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Preface

s humans, we are adept learning machines. Long before a baby learns

that she can change a sheet of paper by crumpling it, she is absorbing

vast amounts of information. This learning continues throughout life in
myriad ways: learning to ride a bike and to take social cues from friends; learning
to drive a car and balance a checkbook; learning to solve a quadratic equation
and to interpret a work of art.

Of course, much of learning is necessary for survival, and even the simplest
organisms learn to avoid danger and recognize food. However, humans are
especially gifted in that we also acquire skills and knowledge to make our lives
richer and more meaningful. Many students would agree that reading novels
and watching movies enhance the quality of our lives because we can expand our
horizons by vicariously being in situations we would never experience, reacting
sympathetically or unsympathetically to characters who remind us of ourselves
or are very different from anyone we have ever known. Strangely, at least to us
as science professors, science courses are rarely thought of as being enriching or
insightful into the human condition. Larry Gould, a former president of Carleton
College, was also a geologist and an Arctic explorer. As a scientist, teacher, and
administrator, he was very interested in science education especially as it related
to other disciplines. In his inaugural address when he became president he said,
“Science is a part of the same whole as philosophy and the other fields of learn-
ing. They are not mutually exclusive disciplines but they are independent and
overlapping.” Our goal was to write a book that encourages students to appreci-
ate biochemistry in this broader sense, as a way to enrich their understanding of
the world.
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New to this Edition

This third edition takes into account recent discoveries and advances that have
changed how we think about the fundamental concepts in biochemistry and
human health. To meet the needs of instructors and students alike, particular
attention has been paid to the topics outlined below.

Expanded Physiological Focus

A hallmark feature of Biochemistry: A Short Course is its physiological perspective
on biochemical processes and its integration of clinical examples to apply and
reinforce concepts. In the third edition, we build on this aspect of the book with:

o A NEW section: “Mutations in Genes Encoding Hemoglobin Subunits Can
Result in Disease” (Chapter 9)

o 17 new Clinical Insights, demonstrating the relevance of biochemistry to
human health and disease.

Features highlighting the physiological aspect of biochemistry have been
expanded, and include the following:

CLINICAL INSIGHT

Premature Aging Can Result from the Improper Attachment
of a Hydrophobic Group to a Protein
Farnesyl is a hydrophobic group that is often
attached to proteins, usually so that the protein is
able to associate with a membrane (Figure 11.10).
Inappropriate farnesylation has been shown to result
in Hutchinson-Gilford progeria syndrome (HGPS),
a rare disease of premature aging. Early postnatal
development is normal, but the children fail to
thrive, develop bone abnormalities, and have a small
beaked nose, a receding jaw; and a complete loss of
hair (Figure 11.11). Affected children usually die at
an average age of 13 years of severe atherosclerosis, a
cause of death more commonly seen in the elderly.
The cause of HGPS appears to be a mutation in
the gene for the nuclear protein lamin, a protein that
forms a scaffold for the nucleus and may take part in
the regulation of gene expression. The folded
polypeptide that will eventually become lamin is
modified and processed many times before the
mature protein is produced. One key processing
event is the removal of a farnesyl group that had
been added to the nascent protein earlier in
processing. In HGPS patients, the farnesyl group is
not removed, owing to a mutation in the lamin. The incorrectly processed lamin
results in a deformed nucleus (Figure 11.11) and aberrant nuclear function that
results in HGPS. Much research remains to determine precisely how the failure
to remove the farnesyl group leads to such dramatic consequences.

©

Figure 11.11 Hulchinson-Gilford progeria syndrome (HGPS). () A
15-year-old boy suffering from HGPS. (B) A normal nucleus. (C) A nucleus from a
HGPS patient. [(A) AP Photo/Gerald Herbert; (B and C) Scaffidi, P., Gordon, L. and
Mistel, T. (2005). The call nucleus and aging: Tantalizing clues and hopeful promises
PLoS Biol 3 (11): €395. Courtesy of Paola Scaffidi]

BIOLOGICAL INSIGHT
The Dead Zone: Too Much Respiration

Some marine organisms perform so much cellular respiration, and therefore
consume so much molecular oxygen, that the oxygen concentration in the
water is decreased to a level that is too low to sustain other organisms. One
such hypoxic (low levels of oxygen) zone is in the northern Gulf of Mexico,
off the coast of Louisiana where
the Mississippi River flows into
the Gulf (Figure 20.16). The
Mississippi is extremely nutrient
rich due to agricultural runoff; so
plant microorganisms, called
phytoplankton, proliferate so
robustly that they exceed the
amount that can be consumed by
other members of the food chain.
When the phytoplankton die, they
sink to the bottom and are
consumed by aerobic bacteria.
The aerobic bacteria thrive to
such a degree that other bottom-
dwelling organisms, such as
shrimp and crabs, cannot obtain
enough O, to survive. The term
“dead zone” refers to the inability
of this area to support fisheries.

Figure 20.16 The Gulf of Mexico dead
zone. The size of the dead zone in the Gulf of
Mexico off Louisiana varies annually but may
extend from the Louisiana and Alabama coasts
to the westernmost coast of Texas. Reds and
oranges represent high concentrations of
phytoplankton and river sediment. [NASA/
Goddard Space Flight Center/Scientific
Visualization Studio]

CLINICAL INSIGHTS

In the Clinical Insights, students see how the concepts most
recently considered affect an aspect of a disease or its cure. By
exploring biochemical concepts in the context of a disease, stu-
dents learn how these concepts are relevant to human life and
what happens when biochemistry goes awry.

BIOLOGICAL INSIGHTS
Biochemistry affects every aspect of our world, sometimes in
strange and amazing ways. Like Clinical Insights, Biological
Insights bolster students’ understanding of biochemical concepts
as they learn how simple changes in biochemical processes can
have dramatic effects.

For a complete list of clinical and biological insights see
pages xi—xii.

NUTRITIONAL EXAMPLES
Examples of the underlying relationship between nutrition and
biochemistry abound.

Increased Coverage of the Fundamentals

The third edition features a greater emphasis on the fundamen-
tals of biochemistry, specifically where metabolism is concerned
(Chapters 14 and 15). In an effort to explain metabolism more
fully, we’ve expanded on the following areas within Chapters 14
and 15:

o Digestive enzymes
o Protein digestion
o Celiac disease

o Energy

o Phosphates in biochemical processes



Teaching and Learning Tools

In addition to providing an engaging contextual framework for the biochemis-
try throughout the book, we have created several opportunities for students to
check their understanding, reinforce connections across the book, and practice
what they have learned. These opportunities present themselves both in features
throughout the text and in the many resources offered in LaunchPad.

ACTIVE LEARNING RESOURCES

In this new edition, we’ve responded to instructor requests to provide
resources that aid in creating an active classroom environment. All of the new
media resources for Biochemistry: A Short Course will be available in our new
t&) LaunchPad system. For more information on LaunchPad see page ix. To
help students adapt to an interactive course, we’ve added the following resources:

NEW Case Studies are a series of online biochemistry case studies that
are assignable and assessable. Authored by Justin Hines, Assistant Professor of
Chemistry at Lafayette College, each case study gives students practice in work-
ing with data, developing critical thinking skills, connecting topics, and applying
knowledge to real scenarios. We also provide instructional guidance with each
case study (with suggestions on how to use the case in the classroom) and aligned
assessment questions for quizzes and exams.

NEW Clicker Questions are aligned with key concepts and misconceptions
in each chapter so instructors can assess student understanding in real time dur-
ing lectures.

END-OF-CHAPTER PROBLEMS
Each chapter includes a robust set of practice problems. We have revised and
added to the total number of questions in the third edition.

o Data Interpretation Problems train students to analyze data and reach
scientific conclusions.

o Chapter Integration Problems draw connections between concepts across
chapters.

o Challenge Problems require calculations, understanding of chemical
structures, and other concepts that are challenging for most students.

Brief solutions to all the end-of-chapter problems are provided in the
“Answers to Problems” section in the back of the textbook. We are also pleased
to offer expanded solutions in the accompanying Student Companion, by Frank
Deis, Nancy Counts Gerber, Richard Gumport, and Roger Koeppe. (For more
details on this supplement see page x.)

MARGIN FEATURES
We use the margin features in the textbook in several ways to help engage stu-
dents, emphasize the relevance of biochemistry to their lives, and make it more
accessible. We have given these features a new look to make them clearer and
more easily identifiable.

Preface

vii



viii

Preface

QUICK QUIZ Explain why a person

G who has a trypsinogen deficiency will
suffer from more digestion difficulties than
will a person lacking most other zymogens.

NUTRITION FACTS

A

Niacin Also called vitamin Bs, niacin is
a component of coenzymes NAD*
and NADP* (pp. 268-270), which are
used in electron-transfer reactions.
There are many sources of niacin,
including chicken breast. Niacin
deficiency results in the potentially
fatal disease pellagra, a condition |
characterized by dermatitis, dementia,

and diarrhea. [Brand X Pictures]

|

o Learning Objectives are used in many different ways in the classroom. To help
reinforce key concepts while the student is reading the chapter we have indicated
them with a v and number and integrated them on a chapter level as well as in the
section introductions. They are also tied to the end-of-chapter problems to assist
students in developing problem-solving skills and instructors in assessing students’
understanding of some of the key concepts in each chapter.

6.4 Enzymes Facilitate the Formation of the Transition V2 Explain the relation between the
transition state and the active site of

State an enzyme, and list the characteristics

The free-energy difference between reactants and products accounts for the of active sites.
equilibrium of a reaction, but enzymes accelerate how quickly this equilibrium is
attained. How can we explain the rate enhancement in terms of thermodynam-
ics? To do so, we have to consider not the end points of the reaction but the
chemical pathway between the end points.

A chemical reaction of substrate S to form product P goes through a transition
state X* that has a higher free energy than does either S or P. The double dagger
denotes the transition state. The transition state is a fleeting molecular structure
that is no longer the substrate but is not yet the product. The transition state is the
least-stable and most-seldom-occurring species along the reaction pathway
because it is the one with the highest free energy.

o Quick Quizzes emulate that moment in a lecture when a professor asks,
“Do you get it?” These questions allow students to check their understanding of
the material as they read it so they can immediately gauge whether they need to
review a discussion or can advance to the next topic. Answers are given at the
end of each chapter.

o Margin Structures provide a quick reminder

[e] (o]
I | f 1 1
of a molecule or group that students may have
o /C\s __CoA e /C\s __CoA Ul g P : y
A seen earlier in the book or in another course.
cyl CoA Acetyl CoA
This allows students to understand the topic at

\ : hand without needing to look up a basic structure
or organic chemistry principle elsewhere.
i 7
C R x> C R’
e e

Oxygen esters are stabilized by resonance
structures not available to thioesters.

o Did You Know? features are short asides
to the biochemical topic being discussed.
They put a personal face on science, or,

in the vein of Biological Insights, provide
glimpses of how we use biochemistry in
everyday life.

DID YOU KNOW?

Interestingly, digitalis was used effectively
long before the discovery of the Na*-K*
ATPase. In 1785, William Withering, a
British physician, heard tales of an elderly
woman, known as “the old woman of
Shropshire,” who cured people of “dropsy
(which today would be recognized as
congestive heart failure) with an extract of
foxglove. Withering conducted the first
scientific study of the effects of foxglove
on congestive heart failure and
documented its effectiveness.

7

o Nutrition Facts highlight essential vitamins in the margin next to where
they are discussed as part of an enzyme mechanism or metabolic pathway.
In these boxes, students will discover how we obtain vitamins from our
diets and what happens if we do not have enough of them. These important
molecules and their structures are listed in table form in the appendix of the
book as well, to help students easily find where each vitamin is discussed in
the book.
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Media and Supplements

All of the new media resources for Biochemistry: A Short Course are available in

our new {gg) LaunchPad system.
www.macmillanhighered.com/launchpad/tymoczko3e

LaunchPad is a dynamic, fully integrated learning environment that brings
together all of our teaching and learning resources in one place. It includes
easy-to-use, powerful assessment tracking and grading tools, a personalized
calendar, an announcement center, and communication tools to help you man-
age your course. This learning system also contains the fully interactive e-Book
and other newly updated resources for students and instructors, including the
following:

For Students

o Case Studies are a series of online biochemistry case studies that are
assignable and assessable. Authored by Justin Hines, Assistant Professor of
Chemistry at Lafayette College, each case study gives students practice in
working with data, developing critical thinking skills, connecting topics, and
applying knowledge to real scenarios.

o e-Book allows students to read the online version of the textbook, which
combines the contents of the printed book, electronic study tools, and a full
complement of student media specifically created to support the text.

o Hundreds of Self-Graded Practice Problems allow students to test their
understanding of concepts explained in the text, with immediate feedback.

o Metabolic Map helps students understand the principles and applications of
the core metabolic pathways. Students can work through guided tutorials with
embedded assessment questions, or explore the Metabolic Map on their own
using the dragging and zooming functionality of the map.

o Problem-Solving Videos, created by Scott Ensign of Utah State University,
provide 24/7 online problem-solving help to students. Through a two-part
approach, each 10-minute video covers a key textbook problem representing a
topic that students traditionally struggle to master. Dr. Ensign first describes a
proven problem-solving strategy and then applies the strategy to the problem

at hand in clear, concise steps. Students can easily pause, rewind, and review
any steps they wish until they firmly grasp not just the solution but also the
reasoning behind it. Working through the problems in this way is designed to
make students better and more confident at applying key strategies as they solve
other textbook and exam problems.

. E Living Figures allow students to view textbook illustrations of protein
structures online in interactive 3-D using Jmol. Students can zoom and rotate 54
“live” structures to get a better understanding of their three-dimensional nature
and can experiment with different display styles (space-filling, ball-and-stick,
ribbon, backbone) by means of a user-friendly interface.

o Self-Assessment Tool allows students to test their understanding by taking
an online multiple-choice quiz provided for each chapter, as well as a general
chemistry review.

o Animated Techniques illustrate laboratory techniques described in the
text.


http://www.macmillanhighered.com/launchpad/tymoczko3e
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— LEARNINGCurve B usnn o Learning Curve is a self-assessment tool that helps
Glycolipids are lipids that are bound to____. students evaluate their progress. Students can test their
understanding by taking an online multiple-choice quiz
phosphates . )
cholesterol provided for each chapter, as well as a general chemistry
B review.

unsaturated fals

For Instructors
All the features listed above for students plus:

The comect answer s ' o e-Book Instructors teaching from the e-Book can assign
carbohydrates

either the entire textbook or a custom version that includes
. L only the chapters that correspond to their syllabi. They can

Lo choose to add notes to any page of the e-Book and share
these notes with their students. These notes may include
text, animations, or photographs.

o Clicker Questions are aligned with key concepts and misconceptions in
each chapter so instructors can assess student understanding in real time during
lectures.

o Newly Updated Lecture PowerPoint Files have been developed to
minimize preparation time for new users of the book. These files offer suggested
lectures including key illustrations and summaries that instructors can adapt to
their teaching styles.

o Updated Textbook Images and Tables are offered as high-resolution JPEG
files. The JPEGs are also offered in separate PowerPoint files.

o Test Bank, by Harvey Nikkel of Grand Valley State University, Susan Knock
of Texas A&M University at Galveston, and Joseph Provost of Minnesota State
University Moorhead, offers more than 1500 questions in editable Word format.

Student Companion
(1-319-03295-8)

For each chapter of the textbook, the Student Companion includes:
o Chapter Learning Objectives and Summary

o Self-Assessment Problems, including multiple-choice, short-answer,
matching questions, and challenge problems, and their answers

o Expanded Solutions to the end-of-chapter problems in the textbook



CLINICAL INSIGHTS

Defects in organelle function may lead to disease (p. 14)

Pathological conditions result if protein intake is
inadequate (p. 44)

Defects in collagen structure result in pathological
conditions (p. 57)

Protein misfolding and aggregation are associated with some
neurological diseases (p. 63)

Variations in Ky, can have physiological consequences (p. 114)

Loss of allosteric control may result in pathological
conditions (p. 123)

Penicillin irreversibly inactivates a key enzyme in bacterial
cell-wall synthesis (p. 138)

Functional magnetic resonance imaging reveals regions of the
brain processing sensory information (p. 152)

Hemoglobin’s oxygen affinity is adjusted to meet
environmental needs (p. 154)

Sickle-cell anemia is a disease caused by a mutation in
hemoglobin (p. 157)

Thalassemia is caused by an imbalanced production of
hemoglobin chains (p. 159)

Glucose is a reducing sugar (p. 171)

The hormone erythropoietin is a glycoprotein (p. 178)

Proteoglycans are important components of cartilage (p. 179)

Mucins are glycoprotein components of mucus (p. 180)

Lack of glycosylation can result in pathological conditions (p. 182)

Lectins facilitate embryonic development (p. 183)

Influenza virus binds to sialic acid residues (p. 183)

Premature aging can result from the improper attachment of a
hydrophobic group to a protein (p. 199)

Lipid vesicles can be formed from phospholipids (p. 207)

The association of prostaglandin H, synthase-1 with the
membrane accounts for the action of aspirin (p. 211)

Multidrug resistance highlights a family of membrane pumps
with ATP-binding domains (p. 214)

Harlequin ichthyosis is a dramatic result of a mutation in an
ABC transporter protein (p. 214)

Digitalis inhibits the Na*~K* pump by blocking its
dephosphorylation (p. 215)

Mutations in protein kinase A can cause Cushing’s
syndrome (p. 230)

Cholera and whooping cough are due to altered G-protein
activity (p. 231)

Some receptors contain tyrosine kinase domains within their
covalent structures (p. 235)

The conversion of proto-oncogenes into oncogenes disrupts
the regulation of cell growth (p. 239)

Protein kinase inhibitors may be effective anticancer
drugs (p. 240)

Protein digestion begins in the stomach (p. 248)

Celiac disease results from the inability to properly digest
certain proteins (p. 251)

Exercise depends on various means of generating ATP (p. 265)

Lack of activated pantothenate results in neurological
problems (p. 271)

Preface  Xi

This icon signals the beginning of a Clinical Insight in the text.

The six-carbon sugar is cleaved into two three-carbon
fragments (p. 287)

Excessive fructose consumption can lead to pathological
conditions (p. 295)

Many adults are intolerant of milk because they are deficient in
lactase (p. 297)

Galactose is highly toxic if the transferase is missing (p. 298)

Aerobic glycolysis is a property of rapidly growing cells (p. 304)

Cancer and exercise training affect glycolysis in a similar
fashion (p. 305)

Insulin fails to inhibit gluconeogenesis in type 2 diabetes (p. 323)

Substrate cycles amplify metabolic signals (p. 323)

Defective regulation of pyruvate dehydrogenase results in lactic
acidosis (p. 338)

Enhanced pyruvate dehydrogenase kinase activity facilitates the
development of cancer (p. 339)

The disruption of pyruvate metabolism is the cause of
beriberi (p. 339)

Defects in the citric acid cycle contribute to the development of
cancer (p. 354)

Loss of iron-sulfur cluster results in Friedreich’s ataxia (p. 371)

ATP synthase can be regulated (p. 395)

Oxidative phosphorylation can be inhibited at many
stages (p. 398)

Mitochondrial diseases are being discovered in increasing
numbers (p. 399)

Hers disease is due to a phosphorylase deficiency (p. 453)

Diabetes mellitus results from insulin insufficiency and
glucagon excess (p. 466)

A biochemical understanding of glycogen-storage diseases is
possible (p. 467)

The pentose phosphate pathway is required for rapid cell
growth (p. 481)

Glucose 6-phosphate dehydrogenase deficiency causes a drug-
induced hemolytic anemia (p. 481)

Triacylglycerols are hydrolyzed by hormone-stimulated
lipases (p. 490)

Pathological conditions result if fatty acids cannot enter the
mitochondria (p. 493)

Ketogenic diets may have therapeutic properties (p. 498)

Diabetes can lead to a life-threatening excess of ketone-body
production (p. 499)

Ketone bodies are a crucial fuel source during
starvation (p. 500)

Some fatty acids may contribute to the development of
pathological conditions (p. 501)

Fatty acid metabolism is altered in tumor cells (p. 513)

A small fatty acid that causes big problems (p. 513)

Aspirin exerts its effects by covalently modifying a key
enzyme (p. 515)

Phosphatidylcholine is an abundant phospholipid (p. 526)

Gangliosides serve as binding sites for pathogens (p. 527)

Disrupted lipid metabolism results in respiratory distress
syndrome and Tay-Sachs disease (p. 528)
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The absence of the LDL receptor leads to familial
hypercholesterolemia and atherosclerosis (p. 536)

Cycling of the LDL receptor is regulated (p. 537)

HDL seems to protect against atherosclerosis (p. 537)

The clinical management of cholesterol levels can be
understood at a biochemical level (p. 538)

Bile salts facilitate lipid absorption (p. 539)

Vitamin D is necessary for bone development (p. 541)

Androgens can be used to artificially enhance athletic
performance (p. 542)

Blood levels of aminotransferase serve a diagnostic
function (p. 553)

Metabolism in context: inherited defects of the urea cycle cause
hyperammonemia (p. 558)

Inborn errors of metabolism can disrupt amino acid
degradation (p. 565)

Determining the basis of the neurological symptoms of
phenylketonuria is an active area of research (p. 566)

Tetrahydrofolate carries activated one-carbon units (p. 576)

High homocysteine levels correlate with vascular disease (p. 578)

Salvage pathways recycle pyrimidine bases (p. 589)

Several valuable anticancer drugs block the synthesis of
thymidylate (p. 595)

The synthesis of deoxyribonucleotides is controlled by the
regulation of ribonucleotide reductase (p. 597)

The loss of adenosine deaminase activity results in severe
combined immunodeficiency (p. 598)

Gout is induced by high serum levels of urate (p. 599)

Lesch-Nyhan syndrome is a dramatic consequence of
mutations in a salvage-pathway enzyme (p. 600)

Folic acid deficiency promotes birth defects such as spina
bifida (p. 600)

Damaging DNA can inhibit cancer-cell growth (p. 622)

" BIOLOGICAL INSIGHTS

Hemoglobin adaptations allow oxygen transport in extreme
environments (p. 155)
Glucosinolates protect plants and add flavor to our diets (p. 173)
Blood groups are based on protein glycosylation patterns (p. 181)
Membranes of extremopbhiles are built from ether lipids with
branched chains (p. 197)
Venomous pit vipers use ion channels to generate a thermal
image (p. 216)
Snake venoms digest from the inside out (p. 254)
Fermentations provide usable energy in the absence of
oxygen (p. 294)
Mitochondria are the result of an endosymbiotic event (p. 365)
The dead zone: too much respiration (p. 377)
Regulated uncoupling leads to the generation of heat (p. 396)
Chloroplasts, like mitochondria, arose from an endosymbiotic
event (p. 409)
Chlorophyll in potatoes suggests the presence of a toxin (p. 413)
Many herbicides inhibit the light reactions of
photosynthesis (p. 421)

The separation of DNA strands requires specific helicases and
ATP hydrolysis (p. 630)

Bacterial topoisomerase is a therapeutic target (p. 632)

Telomeres are replicated by telomerase, a specialized
polymerase that carries its own RNA template (p. 639)

Some genetic diseases are caused by the expansion of repeats of
three nucleotides (p. 644)

Many cancers are caused by the defective repair of
DNA (p. 650)

Many potential carcinogens can be detected by their mutagenic
action on bacteria (p. 650)

Some antibiotics inhibit transcription (p. 667)

Many bacterial cells release chemical signals that regulate gene
expression in other cells (p. 670)

Inappropriate enhancer use may cause cancer (p. 680)

Induced pluripotent stem cells can be generated by
introducing four transcription factors into differentiated
cells (p. 680)

Steroid-hormone receptors are targets for drugs (p. 683)

Mutations that affect pre-mRNA splicing cause disease
(p. 696)

Most human pre-mRNAs can be spliced in alternative ways to
yield different proteins (p. 697)

Mutations in eukaryotic initiation factor 2 cause a curious
pathological condition (p. 730)

Some antibiotics inhibit protein synthesis (p. 730)

Diphtheria toxin blocks protein synthesis in eukaryotes by
inhibiting translocation (p. 731)

Ricin fatally modifies 28S ribosomal RNA (p. 732)

Next-generation sequencing methods enable the rapid
determination of a complete genome sequence (p. 753)

PCR is a powerful technique in medical diagnostics, forensics,
and studies of molecular evolution (p. 756)

This icon signals the beginning of a Biological Insight in the text.

A volcanic eruption can affect photosynthesis worldwide
(p-432)

Why bread becomes stale: the role of starch (p. 434)

Glycogen depletion coincides with the onset of fatigue
(p. 455)

A deficiency of glucose 6-phosphate dehydrogenase confers an
evolutionary advantage in some circumstances (p. 483)

Hibernation presents nitrogen disposal problems (p. 558)

Urea is not the only means of disposing of excess
nitrogen (p. 559)

Enzymes of the purine-synthesis pathway are associated with
one another in vivo (p. 592)

Many bacterial cells release chemical signals that regulate gene
expression in other cells (p. 670)

RNA editing changes the proteins encoded by mRNA (p. 698)

Next-generation sequencing methods enable the rapid
determination of a complete genome sequence (p. 753)

PCR is a powerful technique in medical diagnostics, forensics,
and studies of molecular evolution (p. 756)
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CHAPTER 1
Biochemistry and the
Unity of Life

CHAPTER 2

Water, Weak Bonds, and
the Generation of Order
Out of Chaos

SEcTION 1

Biochemistry Helps Us to
Understand Our World

he ultimate goal of all scientific endeavors is to develop a deeper, richer
Tunderstanding of ourselves and the world in which we live. Biochemistry
has had and will continue to have an extensive role in helping us to develop
this understanding. Biochemistry, the study of living organisms at the molecular
level, has shown us many of the details of the most fundamental processes of
life. For instance, biochemistry has shown us how information flows from genes
to molecules that have functional capabilities. In recent years, biochemistry has
also unraveled some of the mysteries of the molecular generators that provide
the energy that powers living organisms. The realization that we can understand
such essential life processes has significant philosophical implications. What
does it mean, biochemically, to be human? What are the biochemical differences
between a human being, a chimpanzee, a mouse, and a fruit fly? Are we more
similar than we are different?

The understanding achieved through biochemistry is greatly influencing
medicine and other fields. Although we may not be accustomed to thinking of illness
in relation to molecules, illness is ultimately some sort of malfunction at the molecular
level. The molecular lesions causing sickle-cell anemia, cystic fibrosis, hemophilia,
and many other genetic diseases have been elucidated at the biochemical level.
Biochemistry is also contributing richly to clinical diagnostics. For example, elevated
levels of heart enzymes in the blood reveal whether a patient has recently had a
myocardial infarction (heart attack). Agriculture, too, is employing biochemistry
to develop more effective, environmentally safer herbicides and pesticides and to

create genetically engineered plants that are, for example, more resistant to insects.
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In this section, we will learn some of the key concepts that structure the
study of biochemistry. We begin with an introduction to the molecules of
biochemistry, followed by an overview of the fundamental unit of biochemistry
and life itself-the cell. Finally, we examine the weak reversible bonds that
enable the formation of biological structures and permit the interplay between
molecules that makes life possible.

v/ By the end of this section, you should be able to:

v 1 Describe the key classes of biomolecules and differentiate between
them.

v 2 List the steps of the central dogma.

v 3 Identify the key features that differentiate eukaryotic cells from
prokaryotic cells.

v 4 Describe the chemical properties of water and explain how water
affects biochemical interactions.

v 5 Describe the types of noncovalent, reversible interactions and explain
why reversible interactions are important in biochemistry.

v 6 Define pH and explain why changes in pH may affect biochemical
systems.



1.1 Living Systems Require a Limited
Variety of Atoms and Molecules

1.2 There Are Four Major Classes of
Biomolecules

1.3 The Central Dogma Describes
the Basic Principles of Biological
Information Transfer

1.4 Membranes Define the Cell and
Carry Out Cellular Functions

CHAPTER 1

Biochemistry and the
Unity of Life

Despite their vast differences in mass—the African elephant has a mass 3 x 10" times as
great as that of the bacterium E. coli—and complexity, the biochemical workings of these
two organisms are remarkably similar. [E. coli: Eye of Science/Science Source. Elephant: John
Michael Evan Potter/Shutterstock ]

key goal of biochemistry, one that has been met with striking success, is to
understand what it means to be alive at the molecular level. Another goal

is to extend this understanding to the organismic level—that is, to under-

stand the effects of molecular manipulations on the life that an organism leads. For
instance, understanding how the hormone insulin works at the molecular level
illuminates how the organism controls the levels of common fuels—glucose and
fats—in its blood. Often, such understanding facilitates an understanding of dis-
ease states, such as diabetes, which results when insulin signaling goes awry. In
turn, this knowledge can be a source of insight into how the disease can be treated.
Biochemistry has been an active area of research for more than a century.
Much knowledge has been gained about how a variety of organisms manipulate
energy and information. However, one of the most exciting outcomes of bio-
chemical research has been the realization that all organisms have much in com-
mon biochemically. Organisms are remarkably uniform at the molecular level.
This observation is frequently referred to as the unity of biochemistry, but, in real-
ity, it illustrates the unity of life. French biochemist Jacques Monod encapsulated
this idea in 1954 with the phrase “Anything found to be true of [the bacterium]
E. coli must also be true of elephants” This uniformity reveals that all organisms on
Earth have arisen from a common ancestor. A core of essential biochemical
processes, common to all organisms, appeared early in the evolution of life. The
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1 Biochemistry and the Unity of Life

diversity of life in the modern world has been generated by evolutionary pro-
cesses acting on these core processes through millions or even billions of years.

We begin our study of biochemistry by looking at commonalities. We will
examine the molecules and molecular constituents that are used by all life forms
and will then consider the rules that govern how biochemical information is ac-
cessed and how it is passed from one generation to the next. Finally, we will take
an overview of the fundamental unit of life—the cell. This is just the beginning.
All of the molecules and structures that we see in this chapter we will meet again
and again as we explore the chemical basis of life.

1.1 Living Systems Require a Limited Variety of
Atoms and Molecules

Ninety naturally occurring elements have been identified, yet only three—
oxygen, hydrogen, and carbon—make up 98% of the atoms in an organism.
Moreover, the abundance of these three elements in life is vastly different from
their abundance in Earth’s crust (Table 1.1). What can account for the disparity
between what is available and what organisms are made of?

One reason that oxygen and hydrogen are so common is the ubiquity of
water, or “the matrix of life,” as biochemist Albert Szent-Gyorgi called it. This tiny
molecule—consisting of only three atoms—makes life on Earth possible. Indeed,
current belief is that all life requires water, which is why so much effort has been
made in recent decades to determine whether Mars had water in the past and
whether it still does. The importance of water for life is so crucial that its presence
is tantamount to saying that life could be present. We will consider the properties
of water and how these properties facilitate biochemistry in Chapter 2.

After oxygen and hydrogen, the next most-common element in living
organisms is carbon. Most large molecules in living systems are made up
predominantly of carbon. Fuel molecules are made entirely of carbon, hydrogen,

Table 1.1 Chemical compositions as percentage of total number of atoms

Composition in

Element Human beings (%) Seawater (%) Earth’s crust (%)
Hydrogen 63 66 0.22
Oxygen 25.5 33 47
Carbon 9.5 0.0014 0.19
Nitrogen 1.4 <0.1 <0.1
Calcium 0.31 0.006 3.5
Phosphorus 0.22 <0.1 <0.1
Chloride 0.03 0.33 <0.1
Potassium 0.06 0.006 2.5
Sulfur 0.05 0.017 <0.1
Sodium 0.03 0.28 2.5
Magnesium 0.01 0.003 Bl
Silicon <0.1 <0.1 28
Aluminum <0.1 <0.1 7.9
Iron <0.1 <0.1 4.5
Titanium <0.1 <0.1 0.46
All others <0.1 <0.1 <0.1

Note: Because of rounding, total percentages do not equal 100%.
Source: Data from E. Frieden, The chemical elements of life, Sci. Am. 227(1), 1972, p. 54.
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and oxygen. Biological fuels, like the fuels that power machinery, react with oxy-
gen to produce carbon dioxide and water. In regard to biological fuels, this reac-
tion, called combustion, provides the energy to power the cell. As a means of
seeing why carbon is uniquely suited for life, let us compare it with silicon, its
nearest elemental relative. Silicon is much more plentiful than carbon in Earth’s
crust (Table 1.1), and, like carbon, can form four covalent bonds—a property
crucial to the construction of large molecules. However, carbon-to-carbon bonds
are stronger than silicon-to-silicon bonds. This difference in bond strength has
two important consequences. First, large molecules can be built with the use of
carbon-carbon bonds as the backbone because of the stability of these bonds.
Second, more energy is released when carbon-carbon bonds undergo combus-
tion than when silicon reacts with oxygen. Thus, carbon-based molecules are
stronger construction materials and are better fuels than silicon-based molecules.
Carbon even has an advantage over silicon after it has undergone combustion.
Carbon dioxide is readily soluble in water and can exist as a gas; thus, it remains
in biochemical circulation, given off by one tissue or organism to be used by an-
other tissue or organism. In contrast, silicon is essentially insoluble after reaction
with oxygen. After it has combined with oxygen, it is permanently out of circula-
tion. Quartz is a common form of silicon dioxide.

Other elements have essential roles in living systems—notably, nitrogen,
phosphorus, and sulfur. Moreover, some of the trace elements, although present
in tiny amounts compared with oxygen, hydrogen, and carbon, are absolutely
vital to a number of life processes. We will see specific uses of these elements as
we proceed with our study of biochemistry.

1.2 There Are Four Major Classes of Biomolecules v 1 Describe the key classes of
biomolecules and differentiate
Living systems contain a dizzying array of biomolecules. However, these biomol- between them.
ecules can be divided into just four classes: proteins, nucleic acids, lipids, and
carbohydrates.

Proteins Are Highly Versatile Biomolecules

Much of our study of biochemistry will revolve around proteins. Proteins are con-
structed from 20 building blocks, called amino acids, linked by peptide bonds to
form long unbranched polymers (Figure 1.1). These polymers fold into precise
three-dimensional structures that facilitate a vast array of biochemical functions.
Proteins serve as signal molecules (e.g., the hormone insulin signals that fuel is in
the blood) and as receptors for signal molecules. Receptors convey to the cell that
a signal has been received and initiates the cellular response. Thus, for example,
insulin binds to its particular receptor, called the insulin receptor, and initiates
the biological response to the presence of fuel in the blood. Proteins also play
structural roles, allow mobility, and provide defenses against environmental

Amino acids Amino acid sequence Protein

Figure 1.1 Protein folding. The three-dimensional structure of a protein is dictated by the
sequence of amino acids that constitute the protein.
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Figure 1.2 The structure of a
nucleotide. A nucleotide (in this case,
adenosine triphosphate) consists of a base
(shown in blue), a five-carbon sugar (black),
and at least one phosphoryl group (red).

Figure 1.3 The double helix. Two
individual chains of DNA interact to form a
double helix. The sugar-phosphate backbone
of one of the two chains is shown in red; the
other is shown in blue. The bases are shown
in green, purple, orange, and yellow.

NH,  dangers. Perhaps the most prominent role of proteins is that

/N ~ of catalysts—agents that enhance the rate of a chemical reac-
\ /[’J \\N tion without being permanently affected themselves. Protein
N \’\ J catalysts are called enzymes. Every process that takes place in
o
N

living systems depends on enzymes.

Nucleic Acids Are the Information Molecules of the Cell

OH

As information keepers of the cell, the primary function of nu-

cleic acids is to store and transfer information. They contain the

instructions for all cellular functions and interactions. Like
proteins, nucleic acids are linear molecules. However, nucleic acids are constructed
from only four building blocks called nucleotides. A nucleotide is made up of a five-
carbon sugar, either a deoxyribose or a ribose, attached to a heterocyclic ring struc-
ture called a base and at least one phosphoryl group (Figure 1.2).

There are two types of nucleic acid: deoxyribonucleic acid (DNA) and ribo-
nucleic acid (RNA). Genetic information is stored in DNA—the “parts list” that
determines the nature of an organism. DNA is constructed from four deoxyri-
bonucleotides, differing from one another only in the ring structure of the
bases—adenine (A), cytosine (C), guanine (G), and thymine (T). The information
content of DNA is the sequence of nucleotides linked together by phosphodies-
ter linkages. DNA in all higher organisms exists as a double-stranded helix
(Figure 1.3). In the double helix, the bases interact with one another—A with
T and C with G.

RNA is a single-stranded form of nucleic acid. Some regions of DNA are
copied as a special class of RNA molecules called messenger RNA (mRNA).
mRNA is a template for the synthesis of proteins. Unlike DNA, mRNA is fre-
quently broken down after use. RNA is similar to DNA in composition with two
exceptions: the base thymine (T) is replaced by the base uracil (U), and the sugar
component of the ribonucleotides contains an additional hydroxyl (—OH) group.

Lipids Are a Storage Form of Fuel and Serve as a Barrier

Among the key biomolecules, lipids are much smaller than proteins or nucleic
acids. Whereas proteins and nucleic acids can have molecular weights of thou-
sands to millions, a typical lipid has a molecular weight of 1300 g mol™'. More-
over, lipids are not polymers made of repeating units, as are proteins and nucleic
acids. A key characteristic of many biochemically important lipids is their dual
chemical nature: part of the molecule is hydrophilic, meaning that it can dissolve
in water, whereas the other part, made up of one or more hydrocarbon chains, is
hydrophobic and cannot dissolve in water (Figure 1.4). This dual nature allows
lipids to form barriers that delineate the cell from its environment and to estab-
lish intracellular compartments. In other words, lipids allow the development of
“inside” and “outside” at a biochemical level. The hydrocarbon chains cannot in-
teract with water and, instead, interact with those of other lipids to form a barrier,
or membrane, whereas the water-soluble components interact with the aqueous
environment on either side of the membrane. Lipids are also an important stor-
age form of energy. As we will see, the hydrophobic component of lipids can un-
dergo combustion to provide large amounts of cellular energy. Lipids are crucial
signal molecules as well.
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Figure 1.4 The dual properties of lipids. (A) One part of a lipid molecule is hydrophilic; the
other part is hydrophobic. (B) In water, lipids can form a bilayer, constituting a barrier that
separates two aqueous compartments.

Carbohydrates Are Fuels and Informational Molecules
Most of us already know that carbohydrates are an important fuel source for most
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living creatures. The most-common carbohydrate fuel is the simple sugar glu- CH;0H
cose. Glucose is stored in animals as glycogen, which consists of many glucose H A O OH
molecules linked end-to-end and has occasional branches (Figure 1.5). In plants, OH H
the storage form of glucose is starch, which is similar to glycogen in molecular HO H
composition. H OH
There are thousands of different carbohydrates. They can be linked together Glucose
in chains, and these chains can be highly branched, much more so than in glyco-
gen or starch. Such chains of carbohydrates play important roles in helping cells
to recognize one another. Many of the components of the cell exterior are deco- QUICK QUIZ 1 Name the four
rated with various carbohydrates that can be identified by other cells and serve as (M Classes of biomolecules, and state an
sites of cell-to-cell interactions. important function of each class.
Figure 1.5 The structure of glycogen.
Glycogen is a branched polymer composed
of glucose molecules. The protein identified
by the letter G at the center of the glycogen
molecule is required for glycogen synthesis
(Chapter 25).
1.3 The Central Dogma Describes the Basic Principles of v 2 List the steps of the central

Biological Information Transfer dogma.

Information processing in all cells is quite complex. It increases in complexity as
cells become parts of tissues and as tissues become components of organisms.
The scheme that underlies information processing at the level of gene expression
was first proposed by Francis Crick in 1958.

Replication

m Transcription Translation

DNA —— > RNA ——— Protein

Crick called this scheme the central dogma: information flows from DNA to RNA
and then to protein. Moreover, DNA can be replicated. The basic tenets of this
dogma are true, but, as we will see later, this scheme is not as simple as depicted.
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Newly
synthesized
strands

Figure 1.6 DNA replication. When the
two strands of a DNA molecule are
separated, each strand can serve as a
template for the synthesis of a new partner
strand. DNA polymerase catalyzes replication.

DID YOU KNOW?

As defined in the Oxford English
Dictionary, to transcribe means to make a
copy of (something) in writing; to copy
out from an original; to write (a copy).

/ RNA polymerase

DNA constitutes the heritable information—the genome. This information is
packaged into discrete units called genes. It is this collection of genes that deter-
mines the physical nature of the organism. When a cell duplicates, DNA is copied
and identical genomes are then present in the newly formed daughter cells. The
process of copying the genome is called replication. A group of enzymes, collec-
tively called DNA polymerase, catalyze the replication process (Figure 1.6).

Genes are useless in and of themselves. The information must be rendered
accessible. This accessibility is achieved in the process of transcription through
which one form of nucleic acid, DNA, is transcribed into another form, RNA.
The enzyme RNA polymerase catalyzes this process (Figure 1.7). Which genes
are transcribed, as well as when and where they are transcribed, is crucial to the
fate of the cell. For instance, although each cell in a human body has the DNA
information that encodes the instructions to make all tissues, this information is
parceled out. The genes expressed in the liver are different from those expressed
in the muscles and brain. Indeed, it is this selective expression that defines the
function of a cell or tissue.

A key aspect of the selective expression of genetic information is the tran-
scription of genes into mRNA. The information encoded in mRNA is realized in
the process of translation because information is literally translated from one
chemical form (nucleic acid) into another (protein). Proteins have been described
as the workhorses of the cell, and translation renders the genetic information into
a functional form. Translation takes place on large macromolecular complexes
called ribosomes, consisting of RNA and protein (Figure 1.8).

Now that you have been introduced to the key biomolecules and have briefly
examined the central dogma of information transfer, let us look at the platform—
the cell—that contains and coordinates the biochemistry required for life.

RNA-DNA hybrid
helix

)
2
SN

New polypeptide chain

Movement
of polymerase

Figure 1.7 The transcription of RNA. Transcription, catalyzed
by RNA polymerase, makes an RNA copy of one of the strands of

DNA.

v’ 3 Identify the key features that
differentiate eukaryotic cells from
prokaryotic cells.

//@\\/

Ribosome mRNA

Figure 1.8 Translation takes place on ribosomes.
A ribosome decodes the information in mRNA and translates it
into the amino acid sequence of a protein.

1.4 Membranes Define the Cell and Carry
Out Cellular Functions

The cell is the basic unit of life. Cells grow, replicate, and interact with their envi-
ronment. Living organisms can be as simple as a single cell or as complex as a
human body, which is composed of approximately 100 trillion cells. Every cell is
delineated by a membrane that separates the inside of the cell from its environ-
ment. A membrane is a lipid bilayer: two layers of lipids organized with their hy-
drophobic chains interacting with one another and the hydrophilic head groups
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(A) Membrane bilayer (B)

Exterior
ik

Cytoplasm

Hydrophobic
tails

Hydrophilic head

interacting with the environment (Figure 1.9).

There are two basic types of cells: eukaryotic cells and prokaryotic cells
(Figure 1.10). The main difference between the two is the existence of
membrane-enclosed compartments in eukaryotes and the absence of such
compartments in prokaryotes. Prokaryotic cells, exemplified by the human gut

(A) Prokaryotic cell (B) Eukaryotic cell

- Periplasmic space
- and cell wall

Inner (plasma)
Outer membrane membrane

Chromosome
(located in the nucleoid)

I Inner (plasma) membrane

Cell wall
Periplasmic space

Outer membrane

Rough
endoplasmic
reticulum

Figure 1.9 The bilayer structure of a
membrane. (A) Membranes are composed
of two layers or sheets. (B) The hydrophobic
parts of the layers interact with each other,
and the hydrophilic parts interact with the
environment. [J. D. Robertson. “Discovery in
Cell Biology: Membrane Structure.” Journal of
Cell Biology 91(1981): 189s-204s. Courtesy of
J.D. Robertson.]

Nucleus

Plasma membrane

Golgi complex

Mitochondrion

Secretory vesicle

Figure 1.10 Prokaryotic and eukaryotic cells. Eukaryotic cells display more internal structure than do
prokaryotic cells. Components within the interior of a eukaryotic cell, most notably the nucleus, are defined by
membranes. [Micrographs: (A) ©Biology Pics/Science Source; (B) from P. C. Cross and K. L. Mercer, Cell Tissue

Ultrastructure: A Functional Perspective (W. H. Freeman and Company, 1993), p. 199. Diagrams: (A and B)
Information from H. Lodish et al, Molecular Cell Biology, 6th ed. (W. H. Freeman and Company, 2008), p. 3





