micrographs of plants
frequently show microtubules lying just inside the plasma mem-
branes of cells that are forming or extending their cell walls. Ex-
perimental alteration of the orientation of these microtubules
leads to a similar change in the cell wall and a new shape for
the cell.

Microtubules serve as tracks for motor proteins , specialized
molecules that use cellular energy to change their shape and
move. Motor proteins bond to and move along the micro-
tubules, carrying materials from one part of the cell to another.
Microtubules are also essential in distributing chromosomes
to daughter cells during cell division. Because of this, drugs
such as vincristine and taxol that disrupt microtubule dynam-
ics also disrupt cell division. These drugs are useful for treating
cancer, where cell division is excessive.

CILIA AND FLAGELLA Microtubules are also intimately associ-
ated with movable cell appendages: the cilia and flagella . Many
eukaryotic cells have one or both of these appendages. Cilia are
smaller than flagella„only 0.25 µm in length. They may move
surrounding fluid over the surface of the cell (for example, pro-
tists or cells lining tubes through which eggs move, the
oviducts). Eukaryotic flagella are 0.25 µm in diameter and
100…200 µm in length. (The structure and operation of eukary-
otic flagella are very different from those of prokaryotic fla-
gella; see Figure 5.5.) They may push or pull the cell through
its aqueous environment (for example, protists or sperm). Cilia
and eukaryotic flagella are both assembled from specialized
microtubules and have identical internal structures, but differ
in their length and pattern of beating:

€ Cilia (singular cilium) are usually present in great numbers
(Figure 5.20A ). They beat stiffly in one direction and re-
cover flexibly in the other direction (like a swimmer•s arm),
so that the recovery stroke does not undo the work of the
power stroke.

€ Eukaryotic flagella are usually found singly or in pairs.
Waves of bending propagate from one end of a flagellum to
the other in a snakelike undulation. Forces exerted by these
waves on the surrounding fluid medium move the cell.

In cross section, a typical ciliumor eukaryotic flagellum is sur-
rounded by the plasma membrane and contains a •9 + 2Ž array
of microtubules. As Figure 5.20B shows, nine fused pairs of mi-
crotubules„called doublets„form an outer cylinder, and one
pair of unfused microtubules runs up the center. A spoke radi-
ates from one microtubule of each doublet and connects the
doublet to the center of the structure. These structures are es-
sential to the bending motions of both cilia and flagella.

In the cytoplasm at the base of every eukaryotic flagellum
and cilium is an organelle called a basal body . The nine micro-
tubule doublets extend into the basal body. In the basal body,
each doublet is accompanied by another microtubule, making
nine sets of three microtubules. The central, unfused micro-
tubules in the cilium do not extend into the basal body. 

Centriolesare almost identical to the basal bodies of cilia and
flagella. Centrioles are found in the microtubule organizing cen-
ters (sites of tubulin storage where microtubules polymerize) of
all eukaryotes except the seed plants and some protists. Under
the light microscope, a centriole looks like a small, featureless par-
ticle, but the electron microscope reveals that it contains a precise
bundle of microtubules arranged in nine sets of three. Centrioles
are involved in the formation of the mitotic spindle, to which the
chromosomes attach during cell division (see Figure 11.10).
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5.19 Microfilaments for Support Cells that line the intestine are
folded into tiny projections called microvilli, which are supported by
microfilaments. The microfilaments interact with intermediate filaments
at the base of each microvillus. The microvilli increase the surface area
of the cells, facilitating their absorption of small molecules.



MOTOR PROTEINS AND MOVEMENT The nine microtubule dou-
blets of cilia and flagella are linked by proteins. The motion of
cilia and flagella results from the sliding of the microtubule dou-
blets past each other. This sliding is driven by a motor protein
called dynein, which can change its three-dimensional shape.
All motor proteins work by undergoing reversible shape
changes powered by energy from ATP hydrolysis. Dynein mol-
ecules that are attached to one microtubule doublet bind to a
neighboring doublet. As the dynein molecules change shape,

they move the doublets past one another (Figure 5.21 ). Another
molecule, nexin, can cross-link the doublets and prevent them
from sliding past one another; in this case, the cilium bends.

Another motor protein, kinesin, carries protein-laden vesicles
from one part of the cell to another (Figure 5.22 ). Kinesin and
similar motor proteins bind to a vesicle or other organelle, then
•walkŽ it along a microtubule by a repeated series of shape
changes. Recall that microtubules are directional, with a plus
end and a minus end. Dynein moves attached organelles toward
the minus end, while kinesin moves them toward the plus end
(see Figure 5.17).

DEMONSTRATING CYTOSKELETON FUNCTIONS How do we know
that the structural fibers of the cytoskeleton can achieve all these
dynamic functions? We can observe an individual structure un-
der the microscope and a function in a living cell that contains
that structure. These observations may suggest that the struc-
ture carries out that function, but in science mere correlation
does not show cause and effect. For example, light microscopy

of living cells reveals that the cytoplasm is ac-
tively streaming around the cell, and that cy-
toplasm flows into an extended portion of an
amoeboid cell during movement. The observed
presence of cytoskeletal components suggests,
but does not prove, their role in this process. Sci-
ence seeks to show the specific links that relate
one process, •A,Ž to a function, •B.Ž In cell bi-
ology, there are two ways to show that a struc-
ture or process •AŽ causes function •BŽ:
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The beating of the cilia covering the
surface of this unicellular protist propels
it through the water of its environment.

Cross section reveals the •9+2Ž
pattern of microtubles, including
nine pairs of fused microtublesƒ
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5.20 Cilia (A) This unicellular eukaryotic
organism (a ciliate protist) can coordinate
the beating of its cilia, allowing rapid
movement. (B) A cross section of a single
cilium shows the arrangement of the
microtubules and proteins.

In isolated cilia without nexin cross-links, 
movement of dynein motor proteins causes 
microtubule doublets to slide past one another.

When nexin is present to cross-link the doublets, 
they cannot slide and the force generated by 
dynein movement causes the cilium to bend.
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5.21 A Motor Protein Moves Microtubules in Cilia
and Flagella A motor protein, dynein, causes micro-
tubule doublets to slide past one another. In a flagel-
lum or cilium, anchorage of the microtubule doublets
to one another results in bending.



€ Inhibition: use a drug that inhibits A and see if B still occurs.
If it does not, then A is probably a causative factor for B.
Figure 5.23 shows an experiment with such a drug (an in-
hibitor) that demonstrates cause and effect in the case of the
cytoskeleton and cell movement. 

€ Mutation: examine a cell that lacks the gene (or genes) for A
and see if B still occurs. If it does not, then A is probably a
causative factor for B. Part Four of this book describes
many experiments using this genetic approach.

5.3 RECAP
The hallmark of eukaryotic cells is compartmental-
ization. Membrane-enclosed organelles process in-
formation, transform energy, form internal compart-
ments for transporting proteins, and carry out
intracellular digestion. An internal cytoskeleton plays
several structural roles.

€ What are some advantages of organelle compartmen-
talization?See p. 84

€ Describe the structural and functional differences 
between rough and smooth endoplasmic reticulum.
See pp. 89Ð90 and Figure 5.10

€ Explain how motor proteins and microtubules move
materials within the cell. See pp. 95Ð98 and Figures
5.21 and 5.22

All cells interact with their environments, and many eukaryotic
cells are parts of multicellular organisms and must interact, and
closely coordinate activities, with other cells. The plasma mem-
brane plays a crucial role in these interactions, but other struc-
tures outside that membrane are involved as well.
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5.22 A Motor Protein Drives Vesicles along Microtubules
(A) Kinesin delivers vesicles or organelles to various parts of the cell by
moving along microtubule •railroad tracks.Ž Kinesin moves things from
the minus toward the plus end of a microtubule; dynein works similarly,
but moves from the plus toward the minus end. (B) Powered by kinesin,
a vesicle moves along a microtubule track in the protist Dictyostelium.
The time sequence (time-lapse micrography at half-second intervals) is
shown by the color gradient of purple to blue.

CONCLUSION

5.23  The Role of Microfilaments in Cell Movement„
 Showing Cause and Effect in Biology

After a test tube demonstration that the drug cytochalasin B 
prevented microfilament formation from monomeric precursors, 
the question was asked: Will the drug work like this in living cells 
and inhibit cell movement in Amoeba? Complementary experiments 
showed that the drug did not poison other cellular processes.

HYPOTHESIS   Amoeboid cell movements are caused by 
 the cytoskeleton.

 

METHOD

RESULTS

Amoeba proteus is a single-celled 
eukaryote that moves by extending 
its membrane.

Cytochalasin B
is a drug that
blocks the
formation of
microfilaments,
part of the 
cytoskeleton.

Control: 
Injected
but without 
drug

Control 
Amoeba 
continues 
to move

Amoeba 
treated with 
cytochalasin B

Treated Amoeba
rounds up and
does not move

Microfilaments of the cytoskeleton are essential
for amoeboid cell movement.

FURTHER INVESTIGATION:  The drug colchicine breaks apart 
 microtubules. How would you show that 
 these components of the cytoskeleton are
 not involved in cell movement in Amoeba?

Go to yourBioPortal.com for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 
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What Are the Roles of Extracellular 5.4 Structures?

Although the plasma membrane is the functional barrier be-
tween the inside and the outside of a cell, many structures are
produced by cells and secreted to the outside of the plasma
membrane, where they play essential roles in protecting, sup-
porting, or attaching cells to each other. Because they are outside
the plasma membrane, these structures are said to be extracellu-
lar. The peptidoglycan cell wall of bacteria is an example of an
extracellular structure (see Figure 5.4). In eukaryotes, other ex-
tracellular structures„the cell walls of plants and the extracel-
lular matrices found between the cells of animals„play similar
roles. Both of these structures are made up of two components: 

€ a prominent fibrous macromolecule

€ a gel-like medium in which the fibers are embedded

The plant cell wall is an extracellular structure

The plant cell wall is a semirigid structure outside the plasma
membrane (Figure 5.24 ). We consider the structure and role of
the cell wall in more detail in Chapter 34. For now, we note that
it is typical of a two-component extracellular matrix, with cellu-
lose fibers (see Figure 3.16) embedded in other complex polysac-
charides and proteins. The plant cell wall has three major roles:

€ It provides support for the cell and limits its volume by re-
maining rigid.

€ It acts as a barrier to infection by fungi and other organisms
that can cause plant diseases.

€ It contributes to plant form by growing as plant cells expand.

Because of their thick cell walls, plant cells viewed under a light
microscope appear to be entirely isolated from one another. But
electron microscopy reveals that this is not the case. The cyto-
plasms of adjacent plant cells are connected by numerous
plasma membrane…lined channels, called plasmodesmata , that
are about 20…40 nm in diameter and extend through the cell
walls (see Figures 5.7 and 6.7). Plasmodesmata permit the dif-
fusion of water, ions, small molecules, RNA, and proteins be-
tween connected cells, allowing for utilization of these sub-
stances far from their site of synthesis.

The extracellular matrix supports tissue functions 
in animals

Animal cells lack the semirigid wall that is characteristic of plant
cells, but many animal cells are surrounded by, or in contact with,
an extracellular matrix . This matrix is composed of three types
of molecules: fibrous proteins such as collagen (the most abun-
dant protein in mammals, constituting over 25 percent of the pro-
tein in the human body); a matrix of glycoproteins termed pro-
teoglycans , consisting primarily of sugars; and a third group of
proteins that link the fibrous proteins and the gel-like proteogly-
can matrix together (Figure 5.25 ). These proteins and proteogly-
cans are secreted, along with other substances that are specific to
certain body tissues, by cells that are present in or near the matrix.

The functions of the extracellular matrix are many:

€ It holds cells together in tissues. In Chapter
6 we see how there is an intercellular •glueŽ
that is involved in both cell recognition and
adhesion.

€ It contributes to the physical properties of
cartilage, skin, and other tissues. For exam-
ple, the mineral component of bone is laid
down on an organized extracellular matrix.

€ It helps filter materials passing between dif-
ferent tissues. This is especially important in
the kidney.

€ It helps orient cell movements during em-
bryonic development and during tissue 
repair.

€ It plays a role in chemical signaling from
one cell to another. Proteins connect the
cell•s plasma membrane to the extracellular
matrix. These proteins (for example,
integrin) span the plasma membrane and are
involved with transmitting signals to the in-
terior of the cell. This allows communication
between the extracellular matrix and the cy-
toplasm of the cell.
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5.24 The Plant Cell Wall The semirigid cell wall provides support for plant cells. It
is composed of cellulose fibrils embedded in a matrix of polysaccharides and proteins.



5.4 RECAP
Extracellular structures are produced by cells and
secreted outside the plasma membrane. Most con-
sist of a fibrous component in a gel-like medium.

€ What are the functions of the cell wall in plants and
the extracellular matrix in animals? See p. 100

We have now discussed the structures and some functions of
prokaryotic and eukaryotic cells. Both exemplify the cell theory,
showing that cells are the basic units of life and of biological con-
tinuity. Much of the rest of this part of the book will deal with
these two aspects of cells. There is abundant evidence that the
simpler prokaryotic cells are more ancient than eukaryotic cells,
and that the first cells were probably prokaryotic. We now turn
to the next step in cellular evolution, the origin of eukaryotic cells. 

5.5 How Did Eukaryotic Cells Originate?

For about 2 billion years, life on Earth was entirely prokaryotic„
from the time when prokaryotic cells first appeared until about
1.5 billion years ago, when eukaryotic cells arrived on the scene.
The advent of compartmentalization„the hallmark of eukary-
otes„was a major event in the history of life, as it permitted many
more biochemical functions to coexist in the same cell than had
previously been possible. Compared to the typical eukaryote, a
single prokaryotic cell is often biochemically specialized, limited
in the resources it can use and the functions it can perform.

What is the origin of compartmentalization? We will describe
the evolution of eukaryotic organelles in more detail in Sec-
tion 27.1. Here, we outline two major themes in this process.

Internal membranes and the nuclear envelope probably
came from the plasma membrane

We noted earlier that some bacteria contain internal membranes.
How could these arise? In electron micrographs, the internal

membranes of prokaryotes often appear to be inward folds of
the plasma membrane. This has led to a theory that the en-
domembrane system and cell nucleus originated by a related
process (Figure 5.26A ). The close relationship between the ER
and the nuclear envelope in today•s eukaryotes is consistent
with this theory.

A bacterium with enclosed compartments would have sev-
eral evolutionary advantages. Chemicals could be concentrated
within particular regions of the cell, allowing chemical reactions
to proceed more efficiently. Biochemical activities could be seg-
regated within organelles with, for example, a different pH from
the rest of the cell, creating more favorable conditions for cer-
tain metabolic processes. Finally, gene transcription could be
separated from translation, providing more opportunities for
separate control of these steps in gene expression.

Some organelles arose by endosymbiosis

Symbiosis means •living together,Ž and often refers to two or-
ganisms that coexist, each one supplying something that the
other needs. Biologists have proposed that some organelles„
the mitochondria and the plastids„arose not by an infolding
of the plasma membrane but by one cell ingesting another cell,
giving rise to a symbiotic relationship. Eventually, the ingested
cell lost its autonomy and some of its functions. In addition,
many of the ingested cell•s genes were transferred to the host•s
DNA. Mitochondria and plastids in today•s eukaryotic cells are
the remnants of these symbionts, retaining some specialized
functions that benefit their host cells. This is the essence of the
endosymbiosis theory for the origin of organelles.

Consider the case of the plastid. About 2.5 billion years ago
some prokaryotes (the cyanobacteria) developed photosyn-
thesis (see Figure 1.9). The emergence of these prokaryotes was
a key event in the evolution of complex organisms, because
they increased the O2 concentration in Earth•s atmosphere (see
Section 1.2).

The basal lamina is an extracellular 
matrix (ECM). Here it separates 
kidney cells from the blood vessel.

The ECM is composed of a tangled 
complex of enormous molecules made of 
proteins and long polysaccharide chains.

Proteoglycans have long polysaccharide chains 
that provide a viscous medium for filtering.

The fibrous protein collagen 
provides strength to the matrix.

KidneyKidney
cellcell

BloodBlood
vesselvessel

Proteoglycan

Collagen

Kidney
cell

Blood
vessel

20 nm

100 nm

5.25 An Extracellular Matrix Cells in the kidney secrete a basal lami-
na, an extracellular matrix that separates them from a nearby blood ves-
sel and is also involved in filtering materials that pass between the kidney
and the blood.



The plasma membrane 
folds inward. Many 
modern-day prokaryotes
have membrane 
infoldings.

An ancient 
prokaryotic cell.

2

An ancestral eukaryotic
cell endocytoses a
photosynthetic
cyanobacterium.

1

The endocytosed
cyanobacterium loses
most of its genetic
material to the host
nucleus but retains the 
ability to photosynthesize.
It is now a plastid.

2

1

Further membrane 
infoldings begin the 
formation of the ER, 
creating a segregated
compartment. The ER 
surrounds the nucleiod
and forms the nucleus.

3

DNA in nucleoid
(A) (B)

Cell membrane
Nucleus

Mitochondrion

Cyanobacterium

Chloroplast

Cell wall

According to endosymbiosis theory, photosynthetic prokary-
otes also provided the precursor of the modern-day plastid.
Cells without cell walls can engulf relatively large particles by
phagocytosis (see Figure 5.11). In some cases, such as that of
phagocytes in the human immune system, the engulfed parti-
cle can be an entire cell, such as a bacterium. Plastids may have
arisen by a similar event involving an ancestral eukaryote and
a cyanobacterium (Figure 5.26B ).

Among the abundant evidence supporting the endosymbiotic
origin of plastids (see Section 27.1), perhaps the most remarkable
comes from a sandy beach in Japan. Noriko Okamoto and Isao
Inouye recently discovered a single-celled eukaryote that con-
tains a large •chloroplast,Ž and named it Hatena (Figure 5.27 ). It
turns out that the •chloroplastŽ is the remains of a green alga,
Nephroselmis, which lives among the Hatenacells. When living
autonomously, this algal cell has flagella, a cytoskeleton, ER,
Golgi, and mitochondria in addition to a plastid. Once ingested
by Hatena, all of these structures, and presumably their associ-
ated functions, are lost. What remains is essentially a plastid.

When Hatenadivides, only one of the two daughter cells ends
up with the •chloroplast.Ž The other cell finds and ingests its
own Nephroselmisalga„almost like a •replayŽ of what may
have occurred in the evolution of eukaryotic cells. No wonder
the Japanese scientists call the host cell Hatena: in Japanese, it
means •how oddŽ!

5.5 RECAP
Eukaryotic cells arose long after prokaryotic cells.
Some organelles may have evolved by infolding of
the plasma membrane, while others evolved by en-
dosymbiosis.

€ How could membrane infolding in a prokaryotic cell
lead to the endomembrane system? See p. 101 and
Figure 5.26A

€ Explain the endosymbiosis theory for the origin of
chloroplasts. See Figure 5.26B

In this chapter, we presented an overview of the structures of
cells, with some ideas about their relationships and origins. As
you now embark on the study of major cell functions, keep in

5.26 The Origin of Organelles (A) The endomembrane system and
cell nucleus may have been formed by infolding and then fusion of the
plasma membrane. (B) The endosymbiosis theory proposes that some
organelles may be descended from prokaryotes that were engulfed by
other, larger cells.
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Daughter cells

Cell with ingested green
photosynthetic plastid.

After cell division, only one of the daughter 
cells inherits the plastid; the other cell must
ingest a new one from the environment.

5.27 Endosymbiosis in Action A Hatena cell engulfs an algal cell,
which then loses most of its cellular functions other than photosynthesis.
This re-enacts a possible event in the origin of plastids in eukaryotic cells.

mind that the structures in a cell do not exist in isolation. They
are part of a dynamic, interacting cellular system. In Chapter 6
we show that the plasma membrane is far from a passive bar-
rier, but instead is a multi-functional system that connects the
inside of the cell with its extracellular environment.

5.1 What Features Make Cells the Fundamental Units 
of Life?

SEE WEB ACTIVITIES 5.1 AND 5.2

¥All cells come from preexisting cells.

¥Cells are small because a cellÕs surface area must be large com-
pared with its volume to accommodate exchanges with its envi-
ronment. Review Figure 5.2

¥All cells are enclosed by a selectively permeable plasma 
membrane that separates their contents from the external 
environment.

¥While certain biochemical processes, molecules, and structures
are shared by all kinds of cells, two categories of cellsÑ
prokaryotes and eukaryotesÑare easily distinguished.

5.2 What Features Characterize Prokaryotic Cells?

¥Prokaryotic cells have no internal compartments, but have a
nucleoid region containing DNA, and a cytoplasmcontaining
cytosol, ribosomes, proteins, and small molecules. Some
prokaryotes have additional protective structures, including a
cell wall, an outer membrane, and a capsule. Review Figure 5.4

¥Some prokaryotes have folded membranes that may be photo-
synthetic membranes, and some have flagella or pili for motili-
ty or attachment. Review Figure 5.5

5.3 What Features Characterize Eukaryotic Cells?

¥Eukaryotic cells are larger than prokaryotic cells and contain
many membrane-enclosed organelles. The membranes that
envelop organelles ensure compartmentalization of their func-
tions. Review Figure 5.7

¥Ribosomesare sites of protein synthesis.

¥The nucleus contains most of the cellÕs DNA and participates in
the control of protein synthesis. Review Figure 5.8

¥The endomembrane systemÑconsisting of the endoplasmic
reticulum and Golgi apparatusÑis a series of interrelated com-
partments enclosed by membranes. It segregates proteins and

modifies them. Lysosomescontain many digestive enzymes.
Review Figures 5.10 and 5.11, WEB ACTIVITY 5.3,
ANIMATED TUTORIAL 5.1

¥Mitochondria and chloroplasts are semi-autonomous
organelles that process energy. Mitochondria are present in
most eukaryotic organisms and contain the enzymes needed
for cellular respiration. The cells of photosynthetic eukaryotes
contain chloroplasts that harvest light energy for photosynthe-
sis. Review Figures 5.12 and 5.13

¥Vacuolesare prominent in many plant cells and consist of a
membrane-enclosed compartment full of water and dissolved
substances.

¥The microfilaments, intermediate filaments, and microtubules
of the cytoskeleton provide the cell with shape, strength, and
movement. Review Figure 5.18

SEE ANIMATED TUTORIAL 5.2 

5.4 What Are the Roles of Extracellular Structures?

¥The plant cell wallconsists principally of cellulose. Cell walls are
pierced by plasmodesmatathat join the cytoplasms of adjacent
cells. 

¥ In animals, the extracellular matrixconsists of different kinds 
of proteins, including collagen and proteoglycans. Review
Figure 5.25

5.5 How Did Eukaryotic Cells Originate?

¥ Infoldings of the plasma membrane could have led to the for-
mation of some membrane-enclosed organelles, such as the
endomembrane system and the nucleus. Review Figure 5.26A

¥The endosymbiosis theory states that mitochondria and
chloroplasts originated when larger prokaryotes engulfed, but
did not digest, smaller prokaryotes. Mutual benefits permitted
this symbiotic relationship to be maintained, allowing the
smaller cells to evolve into the eukaryotic organelles observed
today. Review Figure 5.26B

CHAPTER SUMMARY



1. Which structure is generally present in both prokaryotic
cells and eukaryotic plant cells?
a. Chloroplasts
b. Cell wall
c. Nucleus
d. Mitochondria
e. Microtubules

2. The major factor limiting cell size is the
a. concentration of water in the cytoplasm.
b. need for energy.
c. presence of membrane-enclosed organelles.
d. ratio of surface area to volume.
e. composition of the plasma membrane.

3. Which statement about mitochondria is not true?
a. The inner mitochondrial membrane folds to form cristae.
b. The outer membrane is relatively permeable to macro-

molecules.
c. Mitochondria are green because they contain chlorophyll.
d. Fuel molecules from the cytosol are used for respiration

in mitochondria.
e. ATP is synthesized in mitochondria.

4. Which statement about plastids is true?
a. They are found in prokaryotes.
b. They are surrounded by a single membrane.
c. They are the sites of cellular respiration.
d. They are found only in fungi.
e. They may contain several types of pigments or polysac-

charides.
5. If all the lysosomes within a cell suddenly ruptured, what

would be the most likely result?
a. The macromolecules in the cytosol would break down.
b. More proteins would be made.
c. The DNA within mitochondria would break down.
d. The mitochondria and chloroplasts would divide.
e. There would be no change in cell function.

6. The Golgi apparatus
a. is found only in animals.
b. is found in prokaryotes.
c. is the appendage that moves a cell around in its 

environment.
d. is a site of rapid ATP production.
e. modifies and packages proteins.

7. Which structure is not surrounded by one or more 
membranes?
a. Ribosome
b. Chloroplast
c. Mitochondrion
d. Peroxisome
e. Vacuole

8. The cytoskeleton consists of
a. cilia, flagella, and microfilaments.
b. cilia, microtubules, and microfilaments.
c. internal cell walls.
d. microtubules, intermediate filaments, and micro-

filaments.
e. calcified microtubules.

9. Microfilaments
a. are composed of polysaccharides.
b. are composed of actin.
c. allow cilia and flagella to move.
d. make up the spindle that aids the movement of chromo-

somes.
e. maintain the position of the chloroplast in the cell.

10. Which statement about the plant cell wall is not true?
a. Its principal chemical components are polysaccharides.
b. It lies outside the plasma membrane.
c. It provides support for the cell.
d. It completely isolates adjacent cells from one another.
e. It is semirigid.

104 CHAPTER 5 | CELLS: THE WORKING UNITS OF LIFE

SELF-QUIZ 

FOR DISCUSSION 

ADDITIONAL INVESTIGATION 

1. The drug vincristine is used to treat many cancers. It appar-
ently works by causing microtubules to depolymerize.
Vincristine use has many side effects, including loss of divid-
ing cells and nerve problems. Explain why this might be so.

2. Through how many membranes would a molecule have to
pass in moving from the interior (stroma) of a chloroplast to
the interior (matrix) of a mitochondrion? From the interior 
of a lysosome to the outside of a cell? From one ribosome to
another?

3. How does the possession of double membranes by chloro-
plasts and mitochondria relate to the endosymbiosis theory
of the origins of these organelles? What other evidence sup-
ports the theory?

4. Compare the extracellular matrix of the animal cell with the
plant cell wall, with respect to composition of the fibrous and
nonfibrous components, rigidity, and connectivity of cells.

The pathway of newly synthesized proteins can be followed
through the cell using a •pulse-chaseŽ experiment. During syn-
thesis, proteins are tagged with a radioactive isotope (the
•pulseŽ), and then the cell is allowed to process the proteins for
varying periods of time. The locations of the radioactive pro-

teins are then determined by isolating cell organelles and quan-
tifying their radioactivity. How would you use this method, and
what results would you expect for (a) a lysosomal enzyme and
(b) a protein that is released from the cell?



6
James noticed the changes in his grandfather when he

was home from college for the winter holiday. He and
grandpa John had always joked about grandpa JohnÕs

missing keys and glasses; the old man, who had lived with
JamesÕ family since his wife died, was forever searching
for them. Now the memory lapses had become more pro-
nounced. When James introduced his new girlfriend to
the family, he was relieved (as was she) when she was
welcomed with open arms. But an hour later, grandpa
John just stared at her, unable to remember who she was.
By the time James came home for the summer, his grand-
father had become withdrawn; he could no longer talk
about current events, and often he became confused and
lashed out in anger.

JamesÕ grandfather had AlzheimerÕs disease. This condi-
tion is most common in (but not limited to) the elderly, and
as more people today are living to advanced ages, more
and more AlzhiemerÕs cases are diagnosed. But the symp-
toms are not new to human experience or to medicine. The
condition was first recognized as a disease in 1901. That
year, the family of 51-year-old Frau Auguste D. brought her
to Dr. Alois Alzheimer at the Frankfurt hospital in Germany.
She had severe memory lapses, accused her husband of in-
fidelity, and had difficulty communicating. These symp-
toms got worse before she died several years later. When
Alzheimer autopsied her brain, he saw that the parts of the
brain that are important in thought and speech were
shrunken. Moreover, when he examined these areas

through the microscope he saw abnormal pro-
tein deposits in and around the brain cells.

In the century since AlzheimerÕs original case,
cell biologists have investigated the nature of
these abnormal deposits, now known as
plaques. It turns out that the key events that pro-
duce plaques take place in the plasma mem-
brane of nerve cells in the brain. Plaques are
clumps of the protein amyloid beta, which at
high levels is toxic to brain cells. Amyloid beta is
a small piece of a larger amyloid precursor pro-
tein (APP), which is embedded in the nerve cell
plasma membrane; APP is cut twice by two
other membrane proteins, � -secretase and
� -secretase, to produce amyloid beta, which is
released from the membrane to fall outside of
the cell. All these proteins are present in a vari-
ety of animal cells and have multiple important

Membranes and memory

Dr. Alzheimer•s Patient Frau Auguste D., who
died in 1906, was the first patient described with 
progressive dementia by Dr. Alois Alzheimer.



What Is the Structure of a 6.1 Biological Membrane?

The physical organization and functioning of all biological mem-
branes depend on their constituents: lipids, proteins, and carbo-
hydrates. You are already familiar with these molecules from
Chapter 3; it may be useful to review that chapter now. The lipids
establish the physical integrity of the membrane and create an
effective barrier to the rapid passage of hydrophilic materials
such as water and ions. In addition, the phospholipid bilayer
serves as a lipid •lakeŽ in which a variety of proteins •floatŽ ( Fig-
ure 6.1). This general design is known as the fluid mosaic model .

In the fluid mosaic model for biological membranes, the pro-
teins are noncovalently embedded in the phospholipid bilayer
by their hydrophobic regions (or domains), but their hydrophilic
domains are exposed to the watery conditions on either side
of the bilayer. These membrane proteins have a number of func-
tions, including moving materials through the membrane and
receiving chemical signals from the cell•s external environment.
Each membrane has a set of proteins suitable for the specialized
functions of the cell or organelle it surrounds.

The carbohydrates associated with membranes are attached
either to the lipids or to protein molecules. In plasma mem-
branes, carbohydrates are located on the outside of the cell,
where they may interact with substances in the external envi-
ronment. Like some of the membrane proteins, carbohydrates
are crucial in recognizing specific molecules, such as those on
the surfaces of adjacent cells.

Although the fluid mosaic model is largely valid for mem-
brane structure, it does not say much about membrane com-
position. As you read about the different molecules in mem-
branes in the next sections, keep in mind that some membranes
have more protein than lipids, others are lipid-rich, others have
significant amounts of cholesterol or other sterols, and still oth-
ers are rich in carbohydrates.

Lipids form the hydrophobic core of the membrane

The lipids in biological membranes are usually phospholipids.
Recall from Section 2.2 that some compounds are hydrophilic
(•water-lovingŽ) and others are hydrophobic (•water-hatingŽ),
and from Section 3.4 that a phospholipid molecule has regions
of both kinds:

IN THIS CHAPTER we focus on the structure and func-
tions of biological membranes. First we describe the com-
position and structure of biological membranes. We go on
to discuss their functionsÑhow membranes are involved
in intercellular interactions, and how membranes regulate
which substances enter and leave the cell.

roles in the dynamic cell membrane; they may even be
essential for normal nervous system development and
function.

So what goes wrong in AlzheimerÕs disease? Cells in
the diseased brain might be producing too much amy-
loid beta (e.g., because �-secretase is too active) or pro-
ducing it at the wrong time (e.g., in old age instead of in-
fancy). One form of the disease is caused by a mutant
form of � -secretase, which has a tendency to cut APP in
the ÒwrongÓ place, thereby producing a particularly toxic
form of amyloid beta. Because of their role in producing
plaques, APP and �-secretase are potential targets for
AlzheimerÕs disease therapies.

Learning how membranes are made and how they
work has been a key to understanding, and perhaps
treating, this increasingly prevalent disease.

CHAPTER OUTLINE
6.1 What Is the Structure of a Biological Membrane?

6.2 How Is the Plasma Membrane Involved in Cell
Adhesion and Recognition?

6.3 What Are the Passive Processes of Membrane
Transport?

6.4 What are the Active Processes of Membrane
Transport?

6.5 How Do Large Molecules Enter and Leave a Cell?

6.6 What Are Some Other Functions of Membranes?

Plaques in the Brain At autopsy, the brain of an
Alzheimer•s disease patient accumulates plaques (dark fibers
in this micrograph) composed of protein fragments produced
by an enzyme in the nerve cell membrane.



€ Hydrophilic regions: The phosphorus-containing
•headŽ of the phospholipid is electrically
charged and therefore associates with polar 
water molecules.

€ Hydrophobic regions: The long, nonpolar fatty acid
•tailsŽ of the phospholipid associate with other
nonpolar materials, but they do not dissolve in
water or associate with hydrophilic substances.

Because of these properties, one way in which phos-
pholipids can coexist with water is to form a bilayer,
with the fatty acid •tailsŽ of the two layers interact-
ing with each other and the polar •headsŽ facing the
outside aqueous environment (Figure 6.2 ). The thick-
ness of a biological membrane is about 8 nm (0.008
µm), which is twice the length of a typical phospho-
lipid„another indication that the membrane consists
of a lipid bilayer. This thickness is about 8,000 times
thinner than a piece of paper.

Carbohydrates are attached 
to the outer surface of proteins
(forming glycoproteins) or lipids 
(forming glycolipids).

In animal cells, some 
membrane proteins 
associate with filaments
in the extracellular matrix.

Peripheral membrane
proteins do not penetrate
the bilayer at all.

Some membrane 
proteins interact with the 
interior cytoskeleton.

Cholesterol molecules interspersed 
among phospholipid tails in the
bilayer influence the fluidity of
fatty acids in the membrane.

Some integral proteins 
cross the entire phospholipid
bilayer; others penetrate only
partially into the bilayer.

Phospholipid
bilayer

Outside of cell

Inside of cell

6.1 The Fluid Mosaic Model The general molecular structure of bio-
logical membranes is a continuous phospholipid bilayer which has pro-
teins embedded in or associated with it.

GO TO Web Activity 6.1 ¥ The Fluid-Mosaic Model

yourBioPortal.com

The nonpolar, hydrophobic fatty 
acid •tailsŽ interact with one 
another in the interior of the bilayer.

The charged, or polar, 
hydrophilic •headŽ portions 
interact with polar water.

Aqueous environment

Aqueous environment

6.2 A Phospholipid Bilayer The phospholipid bilayer separates 
two aqueous regions. The eight phospholipid molecules shown on 
the right represent a small cross section of a membrane bilayer.



In the laboratory, it is easy to make artificial bilayers with the
same organization as natural membranes. Small holes in such
bilayers seal themselves spontaneously. This capacity of lipids
to associate with one another and maintain a bilayer organiza-
tion helps biological membranes to fuse during vesicle forma-
tion, phagocytosis, and related processes.

All biological membranes have a similar structure, but dif-
fer in the kinds of proteins and lipids they contain. Membranes
from different cells or organelles may differ greatly in their lipid
composition. Not only are phospholipids highly variable, but a
significant proportion of the lipid content in an animal cell
membrane may be cholesterol.

Phospholipids can differ in terms of fatty acid chain length
(number of carbon atoms), degree of unsaturation (double
bonds) in the fatty acids, and the polar (phosphate-containing)
groups present. The most common fatty acids with their chain
length and degree of unsaturation are:

€ Palmitic: C14, no double bonds, saturated

€ Palmitoleic: C16, one double bond

€ Stearic: C18, no double bonds, saturated

€ Oleic: C18, one double bond

€ Linoleic: C18, two double bonds

€ Linolenic: C18, three double bonds

The saturated fatty acid chains allow close packing of fatty
acids in the bilayer, while the •kinksŽ in unsaturated fatty acids
(see Figure 3.19) make for a less dense, more fluid packing.
These less-dense membranes in animal cells can accommodate
cholesterol molecules.

Up to 25 percent of the lipid content of an animal cell plasma
membrane may be cholesterol. When present, cholesterol is im-
portant for membrane integrity; the cholesterol in your mem-
branes is not hazardous to your health. A molecule of choles-
terol is usually situated next to an unsaturated fatty acid.

The phospholipid bilayer stabilizes the entire membrane
structure, but leaves it flexible. The fatty acids of the phospho-
lipids make the hydrophobic interior of the membrane some-
what fluid„about as fluid as lightweight machine oil. This flu-
idity permits some molecules to move laterally within the plane
of the membrane. A given phospholipid molecule in the plasma
membrane can travel from one end of the cell to the other in a
little more than a second! On the other hand, seldom does a
phospholipid molecule in one half of the bilayer spontaneously
flip over to the other side. For that to happen, the polar part of
the molecule would have to move through the hydrophobic in-
terior of the membrane. Since spontaneous phospholipid flip-
flops are rare, the inner and outer halves of the bilayer may be
quite different in the kinds of phospholipids they contain.

The fluidity of a membrane is affected by its lipid composi-
tion and by its temperature. Long-chain, saturated fatty acids
pack tightly beside one another, with little room for movement.
Cholesterol interacts hydrophobically with the fatty acid chains.
A membrane with these components is less fluid than one with
shorter-chain fatty acids, unsaturated fatty acids, or less choles-
terol. Adequate membrane fluidity is essential for many of the

functions we will describe in this chapter. Because molecules
move more slowly and fluidity decreases at reduced tempera-
tures, membrane functions may decline under cold conditions
in organisms that cannot keep their bodies warm. To address
this problem, some organisms simply change the lipid compo-
sition of their membranes when they get cold, replacing satu-
rated with unsaturated fatty acids and using fatty acids with
shorter tails. These changes play a role in the survival of plants,
bacteria, and hibernating animals during the winter.

Membrane proteins are asymmetrically distributed

All biological membranes contain proteins. Typically, plasma
membranes have one protein molecule for every 25 phospho-
lipid molecules. This ratio varies depending on membrane func-
tion. In the inner membrane of the mitochondrion, which is spe-
cialized for energy processing, there is one protein for every
15 lipids. On the other hand, myelin„a membrane that encloses
portions of some neurons (nerve cells) and acts as an electrical
insulator„has only one protein for every 70 lipids.

There are two general types of membrane proteins: periph-
eral proteins and integral proteins.

Peripheral membrane proteins lack exposed hydrophobic
groups and are not embedded in the bilayer. Instead, they have
polar or charged regions that interact with exposed parts of
integral membrane proteins, or with the polar heads of phos-
pholipid molecules (see Figure 6.1).

Integral membrane proteins are at least partly embedded in
the phospholipid bilayer (see Figure 6.1). Like phospholipids,
these proteins have both hydrophilic and hydrophobic regions
(Figure 6.3 ).

€ Hydrophilic domains: Stretches of amino acids with hydro-
philic side chains (see Table 3.1) give certain regions of the

Hydrophilic R groups (side 
chains) in exposed parts 
of the protein interact with 
aqueous environments.

Hydrophobic R groups 
interact with the hydrophobic 
core of the membrane, away 
from water.

Hydrophobic
interior 
of bilayer

Outside of cell
(aqueous)

Inside of cell
(aqueous)

6.3 Interactions of Integral Membrane Proteins An integral mem-
brane protein is held in the membrane by the distribution of the hydro-
philic and hydrophobic side chains on its amino acids. The hydrophilic
parts of the protein extend into the aqueous cell exterior and the internal
cytoplasm. The hydrophobic side chains interact with the hydrophobic
lipid core of the membrane.
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protein a polar character. These hydrophilic do-
mains interact with water and stick out into the
aqueous environment inside or outside the cell.

€ Hydrophobic domains: Stretches of amino acids with
hydrophobic side chains give other regions of the
protein a nonpolar character. These domains inter-
act with the fatty acids in the interior of the phos-
pholipid bilayer, away from water.

Aspecial preparation method for electron microscopy,
called freeze-fracturing , reveals proteins that are embed-
ded in the phospholipid bilayers of cellular membranes
(Figure 6.4 ). When the two lipid leaflets (or layers) that
make up the bilayer are separated, the proteins can be
seen as bumps that protrude from the interior of each
membrane. The bumps are not observed when artificial
bilayers of pure lipid are freeze-fractured.

According to the fluid mosaic model, the proteins
and lipids in a membrane are somewhat independent
of each other and interact only noncovalently. The po-
lar ends of proteins can interact with the polar ends of
lipids, and the nonpolar regions of both molecules can
interact hydrophobically.

However, some membrane proteins have fatty acids
or other lipid groups covalently attached to them. Pro-
teins in this subgroup of integral membrane proteins
are referred to as anchored membrane proteins, because
their hydrophobic lipid components allow them to in-
sert themselves into the phospholipid bilayer.

Proteins are asymmetrically distributed on the inner
and outer surfaces of membranes. An integral protein
that extends all the way through the phospholipid bi-
layer and protrudes on both sides is known as a trans-
membrane protein . In addition to one or more transmem-
brane domainsthat extend through the bilayer, such a
protein may have domains with other specific functions
on the inner and outer sides of the membrane. Periph-
eral membrane proteins are localized on one side of the
membrane or the other. This asymmetrical arrangement
of membrane proteins gives the two surfaces of the membrane
different properties. As we will soon see, these differences have
great functional significance.

Like lipids, some membrane proteins move around relatively
freely within the phospholipid bilayer. Experiments that involve
the technique of cell fusion illustrate this migration dramatically.
When two cells are fused, a single continuous membrane forms
and surrounds both cells, and some proteins from each cell dis-
tribute themselves uniformly around this membrane ( Figure 6.5 ).

Although some proteins are free to migrate in the membrane,
others are not, but rather appear to be •anchoredŽ to a specific
region of the membrane. These membrane regions are like a cor-
ral of horses on a farm: the horses are free to move around within
the fenced area, but not outside it. An example is the protein in
the plasma membrane of a muscle cell that recognizes a chemi-
cal signal from a neuron. This protein is normally found only
at the specific region where the neuron meets the muscle cell.

Proteins inside the cell can restrict the movement of proteins
within a membrane. The cytoskeleton may have components
just below the inner face of the membrane that are attached to
membrane proteins protruding into the cytoplasm. The stabil-
ity of the cytoskeletal components may thus restrict movement
of attached membrane proteins.

Membranes are constantly changing

Membranes in eukaryotic cells are constantly forming, trans-
forming from one type to another, fusing with one another, and
breaking down. As we discuss in Chapter 5, fragments of mem-
brane move, in the form of vesicles, from the endoplasmic retic-
ulum (ER) to the Golgi, and from the Golgi to the plasma mem-
brane (see Figure 5.10). Secondary lysosomes form when
primary lysosomes from the Golgi fuse with phagosomes from
the plasma membrane (see Figure 5.11).

TOOLS FOR INVESTIGATING LIFE

Frozen tissue is fractured with 
a diamond or glass knife.

Cell frozen in ice

1

Fracturing causes one half 
of the membrane to separate 
from the other along the weak 
hydrophobic interfaces.

2

6.4  Membrane Proteins Revealed by the Freeze-Fracture Technique
This HeLa cell (a human cell) membrane was first frozen to immobilize the 
lipids and proteins, and then fractured so that the bilayer was split open.

Proteins sticking out of 
the fractured membrane 
must have been 
embedded in the bilayer. 

0.1 µm
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Because all membranes appear similar under the electron mi-
croscope, and because they interconvert readily, we might ex-
pect all subcellular membranes to be chemically identical. How-
ever, that is not the case, for there are major chemical differences
among the membranes of even a single cell. Membranes are
changed chemically when they form parts of certain organelles.
In the Golgi apparatus, for example, the membranes of the cis
face closely resemble those of the endoplasmic reticulum in
chemical composition, but those of the transface are more sim-
ilar to the plasma membrane.

Plasma membrane carbohydrates are recognition sites

In addition to lipids and proteins, the plasma membrane con-
tains carbohydrates. The carbohydrates are located on the outer

surface of the plasma membrane and serve as recognition sites
for other cells and molecules, as you will see in Section 6.2.

Membrane-associated carbohydrates may be covalently
bonded to lipids or to proteins:

€ A glycolipid consists of a carbohydrate covalently bonded
to a lipid. Extending outside the cell surface, the carbohy-
drate may serve as a recognition signal for interactions be-
tween cells. For example, the carbohydrates on some gly-
colipids change when cells become cancerous. This change
may allow white blood cells to target cancer cells for 
destruction.

€ A glycoprotein consists of a carbohydrate covalently
bonded to a protein. The bound carbohydrate is an
oligosaccharide, usually not exceeding 15 monosaccharide
units in length (see Section 3.3). The oligosaccharides of
glycoproteins often function as signaling sites, as do the
carbohydrates attached to glycolipids.

The •alphabetŽ of monosaccharides on the outer surfaces of
membranes can generate a large diversity of messages. Recall
from Section 3.3 that sugar molecules consist of three to seven
carbons that are attached at different sites to one another. They
may form linear or branched oligosaccharides with many dif-
ferent three-dimensional shapes. An oligosaccharide of a spe-
cific shape on one cell can bind to a complementary shape on
an adjacent cell. This binding is the basis of cell…cell adhesion.

6.1 RECAP
The fluid mosaic model applies to both the plasma
membrane and the membranes of organelles. An in-
tegral membrane protein has both hydrophilic and
hydrophobic domains, which affect its position and
function in the membrane. Carbohydrates that at-
tach to lipids and proteins on the outside of the
membrane serve as recognition sites.

€ What are some of the features of the fluid mosaic
model of biological membranes? 
See p. 106

€ Explain how the hydrophobic and hydrophilic 
regions of phospholipids cause a membrane bilayer to
form. See Figures 6.1 and 6.2

€ What differentiates an integral protein from a periph-
eral protein? See p. 108 and Figure 6.1

€ What is the experimental evidence that membrane
proteins can diffuse in the plane of the membrane?
See pp. 109Ð110 and Figure 6.5

Now that you understand the structure of biological mem-
branes, let•s see how their components function. In the next sec-
tion we•ll focus on the membrane that surrounds individual
cells: the plasma membrane. We•ll look at how the plasma mem-
brane allows individual cells to be grouped together into mul-
ticellular systems of tissues.

CONCLUSION

INVESTIGATING LIFE
6.5  Rapid Diffusion of Membrane Proteins

Two animal cells can be fused together in the laboratory, 
forming a single large cell (heterokaryon). This phenomenon 
was used to test whether membrane proteins can diffuse 
independently in the plane of the plasma membrane.

HYPOTHESIS   Proteins embedded in a membrane can 
 diffuse freely within the membrane.

 Membrane proteins can diffuse rapidly in the
 plane of the membrane.

Go to yourBioPortal.com for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 

METHOD

RESULTS

Initially, the mouse and 
human membrane proteins 
are on different sides of 
the heterokaryon.

3 After 40 minutes, the 
mouse and human 
membrane proteins 
are intermixed.

1 The cells are fused together 
to create a heterokaryon.

The mouse cell 
has a membrane
protein that can be
labeled with a 
green dye.

The human cell 
has a membrane
protein that can 
be labeled with a 
red dye.
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Mouse cell Human cell
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proteins



How Is the Plasma Membrane Involved 6.2 in Cell Adhesion and Recognition?

Some organisms, such as bacteria, are unicellular; that is, the en-
tire organism is a single cell. Others, such as plants and animals,
are multicellular„composed of many cells. Often these cells ex-
ist in specialized groups with similar functions, called tissues.
Your body has about 60 trillion cells, arranged in different kinds
of tissues (such as muscle, nerve, and epithelium).

Two processes allow cells to arrange themselves in groups:

€ Cell recognition , in which one cell specifically binds to an-
other cell of a certain type

€ Cell adhesion , in which the connection between the two
cells is strengthened

Both processes involve the plasma membrane. They are most
easily studied if a tissue is separated into its individual cells,
which are then allowed to adhere to one another again. Simple
organisms provide a good model for studying processes that
also occur in the complex tissues of larger species. Studies of
sponges, for example, have revealed how cells associate with
one another.

A sponge is a multicellular marine animal with a simple
body plan that consists of only a few distinct tissues (see Sec-
tion 31.5). The cells of a sponge adhere to one another, but can
be separated mechanically by passing the animal several times
through a fine wire screen (Figure 6.6 ). Through this process,
what was a single animal becomes hundreds of individual cells
suspended in seawater. Remarkably, if the cell suspension is
shaken for a few hours, the cells bump into one another and
stick together in the same shape and organization as the origi-
nal sponge! The cells recognize and adhere to one another, and
re-form the original tissues.

There are many different species of sponges. If disaggregated
sponge cells from two different species are placed in the same
container and shaken, individual cells will stick only to other
cells of the same species. Two different sponges form, just like
the ones at the start of the experiment. This demonstrates not
just adhesion, but species-specific cell recognition.

Such tissue-specific and species-specific cell recognition and
cell adhesion are essential to the formation and maintenance of
tissues and multicellular organisms. Think of your own body.
What keeps muscle cells bound to muscle cells and skin to skin?
Specific cell adhesion is so obvious a characteristic of complex
organisms that it is easy to overlook. You will see many exam-
ples of specific cell adhesion throughout this book; here, we de-
scribe its general principles. As you will see, cell recognition and
cell adhesion depend on plasma membrane proteins.

Cell recognition and cell adhesion involve proteins 
at the cell surface

The molecule responsible for cell recognition and adhesion in
sponges is a huge integral membrane glycoprotein (which is 80
percent carbohydrate by molecular weight) that is partly em-
bedded in the plasma membrane, with the carbohydrate part
sticking out and exposed to the environment (and to other

sponge cells). As we describe in Section 3.2, a protein not only
has a specific shape, but also has specific chemical groups ex-
posed on its surface where they can interact with other sub-
stances, including other proteins. Both of these features allow
binding to other specific molecules. The cells of the disaggre-
gated sponge in Figure 6.6 find one another again through the
recognition of exposed chemical groups on their membrane gly-
coproteins. Adhesion proteins are not restricted to animal cells.
In most plant cells, the plasma membrane is covered with a
thick cell wall, but this structure also has adhesion proteins that
allow cells to bind to one another.

In most cases, the binding of cells in a tissue is homotypic ; that
is, the same molecule sticks out of both cells, and the exposed sur-
faces bind to each other. But heterotypic binding (of cells with
different proteins) can also occur. In this case, different chemical
groups on different surface molecules have an affinity for one an-
other. For example, when the mammalian sperm meets the egg,
different proteins on the two types of cells have complementary
binding surfaces. Similarly, some algae form male and female re-
productive cells (analogous to sperm and eggs) that have flagella
to propel them toward each other. Male and female cells can
recognize each other by heterotypic proteins on their flagella.

Three types of cell junctions connect 
adjacent cells

In a complex multicellular organism, cell recognition proteins
allow specific types of cells to bind to one another. Often, after

3 Exposed regions 
of membrane
glycoproteins
bind to each 
other, causing 
cells to adhere.

4 A new sponge 
forms.

The sponge tissue can be 
separated into single cells 
by passing it through a fine
mesh screen.

Tissue from a red sponge 
contains similar cells bound 
to each other.

2

1

6.6 Cell Recognition and Adhesion In most cases (including the
aggregation of animal cells into tissues), protein binding is homotypic.
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the initial binding, both cells contribute material to form addi-
tional membrane structures that connect them to one another.
These specialized structures, called cell junctions , are most ev-
ident in electron micrographs of epithelial tissues, which are lay-
ers of cells that line body cavities or cover body surfaces. These
surfaces often receive stresses, or must retain contents under

pressure, or both, so it is particularly important that
their cells adhere tightly. We will examine three
types of cell junctions that enable animal cells to seal
intercellular spaces, reinforce attachments to one
another, and communicate with each other. Tight
junctions, desmosomes, and gap junctions, respec-
tively, perform these three functions.

TIGHT JUNCTIONS SEAL TISSUES Tight junctions are
specialized structures that link adjacent epithelial
cells, and they result from the mutual binding of
specific proteins in the plasma membranes of the
cells. These proteins are arrayed in bands so that
they form a series of joints encircling each cell (Fig-
ure 6.7A). Tight junctions are found in the lining of
lumens (cavities) in organs such as the stomach and
intestine. They have two major functions:

€ They prevent substances from moving from the lumen
through the spaces between cells. For example, the pres-
ence of tight junctions means that substances must pass
through, rather than between, the epithelial cells that form

6.7 Junctions Link Animal Cells Together Tight junc-
tions (A) and desmosomes (B) are abundant in epithelial tis-
sues. Gap junctions (C) are also found in some muscle and
nerve tissues, in which rapid communication between cells
is important. Although all three junction types are shown in
the cell at the right, all three are not necessarily seen at the
same time in actual cells.

GO TO Web Activity 6.2 ¥ Animal Cell Junctions

yourBioPortal.com



the lining of the digestive tract. In another example, the 
cells lining the bladder have tight junctions so urine cannot
leak out into the body cavity. Thus, tight junctions help to
establish cellular control over what enters and leaves the
body.

€ They define specific functional regions of membranes by re-
stricting the migration of membrane proteins and phospho-
lipids from one region of the cell to another. Thus the mem-
brane proteins and phospholipids in the apical (•tipŽ)
region of an intestinal epithelial cell (facing the lumen) are
different from those in the basolateral (basal, •bottomŽ; lat-
eral, •sideŽ) regions of the cell (facing the body cavity or
blood capillary outside the lumen).

By forcing materials to enter certain cells, and by allowing dif-
ferent areas of the same cell to have different membrane proteins
with different functions, tight junctions in the digestive tract help
ensure the directional movement of materials into the body.

DESMOSOMES HOLD CELLS TOGETHER Desmosomes connect ad-
jacent plasma membranes. Desmosomes hold neighboring cells
firmly together, acting like spot welds or rivets ( Figure 6.7B ). Each
desmosome has a dense structure called a plaque on the cytoplas-
mic side of the plasma membrane. To this plaque are attached
special cell adhesion molecules that stretch from the plaque
through the plasma membrane of one cell, across the intercellu-
lar space, and through the plasma membrane of the adjacent cell,
where they bind to the plaque proteins in that adjacent cell.

The plaque is also attached to fibers in the cytoplasm. These
fibers, which are intermediate filaments of the cytoskeleton
(see Figure 5.18), are made of a protein called keratin. They
stretch from one cytoplasmic plaque across the cell to another
plaque on the other side of the cell. Anchored thus on both
sides of the cell, these extremely strong fibers provide great
mechanical stability to epithelial tissues. This stability is
needed for these tissues, which often receive rough wear while
protecting the integrity of the organism•s body surface, or
the surface of an organ.

GAP JUNCTIONS ARE A MEANS OF COMMUNICATION Whereas tight
junctions and desmosomes have mechanical roles, gap junctions
facilitate communication between cells. Each gap junction is
made up of specialized channel proteins, called connexins, which
interact to form a structure (called a connexon) that spans the
plasma membranes of adjacent cells and the intercellular space
between them (Figure 6.7C ). Water, dissolved small molecules,
and ions can pass from cell to cell through these junctions. This
allows groups of cells to coordinate their activities. In Chapter
7 we discuss cell communication and signaling, and in that
chapter we describe in more detail the roles of gap junctions
and plasmodesmata, which perform a similar role in plants.

Cell membranes adhere to the extracellular matrix

In Section 5.4 we describe the extracellular matrix of animal
cells, which is composed of collagen protein arranged in fibers

in a gelatinous matrix of proteoglycans. The attachment of a cell
to the extracellular matrix is important in maintaining the in-
tegrity of a tissue. In addition, some cells can detach from their
neighbors, move, and attach to other cells; this is often medi-
ated by interactions with the extracellular matrix.

A transmembrane protein called integrin often mediates the
attachment of epithelial cells to the extracellular matrix ( Figure
6.8). More than 24 different integrins have been described in hu-
man cells. All of them bind to a protein in the extracellular ma-
trix on the outside of the cell, and to actin filaments, which are
part of the cytoskeleton, on the inside of the cell. So, in addition
to adhesion, integrin has a role in maintaining cell structure via
its interaction with the cytoskeleton.

The binding of integrin to the extracellular matrix is nonco-
valent and reversible. When a cell moves its location within a
tissue or organism, the first step is detachment of the cell•s in-
tegrin from the matrix. The integrin protein changes its three-
dimensional structure and no longer maintains its link to the
matrix. These events are important for cell movement within
the developing embryo, and for the spread of cancer cells.

Integrin has binding sites for the 
cell cytoskeleton and for the 
extracellular matrix; the cell is 
bound to the matrix.

When integrin•s three-dimensional 
structure changes, it cannot bind 
to the extracellular matrix and
the cell detaches.

Inside of cell

Actin  

Inside of cell

Outside of cell

Outside of cell

Extracellular matrix

Integrin

6.8 Integrins Mediate the Attachment of Animal Cells to the
Extracellular Matrix
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6.2 RECAP
In multicellular organisms, cells arrange themselves
in groups by two processes: cell recognition and cell
adhesion. Both processes are mediated by integral
proteins in the plasma membrane. Cell membrane
proteins also interact with the extracellular matrix.

€ Describe the difference between cell recognition and
cell adhesion. See p. 111

€ How do the three types of cell junctions regulate the
passage of materials between cells and through the
intercellular space? See pp. 111Ð113 and Figure 6.7

We have just examined how the plasma membrane structure ac-
commodates the binding and maintenance of cell adhesion. We
turn now to another major function of membranes: regulating
the substances that enter or leave a cell or organelle.

What Are the Passive Processes of 6.3 Membrane Transport?

As you have already learned, biological membranes have many
functions, and control of the cell•s internal composition is one
of the most significant. Biological membranes allow some sub-
stances, but not others, to pass through them. This characteris-
tic of membranes is called selective permeability . Selective per-
meability allows the membrane to determine what substances
enter or leave a cell or organelle.

There are two fundamentally different processes by which
substances cross biological membranes:

€ The processes of passive transport do not require any input
of outside energy to drive them (no metabolic energy).

€ The processes of active transport require the input of chem-
ical energy from an outside source (metabolic energy).

This section focuses on the passive processes by which sub-
stances cross membranes. The energy for the passive transport
of a substance is found in the difference between its concentra-
tion on one side of the membrane and its concentration on the
other. Passive transport processes include two types of diffu-
sion: simple diffusion through the phospholipid bilayer, and fa-
cilitated diffusion through channel proteinsor by means of car-
rier proteins.

Diffusion is the process of random movement 
toward a state of equilibrium

Nothing in this world is ever absolutely at rest. Everything is in
motion, although the motions may be very small. An important
consequence of all this random vibration, rotation and translo-
cation (moving from one location to another) of molecules is
that all the components of a solution tend eventually to become
evenly distributed. For example, if a drop of ink is allowed to

fall into a container of water, the pigment molecules of the ink
are initially very concentrated. Without human intervention,
such as stirring, the pigment molecules move about at random,
spreading slowly through the water until eventually the con-
centration of pigment„and thus the intensity of color„is ex-
actly the same in every drop of liquid in the container.

A solution in which the solute particles are uniformly dis-
tributed is said to be at equilibriumbecause there will be no fu-
ture net change in their concentration. Equilibrium does not
mean that the particles have stopped moving; it just means that
they are moving in such a way that their overall distribution
does not change.

Diffusion is the process of random movement toward a state
of equilibrium. Although the motion of each individual parti-
cle is absolutely random, the net movement of particles is di-
rectional until equilibrium is reached. Diffusion is thus a net
movement from regions of greater concentration to regions of
lesser concentration (Figure 6.9 ).

In a complex solution (one with many different solutes),
the diffusion of each solute is independent of those of the oth-
ers. How fast a substance diffuses depends on three factors:

€ The diameterof the molecules or ions: smaller molecules dif-
fuse faster.

€ The temperatureof the solution: higher temperatures lead to
faster diffusion because ions or molecules have more en-
ergy, and thus move more rapidly, at higher temperatures.

€ The concentration gradientin the system„that is, the change
in solute concentration with distance in a given direction:
the greater the concentration gradient, the more rapidly a
substance diffuses.

We•ll see how these factors influence membrane transport in
the detailed discussions that follow.

DIFFUSION WITHIN CELLS AND TISSUES Within cells, or wherever
distances are very short, solutes distribute themselves rapidly
by diffusion. Small molecules and ions may move from one end
of an organelle to another in a millisecond (10…3s, or one-thou-
sandth of a second). However, the usefulness of diffusion as a
transport mechanism declines drastically as distances become
greater. In the absence of mechanical stirring, diffusion across
more than a centimeter may take an hour or more, and diffu-
sion across meters may take years! Diffusion would not be ad-
equate to distribute materials over the length of a human body,
much less that of a larger organism. But within our cells or
across layers of one or two cells, diffusion is rapid enough to
distribute small molecules and ions almost instantaneously.

DIFFUSION ACROSS MEMBRANES In a solution without barriers,
all the solutes diffuse at rates determined by temperature, their
physical properties, and their concentration gradients. If a bio-
logical membrane divides the solution into separate compart-
ments, then the movement of the different solutes can be af-
fected by the properties of the membrane. The membrane is said
to be permeableto solutes that can cross it more or less easily, but
impermeableto substances that cannot move across it.
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Molecules to which the membrane is impermeable remain
in separate compartments, and their concentrations may be dif-
ferent on the two sides of the membrane. Molecules to which
the membrane is permeable diffuse from one compartment to
the other until their concentrations are equal on both sides of
the membrane. When the concentrations of a diffusing sub-
stance on the two sides of the permeable membrane are identi-
cal, equilibrium is reached. Individual molecules continue to
pass through the membrane after equilibrium is established, but
equal numbers of molecules move in each direction, soat equi-
librium there is no net change in concentration.

Simple diffusion takes place through the 
phospholipid bilayer

In simple diffusion , small molecules pass through the phospho-
lipid bilayer of the membrane. Amolecule that is itself hydropho-
bic, and is therefore soluble in lipids, enters the membrane read-
ily and is able to pass through it. The more lipid-soluble the
molecule is, the more rapidly it diffuses through the membrane
bilayer. This statement holds true over a wide range of molecu-
lar weights.

On the other hand, electrically charged or polar molecules,
such as amino acids, sugars, and ions, do not pass readily
through a membrane for two reasons. First, such charged or po-
lar molecules are not very soluble in the hydrophobic interior
of the bilayer. Second, such charged and polar substances form
many hydrogen bonds with water and ions in the aqueous en-
vironment, be it the cytoplasm or the cell exterior. The multi-
plicity of these hydrogen bonds prevent the substances from
moving into the hydrophobic interior of the membrane.

Consider two molecules: a small protein made up of a few
polar amino acids, and a cholesterol-based steroid of equivalent
size. If a membrane separates high and low concentrations of
these substances, the protein, being polar, will diffuse only very

slowly through the membrane, while the nonpolar steroid will
diffuse through it readily.

Osmosis is the diffusion of water across membranes

Water molecules pass through specialized channels in mem-
branes (see below) by a diffusion process called osmosis . This
completely passive process uses no metabolic energy and can be
understood in terms of solute concentrations. Recall that a solute
dissolves in a solvent and the solute•s constituents are dispersed
throughout the solution. Osmosis depends on the numberof
solute particles present, not on the kindsof particles. We will de-
scribe osmosis using red blood cells and plant cells as examples.
In these examples, the plasma membranes are considered to be
permeable to water and impermeable to most solutes.

Red blood cells are normally suspended in a fluid called
plasma, which contains salts, proteins, and other solutes. Exam-
ining a drop of blood under the light microscope reveals that
these red cells have a characteristic flattened disk shape with a
depressed center, sometimes called •biconcave.Ž If pure water
is added to the drop of blood, drastically reducing the solute
concentration of the plasma, the red cells quickly swell and
burst. Similarly, if slightly wilted lettuce is placed in pure wa-
ter, it soon becomes crisp; by weighing it before and after, we
can show that it has taken up water. If, on the other hand, red
blood cells or crisp lettuce leaves are placed in a relatively con-
centrated solution of salt or sugar, the leaves become limp (they
wilt), and the red blood cells pucker and shrink.

From such observations we know that the difference in solute
concentration between a cell and its surrounding environment
determines whether water will move from the environment into
the cell or out of the cell into the environment. Other things
being equal, if two different solutions are separated by a mem-
brane that allows water, but not solutes, to pass through, water
molecules will move across the membrane toward the solu-

Add equal amounts of 
three dyes to still water 
in a shallow container.

Sample different regions 
of the solution and 
measure the amount of 
each colored dye.

The number and 
position of molecules 
of each dye can 
be rendered visually.
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6.9 Diffusion Leads to Uniform
Distribution of Solutes A sim-
ple experiment demonstrates that
solutes move from regions of
greater concentration to regions
of lesser concentration until equi-
librium is reached.



tion with a higher solute concentration. In other words, water
will diffuse from a region of its higher concentration (with a
lower concentration of solutes) to a region of its lower concen-
tration (with a higher concentration of solutes).

Three terms are used to compare the solute concentrations
of two solutions separated by a membrane:

€ A hypertonic solution has a higher solute concentration
than the other solution with which it is being compared
(Figure 6.10A ).

€ Isotonic solutions have equal solute concentrations (Figure
6.10B).

€ A hypotonic solution has a lower solute concentration than
the other solution with which it is being compared ( Figure
6.10C).

Water moves from a hypotonic solution across a membrane to
a hypertonic solution.

When we say that •water moves,Ž bear in mind that we are
referring to the net movement of water. Since it is so abundant,
water is constantly moving through protein channels across the
plasma membrane into and out of cells. What concerns us here
is whether the overall movement is greater in one direction or
the other.

The concentration of solutes in the environment determines
the direction of osmosis in all animal cells. A red blood cell takes
up water from a solution that is hypotonic to the cell•s contents.

The cell bursts because its plasma membrane cannot withstand
the pressure created by the water entry and the resultant
swelling. The integrity of red blood cells (and other blood cells)
is absolutely dependent on the maintenance of a constant solute
concentration in the blood plasma: the plasma must be isotonic
to the blood cells if the cells are not to burst or shrink. Regula-
tion of the solute concentration of body fluids is thus an impor-
tant process for organisms without cell walls.

In contrast to animal cells, the cells of plants, archaea, bac-
teria, fungi, and some protists have cell walls that limit their
volumes and keep them from bursting. Cells with sturdy walls
take up a limited amount of water, and in so doing they build
up internal pressure against the cell wall, which prevents fur-
ther water from entering. This pressure within the cell is called
turgor pressure . Turgor pressure keeps plants upright (and let-
tuce crisp) and is the driving force for the enlargement of plant
cells. It is a normal and essential component of plant growth.
If enough water leaves the cells, turgor pressure drops and the
plant wilts. Turgor pressure reaches about 100 pounds per
square inch (0.7 kg/cm 2)„several times greater than the pres-
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6.10 Osmosis Can Modify the Shapes of Cells In a solution that is
isotonic with the cytoplasm (center column), a plant or animal cell main-
tains a consistent, characteristic shape because there is no net move-
ment of water into or out of the cell. In a solution that is hypotonic to the
cytoplasm (right), water enters the cell. An environment that is hypertonic
to the cytoplasm (left) draws water out of the cell.
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sure in automobile tires. This pressure is so great that the cells
would change shape and detach from one another, were it not
for adhesive molecules in the plant cell wall.

Diffusion may be aided by channel proteins

As we saw earlier, polar or charged substances such as water,
amino acids, sugars and ions do not readily diffuse across mem-
branes. But they can cross the hydrophobic phospholipid bi-
layer passively (that is, without the input of energy) in one of
two ways, depending on the substance:

€ Channel proteins are integral membrane proteins that form
channels across the membrane through which certain sub-
stances can pass.

€ Some substances can bind to membrane proteins called car-
rier proteins that speed up their diffusion through the phos-
pholipid bilayer.

Both of these processes are forms of facilitated diffusion . That is,
the substances diffuse according to their concentration gradients,
but their diffusion is facilitated by protein channels or carriers.

ION CHANNELS The best-studied channel proteins are the ion
channels . As you will see in later chapters, the movement of
ions across membranes is important in many biological
processes, ranging from respiration within the mitochondria, to
the electrical activity of the nervous system and the opening
of the pores in leaves that allow gas exchange with the environ-
ment. Several types of ion channels have been identified, each
of them specific for a particular ion. All of them show the same
basic structure of a hydrophilic pore that allows a particular ion
to move through it ( Figure 6.11 ).

Just as a fence may have a gate that can be opened or closed,
most ion channels are gated: they can be opened or closed
to ion passage. Agated channel opens when a stimulus
causes a change in the three-dimensional shape of the
channel. In some cases, this stimulus is the binding of a
chemical signal, or ligand (see Figure 6.11). Channels con-
trolled in this way are called ligand-gated channels. In con-
trast, a voltage-gated channelis stimulated to open or close
by a change in the voltage (electrical charge difference)
across the membrane.

THE MEMBRANE POTENTIAL All living cells maintain an im-
balance of ion concentrations across the plasma mem-
brane, and consequently a small voltage or membrane po-
tential exists across that membrane. When a gated ion

channel opens, millions of ions can rush through it per sec-
ond. How fast the ions move, and in which direction (into or
out of the cell), depends on two factors, the concentration gra-
dient and the magnitude of the voltage. Let•s consider how
these factors affect the concentration of potassium ions (K+)
inside an animal cell:

€ The concentration gradient: Because of active transport (dis-
cussed below), the concentration of K+ is usually much
higher inside the cell than outside, so K+ will tend to dif-
fuse out of the cell through an open potassium channel.

€ The distribution of electrical charge: As K+ diffuses out of the
cell it leaves behind an excess of chloride (Cl…) and other
negatively charged ions. These negatively charged sub-
stances cannot readily diffuse through the plasma mem-
brane to follow K + out of the cell, and this results in a
charge difference (negative inside) across the membrane. 
K+ is attracted to the negative charge inside the cell, creat-
ing a tendency for K+ to stay inside the cell, even though it
is more concentrated there than outside.

Now, consider what happens when the K + channel is opened.
Two forces are at work: diffusion draws K + out of the cell
through the channel, and electrical attraction keeps K+ inside
the cell. The system exists in a state of equilibrium, in which the
ion•s rate of diffusion out through the channel is balanced by
the rate of movement in through the channel due to electrical
attraction. Obviously, the concentrations of K + on each side of
the membrane will not be equal, as we would expect if diffu-
sion were the only force involved. Instead, the attraction of elec-
trical charges keeps some extra K+ inside the cell. This imbal-
ance in K+ is a major factor in generating a voltage across the
plasma membrane called the membrane potential.

A polar substance is more concentrated 
on the outside than the inside of the cell.

Binding of a stimulus 
molecule causes 
the pore to openƒ

3 ƒand the polar substance can 
diffuse across the membrane.

2

1

Stimulus
molecule
(ligand)

Hydrophobic
interior of bilayer

Binding 
site

Channel
protein

Outside of cell

Inside of cell

Hydrophilic pore

Closed 
channel

6.11 A Gated Channel Protein Opens in Response to a
Stimulus The channel protein has a pore of polar amino acids
and water. It is anchored in the hydrophobic bilayer interior by its
outer coating of nonpolar R groups of its amino acids. The protein
changes its three-dimensional shape when a stimulus molecule
(ligand) binds to it, opening the pore so that hydrophilic polar sub-
stances can pass through. Other gated channels open in response
to an electrical potential (voltage).



The membrane potential is related to the concentration im-
balance of K+ by the Nernst equation:

where R is the gas constant, Fis the Faraday constant (both fa-
miliar to chemistry students), T is the temperature, and z is the
charge on the ion (+1). Solving for 2.3 RT/ zF at 20°C (•room
temperatureŽ), the equation becomes much simpler:

where EK is the membrane potential (in millivolts, mV) that
results from the ratio of K + concentrations outside the cell [K]o
and inside the cell [K] i.

What does this equation tell us about cells? It shows that a
small change in K+ concentration, due to the opening of a lig-
and-gated K+ channel, for example, can have a large effect on
the electrical potential (E) across the membrane. This change in
potential might be enough to cause other proteins in the mem-
brane, such as voltage-gated channels, to change configuration.
As we discuss in Chapter 45, this is exactly what happens in the
nervous system. Many drugs that act on electrically sensitive
tissues work as ligands that open ion channels and thereby af-
fect membrane potential. And as you will see shortly, membrane
potential drives secondary active transport.

Actual measurements from animal cells give a total mem-
brane potential between …60 and …70 mV across the membrane,
where the inside is negative with respect to the outside (see
Figure 45.5). Cells have a tremendous amount of potential en-
ergy stored in their membrane potentials. In fact, the brain cells
you are using to read this book have more potential energy„
about 200,000 volts per centimeter„than the high-voltage elec-
tric lines powering your reading light, which carry about 2
volts per centimeter.

THE SPECIFICITY OF ION CHANNELS How does an ion channel al-
low one ion, but not another, to pass through? It is not simply
a matter of charge and size of the ion. For example, a sodium
ion (Na+), with a radius of 0.095 nanometers, is smaller than K+

(0.130 nm), and both carry the same positive charge. Yet the
potassium channel lets only K+ pass through the membrane,
and not the smaller Na+. Nobel Laureate Roderick MacKinnon
at The Rockefeller University found an elegant explanation for
this when he deciphered the structure of a potassium channel
from a bacterium (Figure 6.12 ).

Being charged, both Na+ and K+ are attracted to water mole-
cules. They are surrounded by water •shellsŽ in solution, held
by the attraction of their positive charges to the negatively
charged oxygen atoms on the water molecules (see Figure 2.10).
The potassium channel contains highly polar oxygen atoms at
its opening. The gap enclosed by these atoms is exactly the right
size so that when a K+ ion approaches the opening, it is more
strongly attracted to the oxygen atoms there than to those of the

water molecules in its shell. It sheds its water shell and passes
through the channel. The smaller Na+ ion, on the other hand, is
kept a bit more distant from the oxygen atoms at the opening
of the channel because extra water molecules can fit between the
ion (with its shell) and the oxygen atoms at the opening. So
Na+ does not enter the potassium channel. The gate that opens
or closes the channel appears to be an interaction between pos-
itively charged arginine residues on the protein and negative
charges on membrane phospholipids. This is an example of the
functional interactions between membrane proteins and lipids.

AQUAPORINS FOR WATER Water crosses membranes at a much
faster rate than would be expected for simple diffusion through
the hydrophobic phospholipid bilayer. One way that water can
do this is by •hitchhikingŽ with some ions, such as Na +, as they
pass through ion channels. Up to 12 water molecules may coat
an ion as it traverses a channel. But there is an even faster way
to get water across membranes. Plant cells and some animal
cells, such as red blood cells and kidney cells, have membrane
channels called aquaporins . These channels function as a cel-
lular plumbing system for moving water. Like the K + channel,
the aquaporin channel is highly specific. Water molecules move
in single file through the channel, which excludes ions so that
the electrical properties of the cell are maintained.

Aquaporins were first identified by Peter Agre at Duke Uni-
versity, who shared the Nobel Prize with Rod McKinnon (see
above). Agre noticed a membrane protein that was present in
red blood cells, kidney cells, and plant cells but did not know
its function. A colleague suggested that it might be a water chan-
nel, because these cell types show rapid diffusion of water
across their membranes. Agre inserted the protein into the mem-
brane of an oocyte, which normally does not permit much dif-
fusion of water. He injected the oocyte with mRNA for aqua-
porin, from which the protein was produced and inserted into

EK
o

i

=
�� ��
�� ��

58 log
K

K

E
RT
zFK

o

i

=
�� ��
�� ��

2 3. log
K

K

118 CHAPTER 6 | CELL MEMBRANES

K+ ions fit uniquely 
inside the funnel.

Hydrated Na+ ions are too 
big to fit in the funnel.

Inside of cell

Outside of cell

�-helix of the
channel protein

… …

6.12 The Potassium Channel The positively charged potassium ions
are attracted by the polar (negatively charged) oxygen atoms in the R
groups (side chains) of the channel protein, and the ions funnel through
the channel. This channel is a •custom fitŽ for K+; other ions do not pass
through.
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the membrane. Remarkably, the oocyte began swelling imme-
diately after being transferred to a hypotonic solution, indicat-
ing rapid diffusion of water into the cell ( Figure 6.13 ).

Carrier proteins aid diffusion by binding substances

As we described earlier, another kind of facilitated diffusion in-
volves not just the opening of a channel, but also the actual
binding of the transported substance to a membrane protein
called a carrier protein. Like channel proteins, carrier proteins
allow diffusion both into and out of the cell or organelle. In other
words, carrier proteins operate in both directions. Carrier pro-
teins transport polar molecules such as sugars and amino acids.

Glucose is the major energy source for most mammalian
cells, and they require a great deal of it. Their membranes con-
tain a carrier protein„the glucose transporter„that facilitates
glucose uptake into the cell. Binding of glucose to a specific
three-dimensional site on one side of the transporter protein
causes the protein to change its shape and release glucose on
the other side of the membrane (Figure 6.14A ). Since glucose
is broken down almost as soon as it enters a cell, there is almost
always a strong concentration gradient favoring glucose entry
(that is, a higher concentration outside the cell than inside). The
transporter allows glucose molecules to cross the membrane
and enter the cell much faster than they would by simple dif-
fusion through the bilayer. This rapid entry is necessary to en-
sure that the cell receives enough glucose for its energy needs.

Transport by carrier proteins is different from simple diffu-
sion. In both processes, the rate of movement depends on the
concentration gradient across the membrane. However, in car-
rier-mediated transport, a point is reached at which increases
in the concentration gradient are not accompanied by an in-
creased rate of diffusion. At this point, the facilitated diffusion
system is said to be saturated(Figure 6.14B ). Because there are
only a limited number of carrier protein molecules per unit of
membrane area, the rate of diffusion reaches a maximum when
all the carrier molecules are fully loaded with solute molecules.
Think of waiting for the elevator on the ground floor of a ho-
tel with 50 other people. They can•t all get in the elevator (car-
rier) at once, so the rate of transport (say 10 people at a time)
is saturated.

6.3 RECAP
Diffusion is the movement of ions or molecules from
a region of greater concentration to a region of
lesser concentration. Water can diffuse through cell
membranes by a process called osmosis. Channel
proteins, which can be open or closed, and carrier
proteins facilitate diffusion of charged and polar
substances, including water. The diffusion of ions
across cell membranes sets up an electrochemical
potential gradient across the membranes.

€ What properties of a substance determine whether,
and how fast, it will diffuse across a membrane? 
See p. 114

€ Describe osmosis and explain the terms hypertonic,
hypotonic, and isotonic. See p. 116 and Figure 6.10

€ How does a channel protein facilitate diffusion?
See p. 118 and Figures 6.11 and 6.12

The process of diffusion tends to equalize the concentrations of
substances outside and inside cells. However, one hallmark of

CONCLUSION

INVESTIGATING LIFE
6.13  Aquaporin Increases Membrane Permeability
 to Water

A protein was isolated from the membranes of cells in which 
water diffuses rapidly across the membranes. When the protein 
was inserted into oocytes, which do not normally have it, the 
water permeability of the oocytes was greatly increased.

HYPOTHESIS   Aquaporin increases membrane permeability
 to water.

 Aquaporin increases the rate of water
 diffusion across the cell membrane.

Go to yourBioPortal.com for original citations, discussions, 
and relevant links for all INVESTIGATING LIFE figures. 

METHOD

RESULTS

This oocyte does 
not have aquaporins 
in the cell membrane.

This oocyte has 
aquaporins inserted 
experimentally into 
the cell membrane.

Water does not diffuse
into the cell so it does
not swell.

Water diffuses into the 
cell through the 
aquaporin channels 
and it swells.

Aquaporin
mRNA

3.5 minutes in
hypotonic solution

Aquaporin channel

GO TO Animated Tutorial 6.1 ¥ Passive Transport
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a living thing is that it can have an internal composition quite
different from that of its environment. To achieve this it must
sometimes move substances in opposite directions from the
ones in which they would naturally tend to diffuse. That is, sub-
stances must sometimes be moved against concentration gra-
dients and/or against the cell•s membrane potential (electrical
gradient). This process requires work„the input of energy„
and is known as active transport.

What are the Active Processes of 6.4 Membrane Transport?

In many biological situations, there is a different concentration
of a particular ion or small molecule inside compared with out-
side a cell. In these cases, the imbalance is maintained by a pro-

tein in the plasma membrane that moves the substance against
its concentration and/or electrical gradient. This is called active
transport, and because it is acting •against the normal flow,Ž it
requires the expenditure of energy. Often the energy source is
adenosine triphosphate (ATP). In eukaryotes, ATP is produced
in the mitochondria and has chemical energy stored in its ter-
minal phosphate bond. This energy is released when ATP is con-
verted to adenosine diphosphate (ADP) in a hydrolysis reaction
that breaks the terminal phosphate bond. This is one source of
energy for active transport. (We give the details of how ATP pro-
vides energy to cells in Section 8.2.)

The differences between diffusion and active transport are
summarized in Table 6.1 .

Active transport is directional

Simple and facilitated diffusion follow concentration gradients
and can occur in both directions across a membrane. In contrast,
active transport is directional, and moves a substance either into
or out of the cell or organelle, depending on need. There are
three types of active transport, each involving its own type of
membrane protein (Figure 6.15 ):

€ A uniporter moves a single substance in one direction. For
example, a calcium-binding protein found in the plasma
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6.14 A Carrier Protein Facilitates Diffusion The glucose transporter
is a carrier protein that allows glucose to enter the cell at a faster rate
than would be possible by simple diffusion. (A) The transporter binds to
glucose, brings it into the membrane interior, then changes shape, releas-
ing glucose into the cell cytoplasm. (B) The graph shows the rate of glu-
cose entry via a carrier versus the concentration of glucose outside the
cell. As the glucose concentration increases, the rate of diffusion increas-
es until the point at which all the available transporters are being used
(the system is saturated).

TABLE 6.1
Membrane Transport Mechanisms

DIFFUSION
SIMPLE DIFFUSION THROUGH CHANNEL FACILITATED DIFFUSION ACTIVE TRANSPORT

Cellular energy required? No No No Yes

Driving force Concentration Concentration Concentration ATP hydrolysis (against 
gradient gradient gradient concentration gradient)

Membrane protein required? No Yes Yes Yes

Specificity No Yes Yes Yes
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membrane and endoplasmic reticulum of many cells ac-
tively transports Ca 2+ to locations where it is more highly
concentrated, either outside the cell or inside the ER.

€ A symporter moves two substances in the same direction.
For example, a symporter in the cells that line the intestine
must bind Na + in addition to an amino acid in order to ab-
sorb amino acids from the intestine.

€ An antiporter moves two substances in opposite directions,
one into the cell (or organelle) and the other out of the cell
(or organelle). For example, many cells have a sodium…
potassium pump that moves Na + out of the cell and K+

into it.

Symporters and antiporters are also known as coupled trans-
portersbecause they move two substances at once.

Different energy sources distinguish different 
active transport systems

There are two basic types of active transport:

€ Primary active transport involves the direct hydrolysis of
ATP, which provides the energy required for transport.

€ Secondary active transport does not use ATP directly. In-
stead, its energy is supplied by an ion concentration and
electrical gradient established by primary active transport.
This transport system uses the energy of ATP indirectly to
set up the gradient.

In primary active transport, energy released by the hydroly-
sis of ATP drives the movement of specific ions against their con-
centration gradients. For example, we mentioned earlier that
concentrations of potassium ions (K+) inside a cell are often much
higher than in the fluid bathing the cell. On the other hand, the
concentration of sodium ions (Na +) is often much higher outside
the cell. A protein in the plasma membrane pumps Na + out of
the cell and K+ into the cell against these concentration and elec-
trochemical gradients, ensuring that the gradients are main-
tained (Figure 6.16 ). This sodium…potassium (Na+…K+) pump is

Uniporter transports 
one substance in 
one direction.

Symporter transports 
two different substances 
in the same direction.

Antiporter transports 
two different substances
in opposite directions.

Transported ionsOutside 
of cell

Inside 
of cell

6.15 Three Types of Proteins for Active Transport Note that in
each of the three cases, transport is directional. Symporters and anti-
porters are examples of coupled transporters. All three types of trans-
porters are coupled to energy sources in order to move substances
against their concentration gradients.

Hydrolysis of ATP 
phosphorylates the
pump protein and 
changes its shape.

3 Na+ and 1 ATP bind to 
the protein •pump.Ž

3 The shape change
releases Na+ outside
the cell and enables K+ 
to bind to the pump.

Release of Pi returns the pump to its
original shape, releasing K+ to the 
cell's interior and once again exposing 
Na+ binding sites. The cycle repeats.
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6.16 Primary Active Transport: 
The Sodium…Potassium Pump
In active transport, energy is used to
move a solute against its concentra-
tion gradient. Here, energy from ATP
is used to move Na+ and K+ against
their concentration gradients.



found in all animal cells. The pump is
an integral membrane glycoprotein.
It breaks down a molecule of ATP to
ADP and a free phosphate ion (Pi)
and uses the energy released to bring
two K + ions into the cell and export
three Na+ ions. The Na+…K+ pump is
thus an antiporter because it moves
two substances in different directions.

In secondary active transport, the
movement of a substance against its
concentration gradient is accom-
plished using energy •regainedŽ by
letting ions move across the mem-
brane with their electrochemical and
concentration gradients. For example,
once the sodium…potassium pump
establishes a concentration gradient of sodium ions, the passive
diffusion of some Na + back into the cell can provide energy for
the secondary active transport of glucose into the cell (Figure
6.17). This occurs when glucose is absorbed into the bloodstream
from the digestive tract. Secondary active transport aids in the
uptake of amino acids and sugars, which are essential raw ma-
terials for cell maintenance and growth. Both types of coupled
transport proteins„symporters and antiporters„are used for
secondary active transport.

6.4 RECAP
Active transport across a membrane is directional
and requires an input of energy to move substances
against their concentration gradients. Active trans-
port allows a cell to maintain small molecules and
ions at concentrations very different from those in
the surrounding environment.

€ Why is energy required for active transport?See p. 120

€ Explain the difference between primary active trans-
port and secondary active transport. See p. 121

€ Why is the sodiumÐpotassium (Na+ÐK+) pump classi-
fied as an antiporter? See p. 122 and Figure 6.16

We have examined a number of passive and active ways in
which ions and small molecules can enter and leave cells. But
what about large molecules such as proteins? Many proteins are
so large that they diffuse very slowly, and their bulk makes it
difficult for them to pass through the phospholipid bilayer. It
takes a completely different mechanism to move intact large
molecules across membranes.

How Do Large Molecules Enter 6.5 and Leave a Cell?

Macromolecules such as proteins, polysaccharides, and nucleic
acids are simply too large and too charged or polar to pass
through biological membranes. This is actually a fortunate prop-
erty„think of the consequences if such molecules diffused out
of cells. A red blood cell would not retain its hemoglobin! In-
deed, as we discuss in Chapter 5, the development of a selec-
tively permeable membrane was essential for the functioning
of the first cells when life on Earth began. The interior of a cell
can be maintained as a separate compartment with a different
composition from that of the exterior environment, which is
subject to abrupt changes. On the other hand, cells must some-
times take up or secrete(release to the external environment) in-
tact large molecules. In Section 5.3 we describe phagocytosis,
the mechanism by which solid particles can be brought into the
cell by means of vesicles that pinch off from the plasma mem-
brane. The general terms for the mechanisms by which sub-
stances enter and leave the cell via membrane vesicles are endo-
cytosisand exocytosis.
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Primary active transport
The Na+…K+ pump moves 
Na+, using the energy of 
ATP hydrolysis to establish 
a concentration gradient 
of Na+.

Secondary active transport
Na+, moving with the 
concentration gradient 
established by the Na+…K+ 

pump, drives the transport 
of glucose against its 
concentration gradient.
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6.17 Secondary Active Transport The
Na+ concentration gradient established by
primary active transport (left) powers the
secondary active transport of glucose
(right). A symporter protein couples the
movement of glucose across the mem-
brane against its concentration gradient to
the passive movement of Na+ into the cell.
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Macromolecules and particles enter the cell 
by endocytosis

Endocytosis is a general term for a group of processes that bring
small molecules, macromolecules, large particles, and even
small cells into the eukaryotic cell (Figure 6.18A ). There are three
types of endocytosis: phagocytosis, pinocytosis, and receptor-
mediated endocytosis. In all three, the plasma membrane in-
vaginates (folds inward), forming a small pocket around ma-
terials from the environment. The pocket deepens, forming a
vesicle. This vesicle separates from the plasma membrane and
migrates with its contents to the cell•s interior.

€ In phagocytosis (•cellular eatingŽ), part of the plasma
membrane engulfs large particles or even entire cells. Uni-
cellular protists use phagocytosis for feeding, and some
white blood cells use phagocytosis to defend the body by
engulfing foreign cells and substances. The food vacuole or
phagosome that forms usually fuses with a lysosome,
where its contents are digested (see Figure 5.11).

€ In pinocytosis (•cellular drinkingŽ), vesicles also form.
However, these vesicles are smaller, and the process oper-
ates to bring dissolved substances, including proteins or
fluids, into the cell. Like phagocytosis, pinocytosis can be
relatively nonspecific regarding what it brings into the cell.
For example, pinocytosis goes on constantly in the endothe-
lium, the single layer of cells that separates a tiny blood
capillary from the surrounding tissue. Pinocytosis allows
cells of the endothelium to rapidly acquire fluids and dis-
solved solutes from the blood.

€ In receptor-mediated endocytosis , molecules at the cell sur-
face recognize and trigger the uptake of specific materials.

Let•s take a closer look at this last process.

Receptor-mediated endocytosis is highly specific

Receptor-mediated endocytosis is used by animal cells to cap-
ture specific macromolecules from the cell•s environment. This
process depends on receptor proteins , which are proteins that
can bind to specific molecules within the cell or in the cell•s ex-
ternal environment. In receptor-mediated endocytosis, the re-
ceptors are integral membrane proteins located at particular re-
gions on the extracellular surface of the plasma membrane.
These membrane regions are called coated pitsbecause they form
slight depressions in the plasma membrane and their cytoplas-
mic surfaces are coated by other proteins, such as clathrin. The
uptake process is similar to that in phagocytosis.

When a receptor protein binds to its specific ligand (in this
case, the macromolecule to be taken into the cell), its coated
pit invaginates and forms a coated vesicle around the bound
macromolecule. The clathrin molecules strengthen and stabi-
lize the vesicle, which carries the macromolecule away from the
plasma membrane and into the cytoplasm (Figure 6.19 ). Once
inside, the vesicle loses its clathrin coat and may fuse with a
lysosome, where the engulfed material is digested (by the hy-
drolysis of polymers to monomers) and the products released
into the cytoplasm. Because of its specificity for particular
macromolecules, receptor-mediated endocytosis is an efficient
method of taking up substances that may exist at low concen-

trations in the cell•s environment.
Receptor-mediated endocytosis is the method by which

cholesterol is taken up by most mammalian cells. Water-
insoluble cholesterol and triglycerides are packaged by liver
cells into lipoprotein particles. Most of the cholesterol is
packaged into a type of lipoprotein particle called low-den-
sity lipoprotein, or LDL, which is circulated via the blood-
stream. When a particular cell requires cholesterol, it pro-
duces specific LDL receptors, which are inserted into the
plasma membrane in clathrin-coated pits. Binding of LDLs
to the receptor proteins triggers the uptake of the LDLs via
receptor-mediated endocytosis. Within the resulting vesicle,
the LDL particles are freed from the receptors. The recep-
tors segregate to a region that buds off and forms a new vesi-
cle, which is recycled to the plasma membrane. The freed
LDL particles remain in the original vesicle, which fuses
with a lysosome. There, the LDLs are digested and the cho-
lesterol made available for cell use.

In healthy individuals, the liver takes up unused LDLs for
recycling. People with the inherited disease familial hypercho-
lesterolemiahave a deficient LDL receptor in their livers. This
prevents receptor-mediated endocytosis of LDLs, resulting in

A vesicle fuses with the plasma 
membrane. The contents of the 
vesicle are released, and its
membrane becomes part of the 
plasma membrane.

The plasma membrane
surrounds a part of the
exterior environment 
and buds off as a vesicle.

(A)  Endocytosis

(B)  Exocytosis

Plasma membrane
Outside of cell

Inside of cell Endocytotic vesicle

Secretory vesicle

6.18 Endocytosis and Exocytosis Endocytosis (A) and exocyto-
sis (B) are used by eukaryotic cells to take up and release large mol-
ecules and particles, and small cells.



dangerously high levels of cholesterol in the blood. The cholesterol
builds up in the arteries that nourish the heart and causes heart at-
tacks. In extreme cases where only the deficient receptor is pres-
ent, children and teenagers can have severe cardiovascular disease.

Exocytosis moves materials out of the cell

Exocytosis is the process by which materials packaged in vesi-
cles are secreted from a cell when the vesicle membrane fuses
with the plasma membrane (see Figure 6.18B). This fusing
makes an opening to the outside of the cell. The contents of
the vesicle are released into the environment, and the vesicle
membrane is smoothly incorporated into the plasma membrane.

In Chapter 5 we encounter exocytosis as the last step in the
processing of material engulfed by phagocytosis„the release
of undigested materials back to the extracellular environment.
Exocytosis is also important in the secretion of many different
substances, including digestive enzymes from the pancreas,
neurotransmitters from neurons, and materials for the construc-
tion of the plant cell wall. You will encounter these processes in
later chapters.

6.5 RECAP
Endocytosis and exocytosis are the processes by
which large particles and molecules are transported
into and out of the cell. Endocytosis may be medi-
ated by a receptor protein in the plasma membrane.

€ Explain the difference between phagocytosis and
pinocytosis. See p. 123

€ Describe an example of receptor-mediated endocytosis.
See p. 123 and Figure 6.19

We have now examined the structures and some of the functions
of biological membranes. We have seen how macromolecules on
the plasma membrane surface allow cells to recognize and ad-
here to each other, so that tissues and organs can form. We have
also seen how membranes selectively regulate the traffic of small
and large molecules, and how large particles such as LDLs can
be taken up by cells. These are crucial functions, but they are not
the only functions of biological membranes.

What Are Some Other Functions 6.6 of Membranes?

The plasma membranes of certain types of cells, such as neu-
rons and muscle cells, respond to the electric charges carried by
ions. These membranes are thus electrically excitable, which
gives them important properties. For example, in neurons, the
plasma membrane conducts nerve impulses from one end of
the cell to the other. In muscle cells, electrical excitation results
in muscle contraction.

Other biological activities and properties associated with
membranes are discussed in the chapters that follow. Through-
out evolution, these activities have been essential for the spe-
cialization of cells, tissues, and organisms. Three of these ac-
tivities are especially important:

€ Some organelle membranes help transform energy (Figure
6.20A). For example, the inner mitochondrial membrane
helps convert the energy of fuel molecules to the energy of
phosphate bonds in ATP. The thylakoid membranes of
chloroplasts participate in the conversion of light energy to
the energy of chemical bonds. These important processes,
vital to the life of most eukaryotic organisms, are discussed
in detail in Chapters 9 and 10.

€ Some membrane proteins organize chemical reactions. Often a
cellular process depends on a series of enzyme-catalyzed
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6.19 Receptor-Mediated Endocytosis The receptor proteins in a
coated pit bind specific macromolecules, which are then carried into the
cell by a coated vesicle.
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