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Preface

The authors and publisher are pleased to present the twenty-sixth edition of Harper’s Illustrated Biochemistry. Review
of Physiological Chemistry was first published in 1939 and revised in 1944, and it quickly gained a wide readership. In
1951, the third edition appeared with Harold A. Harper, University of California School of Medicine at San Fran-
cisco, as author. Dr. Harper remained the sole author until the ninth edition and co-authored eight subsequent edi-
tions. Peter Mayes and Victor Rodwell have been authors since the tenth edition, Daryl Granner since the twentieth
edition, and Rob Murray since the twenty-first edition. Because of the increasing complexity of biochemical knowl-
edge, they have added co-authors in recent editions.

Fred Keeley and Margaret Rand have each co-authored one chapter with Rob Murray for this and previous edi-
tions. Peter Kennelly joined as a co-author in the twenty-fifth edition, and in the present edition has co-authored
with Victor Rodwell all of the chapters dealing with the structure and function of proteins and enzymes. The follow-
ing additional co-authors are very warmly welcomed in this edition: Kathleen Botham has co-authored, with Peter
Mayes, the chapters on bioenergetics, biologic oxidation, oxidative phosphorylation, and lipid metabolism. David
Bender has co-authored, also with Peter Mayes, the chapters dealing with carbohydrate metabolism, nutrition, diges-
tion, and vitamins and minerals. P. Anthony Weil has co-authored chapters dealing with various aspects of DNA, of
RNA, and of gene expression with Daryl Granner. We are all very grateful to our co-authors for bringing their ex-
pertise and fresh perspectives to the text.

CHANGES IN THE TWENTY-SIXTH EDITION

A major goal of the authors continues to be to provide both medical and other students of the health sciences with a
book that both describes the basics of biochemistry and is user-friendly and interesting. A second major ongoing
goal is to reflect the most significant advances in biochemistry that are important to medicine. However, a third
major goal of this edition was to achieve a substantial reduction in size, as feedback indicated that many readers pre-
fer shorter texts.

To achieve this goal, all of the chapters were rigorously edited, involving their amalgamation, division, or dele-
tion, and many were reduced to approximately one-half to two-thirds of their previous size. This has been effected
without loss of crucial information but with gain in conciseness and clarity.

Despite the reduction in size, there are many new features in the twenty-sixth edition. These include:

* A new chapter on amino acids and peptides, which emphasizes the manner in which the properties of biologic
peptides derive from the individual amino acids of which they are comprised.

* A new chapter on the primary structure of proteins, which provides coverage of both classic and newly emerging
“proteomic” and “genomic” methods for identifying proteins. A new section on the application of mass spectrometry
to the analysis of protein structure has been added, including comments on the identification of covalent modifica-
tions.

* The chapter on the mechanisms of action of enzymes has been revised to provide a comprehensive description of
the various physical mechanisms by which enzymes carry out their catalytic functions.

¢ The chapters on integration of metabolism, nutrition, digestion and absorption, and vitamins and minerals have
been completely re-written.

* Among important additions to the various chapters on metabolism are the following: update of the information
on oxidative phosphorylation, including a description of the rotary ATP synthase; new insights into the role of
GTP in gluconeogenesis; additional information on the regulation of acetyl-CoA carboxylase; new information on
receptors involved in lipoprotein metabolism and reverse cholesterol transport; discussion of the role of leptin in
fat storage; and new information on bile acid regulation, including the role of the farnesoid X receptor (FXR).

* The chapter on membrane biochemistry in the previous edition has been split into two, yielding two new chapters
on the structure and function of membranes and intracellular traffic and sorting of proteins.

* Considerable new material has been added on RNA synthesis, protein synthesis, gene regulation, and various as-
pects of molecular genetics.

* Much of the material on individual endocrine glands present in the twenty-fifth edition has been replaced with
new chapters dealing with the diversity of the endocrine system, with molecular mechanisms of hormone action,

and with signal transduction. ix
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* The chapter on plasma proteins, immunoglobulins, and blood coagulation in the previous edition has been split
into two new chapters on plasma proteins and immunoglobulins and on hemostasis and thrombosis.

* New information has been added in appropriate chapters on lipid rafts and caveolae, aquaporins, connexins, dis-
orders due to mutations in genes encoding proteins involved in intracellular membrane transport, absorption of
iron, and conformational diseases and pharmacogenomics.

* A new and final chapter on “The Human Genome Project” (HGP) has been added, which builds on the material
covered in Chapters 35 through 40. Because of the impact of the results of the HGP on the future of biology and
medicine, it appeared appropriate to conclude the text with a summary of its major findings and their implica-
tions for future work.

* As initiated in the previous edition, references to useful Web sites have been included in a brief Appendix at the
end of the text.

ORGANIZATION OF THE BOOK
The text is divided into two introductory chapters (“Biochemistry & Medicine” and “Water & pH”) followed by six

main sections.

Section I deals with the structures and functions of proteins and enzymes, the workhorses of the body. Because
almost all of the reactions in cells are catalyzed by enzymes, it is vital to understand the properties of enzymes before
considering other topics.

Section II explains how various cellular reactions either utilize or release energy, and it traces the pathways by
which carbohydrates and lipids are synthesized and degraded. It also describes the many functions of these two
classes of molecules.

Section III deals with the amino acids and their many fates and also describes certain key features of protein ca-
tabolism.

Section IV describes the structures and functions of the nucleotides and nucleic acids, and covers many major
topics such as DNA replication and repair, RNA synthesis and modification, and protein synthesis. It also discusses
new findings on how genes are regulated and presents the principles of recombinant DNA technology.

Section V deals with aspects of extracellular and intracellular communication. Topics covered include membrane
structure and function, the molecular bases of the actions of hormones, and the key field of signal transduction.

Section VI consists of discussions of eleven special topics: nutrition, digestion, and absorption; vitamins and
minerals; intracellular traffic and sorting of proteins; glycoproteins; the extracellular matrix; muscle and the cy-
toskeleton; plasma proteins and immunoglobulins; hemostasis and thrombosis; red and white blood cells; the me-
tabolism of xenobiotics; and the Human Genome Project.
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Biochemistry & Medicine

Robert K. Murray, MD, PhD

INTRODUCTION

Biochemistry can be defined as the science concerned
with the chemical basis of life (Gk bios “life”). The cell is
the structural unit of living systems. Thus, biochem-
istry can also be described as the science concerned with
the chemical constituents of living cells and with the reac-
tions and processes they undergo. By this definition, bio-
chemistry encompasses large areas of cell biology, of
molecular biology, and of molecular genetics.

The Aim of Biochemistry Is to Describe &
Explain, in Molecular Terms, All Chemical
Processes of Living Cells

The major objective of biochemistry is the complete
understanding, at the molecular level, of all of the
chemical processes associated with living cells. To
achieve this objective, biochemists have sought to iso-
late the numerous molecules found in cells, determine
their structures, and analyze how they function. Many
techniques have been used for these purposes; some of
them are summarized in Table 1-1.

A Knowledge of Biochemistry Is Essential
to All Life Sciences

The biochemistry of the nucleic acids lies at the heart of
genetics; in turn, the use of genetic approaches has been
critical for elucidating many areas of biochemistry.
Physiology, the study of body function, overlaps with
biochemistry almost completely. Immunology employs
numerous biochemical techniques, and many immuno-
logic approaches have found wide use by biochemists.
Pharmacology and pharmacy rest on a sound knowl-
edge of biochemistry and physiology; in particular,
most drugs are metabolized by enzyme-catalyzed reac-
tions. Poisons act on biochemical reactions or processes;
this is the subject matter of toxicology. Biochemical ap-
proaches are being used increasingly to study basic as-
pects of pathology (the study of disease), such as in-
flammation, cell injury, and cancer. Many workers in
microbiology, zoology, and botany employ biochemical
approaches almost exclusively. These relationships are
not surprising, because life as we know it depends on
biochemical reactions and processes. In fact, the old
barriers among the life sciences are breaking down, and

biochemistry is increasingly becoming their common
language.

A Reciprocal Relationship Between
Biochemistry & Medicine Has Stimulated
Mutual Advances

The two major concerns for workers in the health sci-
ences—and particularly physicians—are the understand-
ing and maintenance of health and the understanding
and effective treatment of diseases. Biochemistry im-
pacts enormously on both of these fundamental con-
cerns of medicine. In fact, the interrelationship of bio-
chemistry and medicine is a wide, two-way street.
Biochemical studies have illuminated many aspects of
health and disease, and conversely, the study of various
aspects of health and disease has opened up new areas
of biochemistry. Some examples of this two-way street
are shown in Figure 1-1. For instance, a knowledge of
protein structure and function was necessary to eluci-
date the single biochemical difference between normal
hemoglobin and sickle cell hemoglobin. On the other
hand, analysis of sickle cell hemoglobin has contributed
significantly to our understanding of the structure and
function of both normal hemoglobin and other pro-
teins. Analogous examples of reciprocal benefit between
biochemistry and medicine could be cited for the other
paired items shown in Figure 1-1. Another example is
the pioneering work of Archibald Garrod, a physician
in England during the early 1900s. He studied patients
with a number of relatvely rare disorders (alkap-
tonuria, albinism, cystinuria, and pentosuria; these are
described in later chapters) and established that these
conditions were genetically determined. Garrod desig-
nated these conditions as inborn errors of metabo-
lism. His insights provided a major foundation for the
development of the field of human biochemical genet-
ics. More recent efforts to understand the basis of the
genetic disease known as familial hypercholesterol-
emia, which results in severe atherosclerosis at an early
age, have led to dramatic progress in understanding of
cell receptors and of mechanisms of uptake of choles-
terol into cells. Studies of oncogenes in cancer cells
have directed attention to the molecular mechanisms
involved in the control of normal cell growth. These
and many other examples emphasize how the study of
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Table 1-1. The principal methods and
preparations used in biochemical laboratories.

Methods for Separating and Purifying Biomolecules’
Salt fractionation (eg, precipitation of proteins with ammo-
nium sulfate)
Chromatography: Paper; ion exchange; affinity; thin-layer;
gas-liquid; high-pressure liquid; gel filtration
Electrophoresis: Paper; high-voltage; agarose; cellulose
acetate; starch gel; polyacrylamide gel; SDS-polyacryl-
amide gel
Ultracentrifugation
Methods for Determining Biomolecular Structures
Elemental analysis
UV, visible, infrared, and NMR spectroscopy
Use of acid or alkaline hydrolysis to degrade the biomole-
cule under study into its basic constituents
Use of a battery of enzymes of known specificity to de-
grade the biomolecule under study (eg, proteases, nucle-
ases, glycosidases)
Mass spectrometry
Specific sequencing methods (eg, for proteins and nucleic
acids)
X-ray crystallography
Preparations for Studying Biochemical Processes
Whole animal (includes transgenic animals and animals
with gene knockouts)
Isolated perfused organ
Tissue slice
Whole cells
Homogenate
Isolated cell organelles
Subfractionation of organelles
Purified metabolites and enzymes
Isolated genes (including polymerase chain reaction and
site-directed mutagenesis)

'Most of these methods are suitable for analyzing the compo-
nents present in cell homogenates and other biochemical prepa-
rations. The sequential use of several techniques will generally
permit purification of most biomolecules. The reader is referred
to texts on methods of biochemical research for details.

disease can open up areas of cell function for basic bio-
chemical research.

The relationship between medicine and biochem-
istry has important implications for the former. As long
as medical treatment is firmly grounded in a knowledge
of biochemistry and other basic sciences, the practice of
medicine will have a rational basis that can be adapted
to accommodate new knowledge. This contrasts with
unorthodox health cults and at least some “alternative
medicine” practices, which are often founded on little
more than myth and wishful thinking and generally
lack any intellectual basis.

NORMAL BIOCHEMICAL PROCESSES ARE
THE BASIS OF HEALTH

The World Health Organization (WHO) defines
health as a state of “complete physical, mental and so-
cial well-being and not merely the absence of discase
and infirmity.” From a strictly biochemical viewpoint,
health may be considered that situation in which all of
the many thousands of intra- and extracellular reactions
that occur in the body are proceeding at rates commen-
surate with the organism’s maximal survival in the
physiologic state. However, this is an extremely reduc-
tionist view, and it should be apparent that caring for
the health of patients requires not only a wide knowl-
edge of biologic principles but also of psychologic and
social principles.

Biochemical Research Has Impact on
Nutrition & Preventive Medicine

One major prerequisite for the maintenance of health is
that there be optimal dietary intake of a number of
chemicals; the chief of these are vitamins, certain
amino acids, certain fatty acids, various minerals, and
water. Because much of the subject matter of both bio-
chemistry and nutrition is concerned with the study of
various aspects of these chemicals, there is a close rela-
tionship between these two sciences. Moreover, more
emphasis is being placed on systematic attempts to
maintain health and forestall disease, ie, on preventive
medicine. Thus, nutritional approaches to—for exam-
ple—the prevention of atherosclerosis and cancer are
receiving increased emphasis. Understanding nutrition
depends to a great extent on a knowledge of biochem-

istry.

Most & Perhaps All Disease Has
a Biochemical Basis

We believe that most if not all diseases are manifesta-
tions of abnormalities of molecules, chemical reactions,
or biochemical processes. The major factors responsible
for causing diseases in animals and humans are listed in
Table 1-2. All of them affect one or more critical
chemical reactions or molecules in the body. Numerous
examples of the biochemical bases of diseases will be en-
countered in this text; the majority of them are due to
causes 5, 7, and 8. In most of these conditions, bio-
chemical studies contribute to both the diagnosis and
treatment. Some major uses of biochemical investiga-
tions and of laboratory tests in relation to diseases are
summarized in Table 1-3.

Additional examples of many of these uses are pre-
sented in various sections of this text.
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BIOCHEMISTRY
Nucleic
acids Proteins Lipids Carbohydrates
Genetic Sickle cell Athero- Diabetes
diseases anemia sclerosis mellitus
MEDICINE

Figure 1-1.

Examples of the two-way street connecting biochemistry and

medicine. Knowledge of the biochemical molecules shown in the top part of the
diagram has clarified our understanding of the diseases shown in the bottom
half—and conversely, analyses of the diseases shown below have cast light on
many areas of biochemistry. Note that sickle cell anemia is a genetic disease and
that both atherosclerosis and diabetes mellitus have genetic components.

Impact of the Human Genome Project
(HGP) on Biochemistry & Medicine

Remarkable progress was made in the late 1990s in se-
quencing the human genome. This culminated in July
2000, when leaders of the two groups involved in this
effort (the International Human Genome Sequencing
Consortium and Celera Genomics, a private company)
announced that over 90% of the genome had been se-
quenced. Draft versions of the sequence were published

Table 1-2. The major causes of diseases. All of
the causes listed act by influencing the various
biochemical mechanisms in the cell or in the
body."

1. Physical agents: Mechanical trauma, extremes of temper-
ature, sudden changes in atmospheric pressure, radia-
tion, electric shock.

2. Chemical agents, including drugs: Certain toxic com-
pounds, therapeutic drugs, etc.

3. Biologic agents: Viruses, bacteria, fungi, higher forms of
parasites.

4. Oxygen lack: Loss of blood supply, depletion of the
oxygen-carrying capacity of the blood, poisoning of
the oxidative enzymes.

5. Genetic disorders: Congenital, molecular.

6. Immunologic reactions: Anaphylaxis, autoimmune
disease.

7. Nutritional imbalances: Deficiencies, excesses.

8. Endocrine imbalances: Hormonal deficiencies, excesses.

'Adapted, with permission, from Robbins SL, Cotram RS, Kumar V:
The Pathologic Basis of Disease, 3rd ed. Saunders, 1984.

Table 1-3. Some uses of biochemical
investigations and laboratory tests in

relation to diseases.

Use

Example

1. Toreveal the funda-
mental causes and
mechanisms of diseases

2. Tosuggest rational treat-
ments of diseases based
on (1) above

3. Toassist in the diagnosis
of specific diseases

4. Toact as screening tests
for the early diagnosis
of certain diseases

5. Toassist in monitoring
the progress (eg, re-
covery, worsening, re-
mission, or relapse) of
certain diseases

6. Toassistin assessing
the response of dis-
eases to therapy

Demonstration of the na-
ture of the genetic de-
fects in cystic fibrosis.

A diet low in phenylalanine
for treatment of phenyl-
ketonuria.

Use of the plasma enzyme
creatine kinase Ms
(CK-MB) in the diagnosis
of myocardial infarction.

Use of measurement of
blood thyroxine or
thyroid-stimulating hor-
mone (TSH) in the neo-
natal diagnosis of con-
genital hypothyroidism.

Use of the plasma enzyme
alanine aminotransferase
(ALT) in monitoring the
progress of infectious
hepatitis.

Use of measurement of
blood carcinoembryonic
antigen (CEA) in certain
patients who have been
treated for cancer of the
colon.
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in early 2001. It is anticipated that the entire sequence
will be completed by 2003. The implications of this
work for biochemistry, all of biology, and for medicine
are tremendous, and only a few points are mentioned
here. Many previously unknown genes have been re-
vealed; their protein products await characterization.
New light has been thrown on human evolution, and
procedures for tracking disease genes have been greatly
refined. The results are having major effects on areas
such as proteomics, bioinformatics, biotechnology, and
pharmacogenomics. Reference to the human genome
will be made in various sections of this text. The
Human Genome Project is discussed in more detail in

Chapter 54.

SUMMARY

* Biochemistry is the science concerned with studying
the various molecules that occur in living cells and
organisms and with their chemical reactions. Because
life depends on biochemical reactions, biochemistry
has become the basic language of all biologic sci-
ences.

* Biochemistry is concerned with the entire spectrum
of life forms, from relatively simple viruses and bacte-
ria to complex human beings.

* Biochemistry and medicine are intimately related.
Health depends on a harmonious balance of bio-
chemical reactions occurring in the body, and disease
reflects abnormalities in biomolecules, biochemical
reactions, or biochemical processes.

* Advances in biochemical knowledge have illumi-
nated many areas of medicine. Conversely, the study
of diseases has often revealed previously unsuspected
aspects of biochemistry. The determination of the se-
quence of the human genome, nearly complete, will
have a great impact on all areas of biology, including
biochemistry, bioinformatics, and biotechnology.

* Biochemical approaches are often fundamental in il-
luminating the causes of diseases and in designing
appropriate therapies.

* The judicious use of various biochemical laboratory
tests is an integral component of diagnosis and moni-
toring of treatment.

* A sound knowledge of biochemistry and of other re-
lated basic disciplines is essential for the rational
practice of medical and related health sciences.
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Water & pH

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

Water is the predominant chemical component of liv-
ing organisms. Its unique physical properties, which in-
clude the ability to solvate a wide range of organic and
inorganic molecules, derive from water’s dipolar struc-
ture and exceptional capacity for forming hydrogen
bonds. The manner in which water interacts with a sol-
vated biomolecule influences the structure of each. An
excellent nucleophile, water is a reactant or product in
many metabolic reactions. Water has a slight propensity
to dissociate into hydroxide ions and protons. The
acidity of aqueous solutions is generally reported using
the logarithmic pH scale. Bicarbonate and other buffers
normally maintain the pH of extracellular fluid be-
tween 7.35 and 7.45. Suspected disturbances of acid-
base balance are verified by measuring the pH of arter-
ial blood and the CO, content of venous blood. Causes
of acidosis (blood pH < 7.35) include diabetic ketosis
and lactic acidosis. Alkalosis (pH > 7.45) may, for ex-
ample, follow vomiting of acidic gastric contents. Regu-
lation of water balance depends upon hypothalamic
mechanisms that control thirst, on antidiuretic hor-
mone (ADH), on retention or excretion of water by the
kidneys, and on evaporative loss. Nephrogenic diabetes
insipidus, which involves the inability to concentrate
urine or adjust to subtle changes in extracellular fluid
osmolarity, results from the unresponsiveness of renal
tubular osmoreceptors to ADH.

WATERIS AN IDEAL BIOLOGIC SOLVENT
Water Molecules Form Dipoles

A water molecule is an irregular, slightly skewed tetra-
hedron with oxygen at its center (Figure 2—1). The two
hydrogens and the unshared electrons of the remaining
two sp>-hybridized orbitals occupy the corners of the
tetrahedron. The 105-degree angle between the hydro-
gens differs slightly from the ideal tetrahedral angle,
109.5 degrees. Ammonia is also tetrahedral, with a 107-
degree angle between its hydrogens. Water is a dipole,
a molecule with electrical charge distributed asymmetri-
cally about its structure. The strongly electronegative

oxygen atom pulls electrons away from the hydrogen
nuclei, leaving them with a partial positive charge,
while its two unshared electron pairs constitute a region
of local negative charge.

Water, a strong dipole, has a high dielectric con-
stant. As described quantitatively by Coulomb’s law,
the strength of interaction F between oppositely
charged particles is inversely proportionate to the di-
electric constant € of the surrounding medium. The di-
electric constant for a vacuum is unity; for hexane it is
1.9; for ethanol it is 24.3; and for water it is 78.5.
Water therefore greatly decreases the force of attraction
between charged and polar species relative to water-free
environments with lower dielectric constants. Its strong
dipole and high dielectric constant enable water to dis-
solve large quantities of charged compounds such as
salts.

Water Molecules Form Hydrogen Bonds

An unshielded hydrogen nucleus covalently bound to
an electron-withdrawing oxygen or nitrogen atom can
interact with an unshared electron pair on another oxy-
gen or nitrogen atom to form a hydrogen bond. Since
water molecules contain both of these features, hydro-
gen bonding favors the self-association of water mole-
cules into ordered arrays (Figure 2-2). Hydrogen bond-
ing profoundly influences the physical properties of
water and accounts for its exceptionally high viscosity,
surface tension, and boiling point. On average, each
molecule in liquid water associates through hydrogen
bonds with 3.5 others. These bonds are both relatively
weak and transient, with a half-life of about one mi-
crosecond. Rupture of a hydrogen bond in liquid water
requires only about 4.5 kcal/mol, less than 5% of the
energy required to rupture a covalent O—H bond.

Hydrogen bonding enables water to dissolve many
organic biomolecules that contain functional groups
which can participate in hydrogen bonding. The oxy-
gen atoms of aldehydes, ketones, and amides provide
pairs of electrons that can serve as hydrogen acceptors.
Alcohols and amines can serve both as hydrogen accep-
tors and as donors of unshielded hydrogen atoms for
formation of hydrogen bonds (Figure 2-3).
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Figure 2-1. The water molecule has tetrahedral

geometry.

INTERACTION WITH WATER INFLUENCES
THE STRUCTURE OF BIOMOLECULES

Covalent & Noncovalent Bonds Stabilize
Biologic Molecules

The covalent bond is the strongest force that holds
molecules together (Table 2-1). Noncovalent forces,
while of lesser magnitude, make significant contribu-
tions to the structure, stability, and functional compe-
tence of macromolecules in living cells. These forces,
which can be either attractive or repulsive, involve in-
teractions both within the biomolecule and between it
and the water that forms the principal component of
the surrounding environment.

Biomolecules Fold to Position Polar &
Charged Groups on Their Surfaces

Most biomolecules are amphipathic; that is, they pos-
sess regions rich in charged or polar functional groups
as well as regions with hydrophobic character. Proteins
tend to fold with the R-groups of amino acids with hy-
drophobic side chains in the interior. Amino acids with
charged or polar amino acid side chains (eg, arginine,
glutamate, serine) generally are present on the surface
in contact with water. A similar pattern prevails in a

phospholipid bilayer, where the charged head groups of

\Q/ \O/ )_‘
o g
/ |
H o}
H
Figure 2-2. Left: Association of two dipolar water

molecules by a hydrogen bond (dotted line). Right:
Hydrogen-bonded cluster of four water molecules.
Note that water can serve simultaneously both as a hy-
drogen donor and as a hydrogen acceptor.
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Figure 2-3. Additional polar groups participate in
hydrogen bonding. Shown are hydrogen bonds formed
between an alcohol and water, between two molecules
of ethanol, and between the peptide carbonyl oxygen
and the peptide nitrogen hydrogen of an adjacent
amino acid.

phosphatidyl serine or phosphatidyl ethanolamine con-
tact water while their hydrophobic fatty acyl side chains
cluster together, excluding water. This pattern maxi-
mizes the opportunities for the formation of energeti-
cally favorable charge-dipole, dipole-dipole, and hydro-
gen bonding interactions between polar groups on the
biomolecule and water. It also minimizes energetically
unfavorable contact between water and hydrophobic
groups.

Hydrophobic Interactions

Hydrophobic interaction refers to the tendency of non-
polar compounds to self-associate in an aqueous envi-
ronment. This self-association is driven neither by mu-
tual attraction nor by what are sometimes incorrectly
referred to as “hydrophobic bonds.” Self-association
arises from the need to minimize energetically unfavor-
able interactions between nonpolar groups and water.

Table 2-1. Bond energies for atoms of biologic
significance.

Bond Energy Bond Energy
Type (kcal/mol) Type (kcal/mol)
0—0 34 0=0 96
S—S 51 C—H 929
C—N 70 =S 108
S—H 81 O—H 110
c—C 82 C=C 147
-0 84 C=N 147
N—H 94 =0 164




While the hydrogens of nonpolar groups such as the
methylene groups of hydrocarbons do not form hydro-
gen bonds, they do affect the structure of the water that
surrounds them. Water molecules adjacent to a hy-
drophobic group are restricted in the number of orien-
tations (degrees of freedom) that permit them to par-
ticipate in the maximum number of energetically
favorable hydrogen bonds. Maximal formation of mul-
tiple hydrogen bonds can be maintained only by in-
creasing the order of the adjacent water molecules, with
a corresponding decrease in entropy.

It follows from the second law of thermodynamics
that the optimal free energy of a hydrocarbon-water
mixture is a function of both maximal enthalpy (from
hydrogen bonding) and minimum entropy (maximum
degrees of freedom). Thus, nonpolar molecules tend to
form droplets with minimal exposed surface area, re-
ducing the number of water molecules affected. For the
same reason, in the aqueous environment of the living
cell the hydrophobic portions of biopolymers tend to
be buried inside the structure of the molecule, or within
a lipid bilayer, minimizing contact with water.

Electrostatic Interactions

Interactions between charged groups shape biomolecu-
lar structure. Electrostatic interactions between oppo-
sitely charged groups within or between biomolecules
are termed salt bridges. Salt bridges are comparable in
strength to hydrogen bonds but act over larger dis-
tances. They thus often facilitate the binding of charged
molecules and ions to proteins and nucleic acids.

Van der Waals Forces

Van der Waals forces arise from attractions between
transient dipoles generated by the rapid movement of
electrons on all neutral atoms. Significantly weaker
than hydrogen bonds but potentially extremely numer-
ous, van der Waals forces decrease as the sixth power of
the distance separating atoms. Thus, they act over very
short distances, typically 2—4 A.

Multiple Forces Stabilize Biomolecules

The DNA double helix illustrates the contribution of
multiple forces to the structure of biomolecules. While
each individual DNA strand is held together by cova-
lent bonds, the two strands of the helix are held to-
gether exclusively by noncovalent interactions. These
noncovalent interactions include hydrogen bonds be-
tween nucleotide bases (Watson-Crick base pairing)
and van der Waals interactions between the stacked
purine and pyrimidine bases. The helix presents the
charged phosphate groups and polar ribose sugars of
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the backbone to water while burying the relatively hy-
drophobic nucleotide bases inside. The extended back-
bone maximizes the distance between negatively
charged backbone phosphates, minimizing unfavorable
electrostatic interactions.

WATER IS AN EXCELLENT NUCLEOPHILE

Metabolic reactions often involve the attack by lone
pairs of electrons on electron-rich molecules termed
nucleophiles on electron-poor atoms called elec-
trophiles. Nucleophiles and electrophiles do not neces-
sarily possess a formal negative or positive charge.
Water, whose two lone pairs of sp” electrons bear a par-
tial negative charge, is an excellent nucleophile. Other
nucleophiles of biologic importance include the oxygen
atoms of phosphates, alcohols, and carboxylic acids; the
sulfur of thiols; the nitrogen of amines; and the imid-
azole ring of histidine. Common electrophiles include
the carbonyl carbons in amides, esters, aldehydes, and
ketones and the phosphorus atoms of phosphoesters.

Nucleophilic attack by water generally results in the
cleavage of the amide, glycoside, or ester bonds that
hold biopolymers together. This process is termed hy-
drolysis. Conversely, when monomer units are joined
together to form biopolymers such as proteins or glyco-
gen, water is a product, as shown below for the forma-
tion of a peptide bond between two amino acids.

(¢]
H,yN
NH
Alanine \)\H/O
o
Valine
H,0
(0]
*HyN
NH

\)\fo_

(¢]

While hydrolysis is a thermodynamically favored re-
action, the amide and phosphoester bonds of polypep-
tides and oligonucleotides are stable in the aqueous en-
vironment of the cell. This seemingly paradoxic
behavior reflects the fact that the thermodynamics gov-
erning the equilibrium of a reaction do not determine
the rate at which it will take place. In the cell, protein
catalysts called enzymes are used to accelerate the rate
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of hydrolytic reactions when needed. Proteases catalyze
the hydrolysis of proteins into their component amino
acids, while nucleases catalyze the hydrolysis of the
phosphoester bonds in DNA and RNA. Careful control
of the activities of these enzymes is required to ensure
that they act only on appropriate target molecules.

Many Metabolic Reactions Involve
Group Transfer

In group transfer reactions, a group G is transferred
from a donor D to an acceptor A, forming an acceptor
group complex A-G:

D-G+A=A-G+D

The hydrolysis and phosphorolysis of glycogen repre-
sent group transfer reactions in which glucosyl groups
are transferred to water or to orthophosphate. The
equilibrium constant for the hydrolysis of covalent
bonds strongly favors the formation of split products.
The biosynthesis of macromolecules also involves group
transfer reactions in which the thermodynamically un-
favored synthesis of covalent bonds is coupled to fa-
vored reactions so that the overall change in free energy
favors biopolymer synthesis. Given the nucleophilic
character of water and its high concentration in cells,
why are biopolymers such as proteins and DNA rela-
tively stable? And how can synthesis of biopolymers
occur in an apparently aqueous environment? Central
to both questions are the properties of enzymes. In the
absence of enzymic catalysis, even thermodynamically
highly favored reactions do not necessarily take place
rapidly. Precise and differential control of enzyme ac-
tivity and the sequestration of enzymes in specific or-
ganelles determine under what physiologic conditions a
given biopolymer will be synthesized or degraded.
Newly synthesized polymers are not immediately hy-
drolyzed, in part because the active sites of biosynthetic
enzymes sequester substrates in an environment from
which water can be excluded.

Water Molecules Exhibit a Slight but
Important Tendency to Dissociate

The ability of water to ionize, while slight, is of central
importance for life. Since water can act both as an acid
and as a base, its ionization may be represented as an
intermolecular proton transfer that forms a hydronium

ion (H;0%) and a hydroxide ion (OH"):
H,0 + H,0 H;0"+ OH™

The transferred proton is actually associated with a
cluster of water molecules. Protons exist in solution not
only as H;0%, but also as multimers such as H;O,* and

H-,O;*. The proton is nevertheless routinely repre-
sented as H*, even though it is in fact highly hydrated.

Since hydronium and hydroxide ions continuously
recombine to form water molecules, an individual hy-
drogen or oxygen cannot be stated to be present as an
ion or as part of a water molecule. At one instant it is
an ion. An instant later it is part of a molecule. Individ-
ual ions or molecules are therefore not considered. We
refer instead to the probability that at any instant in
time a hydrogen will be present as an ion or as part of a
water molecule. Since 1 g of water contains 3.46 x 10*
molecules, the ionization of water can be described sta-
tistically. To state that the probability that a hydrogen
exists as an ion is 0.01 means that a hydrogen atom has
one chance in 100 of being an ion and 99 chances out
of 100 of being part of a water molecule. The actual
probability of a hydrogen atom in pure water existing as
a hydrogen ion is approximately 1.8 x 107". The proba-
bility of its being part of a molecule thus is almost
unity. Stated another way, for every hydrogen ion and
hydroxyl ion in pure water there are 1.8 billion or 1.8 x
10? water molecules. Hydrogen ions and hydroxyl ions
nevertheless contribute significantly to the properties of
water.

For dissociation of water,

-
- HIIOH ]
[H,0]

where brackets represent molar concentrations (strictly
speaking, molar activities) and K is the dissociation
constant. Since one mole (mol) of water weighs 18 g,
one liter (L) (1000 g) of water contains 1000 X 18 =
55.56 mol. Pure water thus is 55.56 molar. Since the
probability that a hydrogen in pure water will exist as a
hydrogen ion is 1.8 x 107, the molar concentration of
H* ions (or of OH™ ions) in pure water is the product
of the probability, 1.8 x 107, times the molar concen-
tration of water, 55.56 mol/L. The result is 1.0 X 1077
mol/L.
We can now calculate K for water:

_HTJIOH™]_[107711107"]
[H,0] [55.56]
=0.018x107"% =1.8x10 " mol/L

The molar concentration of water, 55.56 mol/L, is
too great to be significantly affected by dissociation. It
therefore is considered to be essentially constant. This
constant may then be incorporated into the dissociation
constant K to provide a useful new constant K|, termed
the ion product for water. The relationship between

K, and K is shown below:



_H'JOH]
[H,0]
K, =(K)[H,0]=[H*][OH"]
=(1.8x107® mol/L) (55.56 mol /L)
=1.00x10"" (mol/L)?

=1.8x107"% mol/L

Note that the dimensions of K are moles per liter and
those of K, are moles® per liter’. As its name suggests,
the ion product K, is numerically equal to the product
of the molar concentrations of H* and OH™:

K, =[H"1OH™]

At 25 °C, K, = (107)%, or 107 (mol/L)% At tempera—
tures below 25 °C, K, is somewhat less than 107" and
at temperatures above 25 °C it is somewhat greater than
107'*. Within the stated limitations of the effect of tem-
perature, K, equals 10# (mol/L)? for all aqueous so-
lutions, even solutions of acids or bases. We shall use
K, to calculate the pH of acidic and basic solutions.

pH IS THE NEGATIVE LOG OF THE
HYDROGEN ION CONCENTRATION

The term pH was introduced in 1909 by Sérensen,
who defined pH as the negative log of the hydrogen ion
concentration:

pH=—log [H*]

This definition, while not rigorous, suffices for many
biochemical purposes. To calculate the pH of a solution:

1. Calculate hydrogen ion concentration [H*].
2. Calculate the base 10 logarithm of [H*].
3. pH is the negative of the value found in step 2.

For example, for pure water at 25°C,

pH=—log [HT]=—-log 10 =—(~7)=7.0
Low pH values correspond to high concentrations of
H* and high pH values correspond to low concentra-
tions of H*.

Acids are proton donors and bases are proton ac-
ceptors. Strong acids (eg, HCI or H,SO,) completely
dissociate into anions and cations even in strongly acidic
solutions (low pH). Weak acids dissociate only partially
in acidic solutions. Similarly, strong bases (eg, KOH or
NaOH)—but not weak bases (eg, Ca[OH],)—are
completely dissociated at high pH. Many biochemicals
are weak acids. Exceptions include phosphorylated in-
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termediates, whose phosphoryl group contains two dis-
sociable protons, the first of which is strongly acidic.
The following examples illustrate how to calculate
the pH of acidic and basic solutions.
Example 1: What is the pH of a solutlon whose hy-
drogen ion concentration is 3.2 X 10~% mol/L?

pH=—log [H"]
=—log (3.2x107%

=—log (3.2)-log (107%)
=-05+4.0
=35

Example 2: What is the pH of a solutlon whose hy-
droxide ion concentration is 4.0 X 10™* mol/L? We first
define a quantity pOH that is equal to —log [OH] and
that may be derived from the definition of K ;:

K, =[HTIIOH ]=10"14

Therefore:
log [H1+log [OH ]1=log 107
or
pH+pOH =14
To solve the problem by this approach:

[OH 1=4.0x10"*
pOH=—-log [OH]
=—log (4.0x107%
=—log (4.0)—log (107%)
=-0.60+4.0
=34

Now:

pH=14-pOH=14-34
=10.6

Example 3: What are the pH values of (a) 2.0 x 1072
mol/L KOH and of (b) 2.0 X 107 mol/L KOH? The
OH" arises from two sources, KOH and water. Since
pH is determined by the total [H*] (and pOH by the
total [OH™]), both sources must be considered. In the
first case (a), the contribution of water to the total
[OHT] is negligible. The same cannot be said for the

second case (b):
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Concentration (mol/L)
(a) (b)
Molarity of KOH 20x107 20x10°°
[OH7] from KOH 2.0x 1072 20x10°°
[OH] from water 1.0x 107 1.0x 107

Total [OH] 2.00001 x 1072 2.1x10°®

Once a decision has been reached about the significance
of the contribution by water, pH may be calculated as
above.

The above examples assume that the strong base
KOH is completely dissociated in solution and that the
concentration of OH™ ions was thus equal to that of the
KOH. This assumption is valid for dilute solutions of
strong bases or acids but not for weak bases or acids.
Since weak electrolytes dissociate only slightly in solu-
tion, we must use the dissociation constant to calcu-
late the concentration of [H*] (or [OH7]) produced by
a given molarity of a weak acid (or base) before calcu-
lating total [H*] (or total [OH]) and subsequently pH.

Functional Groups That Are Weak Acids
Have Great Physiologic Significance

Many biochemicals possess functional groups that are
weak acids or bases. Carboxyl groups, amino groups,
and the second phosphate dissociation of phosphate es-
ters are present in proteins and nucleic acids, most
coenzymes, and most intermediary metabolites. Knowl-
edge of the dissociation of weak acids and bases thus is
basic to understanding the influence of intracellular pH
on structure and biologic activity. Charge-based separa-
tions such as electrophoresis and ion exchange chro-
matography also are best understood in terms of the
dissociation behavior of functional groups.

We term the protonated species (eg, HA or
R—NH;*) the acid and the unprotonated species (eg,
A” or R—NH,) its conjugate base. Similarly, we may
refer to a base (eg, A~ or R—NH,) and its conjugate
acid (eg, HA or R—NH;*). Representative weak acids
(left), their conjugate bases (center), and the pK; values
(right) include the following:

R—CH,—COOH R—CH,—COO~  pK,=4-5
R—CH,—NH;  R—CH,—NH, pK,=9-10
H,CO;4 HCO; pK,=6.4
H,PO, HPO, pK, =72

We express the relative strengths of weak acids and
bases in terms of their dissociation constants. Shown

below are the expressions for the dissociation constant
(K, ) for two representative weak acids, R—COOH and
RNH,".

R—COOH R—COO™ +H*
[R—COO™][H"]
Ky=———————
[R—COOH]
R—NH;" R—NH,+H"
i = R—=NH,IH"]

a

[R—NH;"]

Since the numeric values of X, for weak acids are nega-
tive exponential numbers, we express K, as pK,, where

pKy= — log K

Note that pK, is related to K, as pH is to [H*]. The
stronger the acid, the lower its pX; value.

pK, is used to express the relative strengths of both
acids and bases. For any weak acid, its conjugate is a
strong base. Similarly, the conjugate of a strong base is
a weak acid. The relative strengths of bases are ex-
pressed in terms of the pX; of their conjugate acids. For
polyproteic compounds containing more than one dis-
sociable proton, a numerical subscript is assigned to
each in order of relative acidity. For a dissociation of

the type
R—NH;" —R—NH,
the pK, is the pH at which the concentration of the
acid R—NH;* equals that of the base R—NH,.
From the above equations that relate X, to [H*] and

to the concentrations of undissociated acid and its con-
jugate base, when

[R—COO™ ]1=[R—COOH]
or when
[R—NH,]=[R—NH;*]
then
K, = H']

Thus, when the associated (protonated) and dissociated
(conjugate base) species are present at equal concentra-
tions, the prevailing hydrogen ion concentration [H*]

is numerically equal to the dissociation constant, K. If
the logarithms of both sides of the above equation are



taken and both sides are multiplied by —1, the expres-
sions would be as follows:

Ky =[H"]
~log K, =-log [H"]

Since —log K, is defined as pK;, and —log [H*] de-
fines pH, the equation may be rewritten as

pK; =pH
ie, the pK, of an acid group is the pH at which the pro-
tonated and unprotonated species are present at equal
concentrations. The pK; for an acid may be determined

by adding 0.5 equivalent of alkali per equivalent of
acid. The resulting pH will be the pX, of the acid.

The Henderson-Hasselbalch Equation
Describes the Behavior
of Weak Acids & Buffers

The Henderson-Hasselbalch equation is derived below.
A weak acid, HA, ionizes as follows:

HA  H'+A”
The equilibrium constant for this dissociation is

_HIAT]
[HA]

a

Cross-multiplication gives
[H*I[A"]=K,[HA]

Divide both sides by [A7]:

Take the log of both sides:

log [H*]1=log [Ka MJ

[A7]
=log K, +log [HA
[A7]
Multiply through by —1:
[HA]

—log [H"]1=-log K, —log —
[A7]
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Substitute pH and pKX, for —log [H*] and —log K, re-
spectively; then:

pH:pKa —|og M

[A7]

Inversion of the last term removes the minus sign
and gives the Henderson-Hasselbalch equation:

[A7]
H=pK, +log —
pH =pK, +log [HA]

The Henderson-Hasselbalch equation has great pre-
dictive value in protonic equilibria. For example,

(1) When an acid is exactly half-neutralized, [A7] =
[HA]. Under these conditions,

L]

H=pK, +lo
PR=PRa 7109 1

=pK, +Iog%=pKa+0

Therefore, at half-neutralization, pH = pX,.
(2) When the ratio [A7]/[HA] = 100:1,

[A7]
H=pK, +log —
pH=pK, +log [HA]

pH=pK, +log 100/1=pK, +2

(3) When the ratio [A7]/[HA] = 1:10,
pH=pK, +log 1/10=pK, +(-1)

If the equation is evaluated at ratios of [A7]/[HA]
ranging from 10° to 107 and the calculated pH values
are plotted, the resulting graph describes the titration
curve for a weak acid (Figure 2-4).

Solutions of Weak Acids & Their Salts
Buffer Changes in pH

Solutions of weak acids or bases and their conjugates
exhibit buffering, the ability to resist a change in pH
following addition of strong acid or base. Since many
metabolic reactions are accompanied by the release or
uptake of protons, most intracellular reactions are
buffered. Oxidative metabolism produces CO,, the an-
hydride of carbonic acid, which if not buffered would
produce severe acidosis. Maintenance of a constant pH
involves buffering by phosphate, bicarbonate, and pro-
teins, which accept or release protons to resist a change
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meq of alkali added per meq of acid
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Figure 2-4.  Titration curve for an acid of the type
HA. The heavy dot in the center of the curve indicates
the pK, 5.0.

in pH. For experiments using tissue extracts or en-
zymes, constant pH is maintained by the addition of
buffers such as MES ([2-N-morpholino]ethanesulfonic
acid, pK, 6.1), inorganic orthophosphate (pX, 7.2),
HEPES (N-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid, pK, 6.8), or Tris (tris[hydroxymethyl] amino-
methane, pX, 8.3). The value of pK; relative to the de-
sired pH is the major determinant of which buffer is se-
lected.

Buffering can be observed by using a pH meter
while titrating a weak acid or base (Figure 2-4). We
can also calculate the pH shift that accompanies addi-
tion of acid or base to a buffered solution. In the exam-
ple, the buffered solution (a weak acid, pK, = 5.0, and
its conjugate base) is initially at one of four pH values.
We will calculate the pH shift that results when 0.1
meq of KOH is added to 1 meq of each solution:

Initial pH 5.00 537 560 586
(A Tinital 0.50 070 080 0.88
[HATiia 0.50 030 020 012

(A VHAD i 100 233 400 733
Addition of 0.1 meq of KOH produces

[AJnal 060 080 090 098
[HAa 040 020 0.0 0.2
(A1/[HADga 150 400  9.00 49.0

log (A)/[HADgy 0176 0602 095  1.69
Final pH 518 560 595  6.69
ApH 018 060 095 169

Notice that the change in pH per milliequivalent of
OH™ added depends on the initial pH. The solution re-

sists changes in pH most effectively at pH values close

to the pK,. A solution of a weak acid and its conjugate
base buffers most effectively in the pH range pK, + 1.0
pH unit.

Figure 2—4 also illustrates the net charge on one
molecule of the acid as a function of pH. A fractional
charge of —0.5 does not mean that an individual mole-
cule bears a fractional charge, but the probability that a
given molecule has a unit negative charge is 0.5. Con-
sideration of the net charge on macromolecules as a
function of pH provides the basis for separatory tech-
niques such as ion exchange chromatography and elec-
trophoresis.

Acid Strength Depends on
Molecular Structure

Many acids of biologic interest possess more than one
dissociating group. The presence of adjacent negative
charge hinders the release of a proton from a nearby
group, raising its pK,. This is apparent from the pK,
values for the three dissociating groups of phosphoric
acid and citric acid (Table 2-2). The effect of adjacent
charge decreases with distance. The second pX, for suc-
cinic acid, which has two methylene groups between its
carboxyl groups, is 5.6, whereas the second pX; for glu-

Table 2-2. Relative strengths of selected acids of
biologic significance. Tabulated values are the pK,
values (—log of the dissociation constant) of
selected monoprotic, diprotic, and triprotic acids.

Monoprotic Acids

Formic pK 3.75
Lactic pK 3.86
Acetic pK 4.76
Ammonium ion pK 9.25

Diprotic Acids

Carbonic pK; 6.37
pK, 10.25
Succinic Pk, 4.21
pK, 5.64
Glutaric pK, 434
pK, 541
Triprotic Acids
Phosphoric pK, 2.15
pK, 6.82
pK; 12.38
Citric Pk, 3.08
Pk, 4.74
pK; 5.40




taric acid, which has one additional methylene group,

is 5.4.

pK, Values Depend on the Properties
of the Medium

The pK, of a functional group is also profoundly influ-
enced by the surrounding medium. The medium may
either raise or lower the pK, depending on whether the
undissociated acid or its conjugate base is the charged
species. The effect of dielectric constant on pK, may be
observed by adding ethanol to water. The pK, of a car-
boxylic acid increases, whereas that of an amine decreases
because ethanol decreases the ability of water to solvate
a charged species. The pK; values of dissociating groups
in the interiors of proteins thus are profoundly affected
by their local environment, including the presence or
absence of water.

SUMMARY

* Water forms hydrogen-bonded clusters with itself and
with other proton donors or acceptors. Hydrogen
bonds account for the surface tension, viscosity, liquid
state at room temperature, and solvent power of water.

e Compounds that contain O, N, or S can serve as hy-
drogen bond donors or acceptors.

WATER&pH [ 13

* Macromolecules exchange internal surface hydrogen
bonds for hydrogen bonds to water. Entropic forces
dictate that macromolecules expose polar regions to
an aqueous interface and bury nonpolar regions.

¢ Salt bonds, hydrophobic interactions, and van der
Waals forces participate in maintaining molecular
structure.

* pH is the negative log of [H*]. A low pH character-
izes an acidic solution, and a high pH denotes a basic
solution.

* The strength of weak acids is expressed by pK,, the
negative log of the acid dissociation constant. Strong
acids have low pK; values and weak acids have high
pK, values.

* Buffers resist a change in pH when protons are pro-
duced or consumed. Maximum buffering capacity
occurs + 1 pH unit on either side of pX,. Physiologic
buffers include bicarbonate, orthophosphate, and
proteins.
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BIOMEDICAL IMPORTANCE

In addition to providing the monomer units from which
the long polypeptide chains of proteins are synthesized,
the L-ai-amino acids and their derivatives participate in
cellular functions as diverse as nerve transmission and
the biosynthesis of porphyrins, purines, pyrimidines,
and urea. Short polymers of amino acids called peptides
perform prominent roles in the neuroendocrine system
as hormones, hormone-releasing factors, neuromodula-
tors, or neurotransmitters. While proteins contain only
L-0-amino acids, microorganisms elaborate peptides
that contain both D- and L-0-amino acids. Several of
these peptides are of therapeutic value, including the an-
tibiotics bacitracin and gramicidin A and the antitumor
agent bleomycin. Certain other microbial peptides are
toxic. The cyanobacterial peptides microcystin and
nodularin are lethal in large doses, while small quantities
promote the formation of hepatic tumors. Neither hu-
mans nor any other higher animals can synthesize 10 of
the 20 common L-0t-amino acids in amounts adequate
to support infant growth or to maintain health in adults.
Consequently, the human diet must contain adequate
quantities of these nutritionally essential amino acids.

PROPERTIES OF AMINO ACIDS

The Genetic Code Specifies
20 L-a-Amino Acids

Of the over 300 naturally occurring amino acids, 20 con-
stitute the monomer units of proteins. While a nonre-
dundant three-letter genetic code could accommodate

more than 20 amino acids, its redundancy limits the
available codons to the 20 L-0t-amino acids listed in
Table 3-1, classified according to the polarity of their R
groups. Both one- and three-letter abbreviations for each
amino acid can be used to represent the amino acids in
peptides (Table 3—1). Some proteins contain additional
amino acids that arise by modification of an amino acid
already present in a peptide. Examples include conver-
sion of peptidyl proline and lysine to 4-hydroxyproline
and 5-hydroxylysine; the conversion of peptidyl gluta-
mate to Y-carboxyglutamate; and the methylation,
formylation, acetylation, prenylation, and phosphoryla-
tion of certain aminoacyl residues. These modifications
extend the biologic diversity of proteins by altering their
solubility, stability, and interaction with other proteins.

Only L-a-Amino Acids Occur in Proteins

With the sole exception of glycine, the o-carbon of
amino acids is chiral. Although some protein amino
acids are dextrorotatory and some levorotatory, all share
the absolute configuration of L-glyceraldehyde and thus
are L-O-amino acids. Several free L-0t-amino acids fulfill
important roles in metabolic processes. Examples in-
clude ornithine, citrulline, and argininosuccinate that
participate in urea synthesis; tyrosine in formation of
thyroid hormones; and glutamate in neurotransmitter
biosynthesis. D-Amino acids that occur naturally in-
clude free D-serine and D-aspartate in brain tissue,
D-alanine and D-glutamate in the cell walls of gram-
positive bacteria, and D-amino acids in some nonmam-
malian peptides and certain antibiotics.



Table 3-1. L- o-Amino ac

ids present in proteins.

Name Symbol Structural Formula pK, pK, pK;
With Aliphatic Side Chains «-COOH a-NH,;* R Group
Glycine Gly [G] ua (I:H — oo 24 9.8

NH,*
Alanine Ala[A] CH, — CH — COO" 24 9.9
|
NH,*
H5;C
\
CH—CH — COO
Valine Val [V] / | 22 9.7
H;C NH,"
H,C
\
CH—CH, —CH —COO"
Leucine Leu [L] / | 23 9.7
HsC NH,*
CH,
\
CH,
Isoleucine lle [l] \CH —CH — COO™ 23 9.8
/ |
CH; | NH,*
With Side Chains Containing Hydroxylic (OH) Groups
Serine . SerlS] CH, = CH — 00" 22 9.2 about 13
| |
OH | NH,"
Threonine Thr [T] CH,— CH-=CH = 00" 2.1 9.1 about 13
|
OH | NH,"
Tyrosine i Tyr[Y] See below.
With Side Chains Containing Sulfur Atoms
Cysteine boCysIQ CH, —CH — COO™ 19 10.8 8.3
| |
SH | NH;*
Methionine Met [M] CH,— CH,—+CH — COO™ 2.1 9.3
| |
S— CH, NH,*
With Side Chains Containing Acidic Groups or Their Amides
Aspartic acid Asp[D] ~00C— CH, = CH = oo™ 2.0 9.9 39
|
NH,"
Asparagine Asn [N] HN— C— CH, = CH = 00" 2.1 8.8
Il |
0 NH,*
Glutamic acid Glu [E] 00C— CH,— CH, 7 C|H — 0 2.1 9.5 4.1
NH,*
Glutamine Ghal HaN— G CHa ™ CH. 22 9.1
0 NH,"
(continued)

15
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Table 3-1. L-o-Amino acids present in proteins. (continued)

Name Symbol Structural Formula pK, pK, pK;
With Side Chains Containing Basic Groups «-COOH a-NH,;* R Group
Arginine Arg [R] P - 'II—CHz —CH, —CH, _ClH — oo 1.8 9.0 12.5

? =NH," NH,"
NH,
Lysine Lys [K] CH: —CH, —CH, —CH, 22 92 108
NH," NH,"
Histidine His [H] = cH: TR €00 18 93 6.0
HN \/N NH3+
Containing Aromatic Rings
Histidine ! His[H] See above.
Phenylalanine Phe [F] Q CH, = CIH —coo 22 9.2
NH,"
Tyrosine Tyr[Y] 22 9.1 10.1
HO CH, — CIH —CO0
NH,*
Tryptophan Trp [W] 24 94
| CH, _ClH —COO0
N NH,"
|
H
Imino Acid
Proline Pro [P] . 20 10.6
N Coo
H,

Amino Acids May Have Positive, Negative,
or Zero Net Charge

Charged and uncharged forms of the ionizable
—COOH and —NH;* weak acid groups exist in solu-
tion in protonic equilibrium:

R—COOH =R—COO0™ +H'
R—NH," = R—NH,+ H*

While both R—COOH and R—NH;* are weak acids,
R—COOH s a far stronger acid than R—NH;*. At
physiologic pH (pH 7.4), carboxyl groups exist almost
entirely as R—COO™ and amino groups predomi-
nantly as R—NH;*. Figure 3-1 illustrates the effect of
pH on the charged state of aspartic acid.

Molecules that contain an equal number of ioniz-
able groups of opposite charge and that therefore bear
no net charge are termed zwitterions. Amino acids in
blood and most tissues thus should be represented as in
A, below.

Structure B cannot exist in aqueous solution because at
any pH low enough to protonate the carboxyl group
the amino group would also be protonated. Similarly,
at any pH sufficiently high for an uncharged amino
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o) 5 o) . o) 5
H H H
OH i OH 4 o o
pK, =2.09 pK, = 3.86 + pK, = 9.82
NHg* (0-=COOH) NH* (B-COOH) NH; (©NH,")
[0} -0
O
A B (o] D

In strong acid
(below pH 1);
net charge = +1

Around pH 3;
net charge =0

Figure 3-1. Protonic equilibria of aspartic acid.

group to predominate, a carboxyl group will be present
as R—COO". The uncharged representation B (above)
is, however, often used for reactions that do not involve
protonic equilibria.

pK, Values Express the Strengths
of Weak Acids

The acid strengths of weak acids are expressed as their
pK, (Table 3-1). The imidazole group of histidine and
the guanidino group of arginine exist as resonance hy-
brids with positive charge distributed between both ni-
trogens (histidine) or all three nitrogens (arginine) (Fig-
ure 3-2). The net charge on an amino acid—the
algebraic sum of all the positively and negatively
charged groups present—depends upon the pK, values
of its functional groups and on the pH of the surround-
ing medium. Altering the charge on amino acids and
their derivatives by varying the pH facilitates the physi-
cal separation of amino acids, peptides, and proteins

(see Chapter 4).

R R
%\ N—H %\ N—H
>
/ /
H H
R R R
| | |
NH NH @NH
| -— | @ - |l
C—NH, C=NH, C—NH,
Il
®NH, NH, NH,
Figure 3-2. Resonance hybrids of the protonated

forms of the R groups of histidine and arginine.

Around pH 6-8;
net charge = —1

In strong alkali
(above pH 11);
net charge = -2

At Its Isoelectric pH (pl), an Amino Acid
Bears No Net Charge

The isoelectric species is the form of a molecule that
has an equal number of positive and negative charges
and thus is electrically neutral. The isoelectric pH, also
called the pl, is the pH midway between pK, values on
either side of the isoelectric species. For an amino acid
such as alanine that has only two dissociating groups,
there is no ambiguity. The first pK, (R—COOH) is
2.35 and the second pK, (R—NH;*) is 9.69. The iso-
electric pH (pl) of alanine thus is

_ pK;+pK,  2.35+9.69

|
P 2

=6.02

For polyfunctional acids, pl is also the pH midway be-
tween the pK, values on ecither side of the isoionic
species. For example, the pl for aspartic acid is

_ pKy+pK, _2.09+3.96
2

pl =3.02

For lysine, pl is calculated from:

ol = PK; +PK;3
2

Similar considerations apply to all polyprotic acids (eg,
proteins), regardless of the number of dissociating
groups present. In the clinical laboratory, knowledge of
the pl guides selection of conditions for electrophoretic
separations. For example, electrophoresis at pH 7.0 will
separate two molecules with pl values of 6.0 and 8.0
because at pH 8.0 the molecule with a pI of 6.0 will
have a net positive charge, and that with pI of 8.0 a net
negative charge. Similar considerations apply to under-
standing chromatographic separations on ionic sup-
ports such as DEAE cellulose (see Chapter 4).
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pK, Values Vary With the Environment

The environment of a dissociable group affects its pX..
The pK, values of the R groups of free amino acids in
aqueous solution (Table 3—1) thus provide only an ap-
proximate guide to the pK; values of the same amino
acids when present in proteins. A polar environment
favors the charged form (R—COO™ or R—NH;*),
and a nonpolar environment favors the uncharged form
(R—COOH or R—NH,). A nonpolar environment
thus raises the pK, of a carboxyl group (making it a
weaker acid) but lowers that of an amino group (making
it a stronger acid). The presence of adjacent charged
groups can reinforce or counteract solvent effects. The
pK, of a functional group thus will depend upon its lo-
cation within a given protein. Variations in pK, can en-
compass whole pH units (Table 3-2). pK; values that
diverge from those listed by as much as three pH units
are common at the active sites of enzymes. An extreme
example, a buried aspartic acid of thioredoxin, has a
pK, above 9—a shift of over six pH units!

The Solubility and Melting Points
of Amino Acids Reflect
Their lonic Character

The charged functional groups of amino acids ensure
that they are readily solvated by—and thus soluble in—
polar solvents such as water and ethanol but insoluble
in nonpolar solvents such as benzene, hexane, or ether.
Similarly, the high amount of energy required to dis-
rupt the ionic forces that stabilize the crystal lattice
account for the high melting points of amino acids
(> 200 °C).

Amino acids do not absorb visible light and thus are
colorless. However, tyrosine, phenylalanine, and espe-
cially tryptophan absorb high-wavelength (250-290
nm) ultraviolet light. Tryptophan therefore makes the
major contribution to the ability of most proteins to
absorb light in the region of 280 nm.

Table 3-2. Typical range of pK, values for
ionizable groups in proteins.

Dissociating Group pK, Range
o-Carboxyl 3.5-4.0
Non-o. COOH of Asp or Glu 4.0-4.8
Imidazole of His 6.5-7.4
SH of Cys 8.5-9.0
OH of Tyr 9.5-10.5
o-Amino 8.0-9.0
€-Amino of Lys 9.8-104
Guanidinium of Arg ~12.0

THE o-R GROUPS DETERMINE THE
PROPERTIES OF AMINO ACIDS

Since glycine, the smallest amino acid, can be accommo-
dated in places inaccessible to other amino acids, it often
occurs where peptides bend sharply. The hydrophobic R
groups of alanine, valine, leucine, and isoleucine and the
aromatic R groups of phenylalanine, tyrosine, and tryp-
tophan typically occur primarily in the interior of cy-
tosolic proteins. The charged R groups of basic and
acidic amino acids stabilize specific protein conforma-
tions via ionic interactions, or salt bonds. These bonds
also function in “charge relay” systems during enzymatic
catalysis and electron transport in respiring mitochon-
dria. Histidine plays unique roles in enzymatic catalysis.
The pK, of its imidazole proton permits it to function at
neutral pH as either a base or an acid catalyst. The pri-
mary alcohol group of serine and the primary thioalco-
hol (—SH) group of cysteine are excellent nucleophiles
and can function as such during enzymatic catalysis.
However, the secondary alcohol group of threonine,
while a good nucleophile, does not fulfill an analogous
role in catalysis. The —OH groups of serine, tyrosine,
and threonine also participate in regulation of the activ-
ity of enzymes whose catalytic activity depends on the
phosphorylation state of these residues.

FUNCTIONAL GROUPS DICTATE THE
CHEMICAL REACTIONS OF AMINO ACIDS

Each functional group of an amino acid exhibits all of
its characteristic chemical reactions. For carboxylic acid
groups, these reactions include the formation of esters,
amides, and acid anhydrides; for amino groups, acyla-
tion, amidation, and esterification; and for —OH and
—SH groups, oxidation and esterification. The most
important reaction of amino acids is the formation of a

peptide bond (shaded blue).

Alanyl Cysteinyl Valine

Amino Acid Sequence Determines
Primary Structure

The number and order of all of the amino acid residues
in a polypeptide constitute its primary structure.
Amino acids present in peptides are called aminoacyl
residues and are named by replacing the -ate or -ine suf-
fixes of free amino acids with -y/ (eg, alanyl, asparty/, ty-



rosyl). Peptides are then named as derivatives of the
carboxyl terminal aminoacyl residue. For example, Lys-
Leu-Tyr-Gln is called lysy/leucyl-tyrosyl-glutamine.
The -ine endlng on glutamlne indicates that its O-car-
boxyl group is 7ot involved in peptide bond formation.

Peptide Structures Are Easy to Draw

Prefixes like #7i- or octa- denote peptides with three or
eight residues, respectively, not those with three or
eight peptide bonds. By convention, peptides are writ-
ten with the residue that bears the free 0-amino group
at the left. To draw a peptide, use a zigzag to represent
the main chain or backbone. Add the main chain atoms,
which occur in the repeating order: ¢t-nitrogen, 0-car-
bon, carbonyl carbon. Now add a hydrogen atom to
each o-carbon and to each peptide nitrogen, and an
oxygen to the carbonyl carbon. Finally, add the appro-
priate R groups (shaded) to each 0-carbon atom.

N C Cy N C
N ./ N,/ N/ \_/
Ca N C Ca

O 'H,c H
Il \ / H
*H;N C C N o0~
\C P N - \C - \C -
- 7N
H N H Il H CH,
/CHz o |
-00C OH

Three-letter abbreviations linked by straight lines
represent an unambiguous primary structure. Lines are
omitted for single-letter abbreviations.

Glu-Ala-Lys-Gly- Tyr-Ala
E A K G Y A

Where there is uncertainty about the order of a portion
of a polypeptide, the questionable residues are enclosed
in brackets and separated by commas.

Glu-Lys-(Ala,Gly, Tyr)-His-Ala

Some Peptides Contain Unusual
Amino Acids

In mammals, peptide hormones typically contain only
the a-amino acids of proteins linked by standard pep-
tide bonds. Other peptides may, however, contain non-
protein amino acids, derivatives of the protein amino
acids, or amino acids linked by an atypical peptide
bond. For example, the amino terminal glutamate of
glutathione, which participates in protein folding and
in the metabolism of xenobiotics (Chapter 53), is
linked to cysteine by a non-o. peptide bond (Figure
3-3). The amino terminal glutamate of thyrotropin-
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SH
|
(0] CH, H
I | |
CH
e \N/ N7
2
[° | [ |
CH, H (0] COO~
|
H—C —NH,*
|
COO~

Figure 3-3. Glutathione (y-glutamyl-cysteinyl-
glycine). Note the non-o peptide bond that links
Glu to Cys.

releasing hormone (TRH) is cyclized to pyroglutamic
acid, and the carboxyl group of the carboxyl terminal
prolyl residue is amidated. Peptides elaborated by fungj,
bacteria, and lower animals can contain nonprotein
amino acids. The antibiotics tyrocidin and gramicidin S
are cyclic polypeptides that contain D-phenylalanine
and ornithine. The heptapeptide opioids dermorphin
and deltophorin in the skin of South American tree
frogs contain D-tyrosine and D-alanine.

Peptides Are Polyelectrolytes

The peptide bond is uncharged at any pH of physiologic
interest. Formation of peptides from amino acids is
therefore accompanied by a net loss of one positive and
one negative charge per peptide bond formed. Peptides
nevertheless are charged at physiologic pH owing to their
carboxyl and amino terminal groups and, where present,
their acidic or basic R groups. As for amino acids, the net
charge on a peptide depends on the pH of its environ-
ment and on the pK; values of its dissociating groups.

The Peptide Bond Has Partial
Double-Bond Character

Although peptides are written as if a single bond linked
the oi-carboxyl and ot-nitrogen atoms, this bond in fact
exhibits partial double-bond character:

There thus is no freedom of rotation about the bond
that connects the carbonyl carbon and the nitrogen of a
peptide bond. Consequently, all four of the colored
atoms of Figure 3—4 are coplanar. The imposed semi-
rigidity of the peptide bond has important conse-
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Figure 3-4. Dimensions of a fully extended poly-
peptide chain. The four atoms of the peptide bond
(colored blue) are coplanar. The unshaded atoms are
the o-carbon atom, the o-hydrogen atom, and the o-R
group of the particular amino acid. Free rotation can
occur about the bonds that connect the o-carbon with
the a-nitrogen and with the a-carbonyl carbon (blue
arrows). The extended polypeptide chain is thus a semi-
rigid structure with two-thirds of the atoms of the back-
bone held in a fixed planar relationship one to another.
The distance between adjacent o-carbon atoms is 0.36
nm (3.6 A). The interatomic distances and bond angles,
which are not equivalent, are also shown. (Redrawn and
reproduced, with permission, from Pauling L, Corey LP,
Branson HR: The structure of proteins: Two hydrogen-
bonded helical configurations of the polypeptide chain.
Proc Natl Acad Sci U S A 1951;37:205.)

quences for higher orders of protein structure. Encir-
cling arrows (Figure 3—4) indicate free rotation about
the remaining bonds of the polypeptide backbone.

Noncovalent Forces Constrain Peptide
Conformations

Folding of a peptide probably occurs coincident with
its biosynthesis (see Chapter 38). The physiologically
active conformation reflects the amino acid sequence,
steric hindrance, and noncovalent interactions (eg, hy-
drogen bonding, hydrophobic interactions) between
residues. Common conformations include o-helices

and B-pleated sheets (see Chapter 5).

ANALYSIS OF THE AMINO ACID
CONTENT OF BIOLOGIC MATERIALS

In order to determine the identity and quantity of each
amino acid in a sample of biologic material, it is first nec-
essary to hydrolyze the peptide bonds that link the amino
acids together by treatment with hot HCI. The resulting

mixture of free amino acids is then treated with 6-amino-
N-hydroxysuccinimidyl carbamate, which reacts with
their o-amino groups, forming fluorescent derivatives
that are then separated and identified using high-pressure
liquid chromatography (see Chapter 5). Ninhydrin, also
widely used for detecting amino acids, forms a purple
product with c-amino acids and a yellow adduct with
the imine groups of proline and hydroxyproline.

SUMMARY

* Both D-amino acids and non-0-amino acids occur
in nature, but only L-0-amino acids are present in
proteins.

* All amino acids possess at least two weakly acidic
functional groups, R—NH;* and R—COOH.
Many also possess additional weakly acidic functional
groups such as —OH, —SH, guanidino, or imid-
azole groups.

¢ The pK, values of all functional groups of an amino
acid dictate its net charge at a given pH. pl is the pH
at which an amino acid bears no net charge and thus
does not move in a direct current electrical field.

e Of the biochemical reactions of amino acids, the
most important is the formation of peptide bonds.

* The R groups of amino acids determine their unique
biochemical functions. Amino acids are classified as
basic, acidic, aromatic, aliphatic, or sulfur-containing
based on the properties of their R groups.

* Peptides are named for the number of amino acid
residues present, and as derivatives of the carboxyl
terminal residue. The primary structure of a peptide
is its amino acid sequence, starting from the amino-
terminal residue.

* The partial double-bond character of the bond that
links the carbonyl carbon and the nitrogen of a pep-
tide renders four atoms of the peptide bond coplanar
and restricts the number of possible peptide confor-
mations.
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Proteins: Determination of

Primary Structure
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BIOMEDICAL IMPORTANCE

Proteins perform multiple critically important roles. An
internal protein network, the cytoskeleton (Chapter
49), maintains cellular shape and physical integrity.
Actin and myosin filaments form the contractile ma-
chinery of muscle (Chapter 49). Hemoglobin trans-
ports oxygen (Chapter 6), while circulating antibodies
search out foreign invaders (Chapter 50). Enzymes cat-
alyze reactions that generate energy, synthesize and de-
grade biomolecules, replicate and transcribe genes,
process mRNAs, etc (Chapter 7). Receptors enable cells
to sense and respond to hormones and other environ-
mental cues (Chapters 42 and 43). An important goal
of molecular medicine is the identification of proteins
whose presence, absence, or deficiency is associated
with specific physiologic states or diseases. The primary
sequence of a protein provides both a molecular finger-
print for its identification and information that can be
used to identify and clone the gene or genes that en-
code it.

PROTEINS & PEPTIDES MUST BE
PURIFIED PRIOR TO ANALYSIS

Highly purified protein is essential for determination of
its amino acid sequence. Cells contain thousands of dif-
ferent proteins, each in widely varying amounts. The
isolation of a specific protein in quantities sufficient for
analysis thus presents a formidable challenge that may
require multiple successive purification techniques.
Classic approaches exploit differences in relative solu-
bility of individual proteins as a function of pH (iso-
electric precipitation), polarity (precipitation with
ethanol or acetone), or salt concentration (salting out
with ammonium sulfate). Chromatographic separations
partition molecules between two phases, one mobile
and the other stationary. For separation of amino acids
or sugars, the stationary phase, or matrix, may be a
sheet of filter paper (paper chromatography) or a thin
layer of cellulose, silica, or alumina (thin-layer chro-

matography; TLC).
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Column Chromatography

Column chromatography of proteins employs as the
stationary phase a column containing small spherical
beads of modified cellulose, acrylamide, or silica whose
surface typically has been coated with chemical func-
tional groups. These stationary phase matrices interact
with proteins based on their charge, hydrophobicity,
and ligand-binding properties. A protein mixture is ap-
plied to the column and the liquid mobile phase is per-
colated through it. Small portions of the mobile phase
or eluant are collected as they emerge (Figure 4-1).

Partition Chromatography

Column chromatographic separations depend on the
relative affinity of different proteins for a given station-
ary phase and for the mobile phase. Association be-
tween each protein and the matrix is weak and tran-
sient. Proteins that interact more strongly with the
stationary phase are retained longer. The length of time
that a protein is associated with the stationary phase is a
function of the composition of both the stationary and
mobile phases. Optimal separation of the protein of in-
terest from other proteins thus can be achieved by care-
ful manipulation of the composition of the two phases.

Size Exclusion Chromatography

Size exclusion—or gel filtration—chromatography sep-
arates proteins based on their Stokes radius, the diam-
eter of the sphere they occupy as they tumble in solu-
tion. The Stokes radius is a function of molecular mass
and shape. A tumbling elongated protein occupies a
larger volume than a spherical protein of the same mass.
Size exclusion chromatography employs porous beads
(Figure 4-2). The pores are analogous to indentations
in a river bank. As objects move downstream, those that
enter an indentation are retarded until they drift back
into the main current. Similarly, proteins with Stokes
radii too large to enter the pores (excluded proteins) re-
main in the flowing mobile phase and emerge before
proteins that can enter the pores (included proteins).
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Figure 4-1.

Components of a simple liquid chromatography apparatus. R: Reser-

voir of mobile phase liquid, delivered either by gravity or using a pump. C: Glass or
plastic column containing stationary phase. F: Fraction collector for collecting por-
tions, called fractions, of the eluant liquid in separate test tubes.

Proteins thus emerge from a gel filtration column in de-
scending order of their Stokes radii.

Absorption Chromatography

For absorption chromatography, the protein mixture is
applied to a column under conditions where the pro-
tein of interest associates with the stationary phase so
tightly that its partition coefficient is essentially unity.
Nonadhering molecules are first eluted and discarded.
Proteins are then sequentially released by disrupting the
forces that stabilize the protein-stationary phase com-
plex, most often by using a gradient of increasing salt
concentration. The composition of the mobile phase is
altered gradually so that molecules are selectively re-
leased in descending order of their affinity for the sta-
tionary phase.

lon Exchange Chromatography

In ion exchange chromatography, proteins interact with
the stationary phase by charge-charge interactions. Pro-
teins with a net positive charge at a given pH adhere to
beads with negatively charged functional groups such as
carboxylates or sulfates (cation exchangers). Similarly,
proteins with a net negative charge adhere to beads with
positively charged functional groups, typically tertiary or
quaternary amines (anion exchangers). Proteins, which
are polyanions, compete against monovalent ions for
binding to the support—thus the term “ion exchange.”
For example, proteins bind to diethylaminoethyl
(DEAE) cellulose by replacing the counter-ions (gener-
ally CI" or CH;COO") that neutralize the protonated
amine. Bound proteins are selectively displaced by grad-
ually raising the concentration of monovalent ions in
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Figure 4-2.
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Size-exclusion chromatography. A: A mixture of large molecules

(diamonds) and small molecules (circles) are applied to the top of a gel filtration
column. B: Upon entering the column, the small molecules enter pores in the sta-
tionary phase matrix from which the large molecules are excluded. C: As the mo-
bile phase flows down the column, the large, excluded molecules flow with it
while the small molecules, which are temporarily sheltered from the flow when in-
side the pores, lag farther and farther behind.

the mobile phase. Proteins elute in inverse order of the
strength of their interactions with the stationary phase.
Since the net charge on a protein is determined by
the pH (see Chapter 3), sequential elution of proteins
may be achieved by changing the pH of the mobile
phase. Alternatively, a protein can be subjected to con-
secutive rounds of ion exchange chromatography, each
at a different pH, such that proteins that co-elute at one
pH elute at different salt concentrations at another pH.

Hydrophobic Interaction Chromatography

Hydrophobic interaction chromatography separates
proteins based on their tendency to associate with a sta-
tionary phase matrix coated with hydrophobic groups
(eg, phenyl Sepharose, octyl Sepharose). Proteins with
exposed hydrophobic surfaces adhere to the matrix via
hydrophobic interactions that are enhanced by a mobile
phase of high ionic strength. Nonadherent proteins are
first washed away. The polarity of the mobile phase is
then decreased by gradually lowering the salt concentra-
tion. If the interaction between protein and stationary
phase is particularly strong, ethanol or glycerol may be
added to the mobile phase to decrease its polarity and
further weaken hydrophobic interactions.

Affinity Chromatography
Affinity chromatography exploits the high selectivity of

most proteins for their ligands. Enzymes may be puri-

fied by affinity chromatography using immobilized sub-
strates, products, coenzymes, or inhibitors. In theory,
only proteins that interact with the immobilized ligand
adhere. Bound proteins are then eluted either by compe-
tition with soluble ligand or, less selectively, by disrupt-
ing protein-ligand interactions using urea, guanidine
hydrochloride, mildly acidic pH, or high salt concentra-
tions. Stationary phase matrices available commercially
contain ligands such as NAD* or ATP analogs. Among
the most powerful and widely applicable affinity matri-
ces are those used for the purification of suitably modi-
fied recombinant proteins. These include a Ni** matrix
that binds proteins with an attached polyhistidine “tag”
and a glutathione matrix that binds a recombinant pro-
tein linked to glutathione S-transferase.

Peptides Are Purified by Reversed-Phase
High-Pressure Chromatography

The stationary phase matrices used in classic column
chromatography are spongy materials whose compress-
ibility limits flow of the mobile phase. High-pressure lig-
uid chromatography (HPLC) employs incompressible
silica or alumina microbeads as the stationary phase and
pressures of up to a few thousand psi. Incompressible
matrices permit both high flow rates and enhanced reso-
lution. HPLC can resolve complex mixtures of lipids or
peptides whose properties differ only slightly. Reversed-
phase HPLC exploits a hydrophobic stationary phase of
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aliphatic polymers 3-18 carbon atoms in length. Peptide
mixtures are eluted using a gradient of a water-miscible
organic solvent such as acetonitrile or methanol.

Protein Purity Is Assessed by
Polyacrylamide Gel Electrophoresis
(PAGE)

The most widely used method for determining the pu-
rity of a protein is SDS-PAGE—polyacrylamide gel
electrophoresis (PAGE) in the presence of the anionic
detergent sodium dodecyl sulfate (SDS). Electrophore-
sis separates charged biomolecules based on the rates at
which they migrate in an applied electrical field. For
SDS-PAGE, acrylamide is polymerized and cross-
linked to form a porous matrix. SDS denatures and
binds to proteins at a ratio of one molecule of SDS per
two peptide bonds. When used in conjunction with 2-
mercaptoethanol or dithiothreitol to reduce and break
disulfide bonds (Figure 4-3), SDS separates the com-
ponent polypeptides of multimeric proteins. The large
number of anionic SDS molecules, each bearing a
charge of —1, on each polypeptide overwhelms the
charge contributions of the amino acid functional
groups. Since the charge-to-mass ratio of each SDS-
polypeptide complex is approximately equal, the physi-
cal resistance each peptide encounters as it moves
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Figure 4-3. Oxidative cleavage of adjacent polypep-
tide chains linked by disulfide bonds (shaded) by per-
formic acid (left) or reductive cleavage by B-mercap-
toethanol (right) forms two peptides that contain
cysteic acid residues or cysteinyl residues, respectively.

through the acrylamide matrix determines the rate of
migration. Since large complexes encounter greater re-
sistance, polypeptides separate based on their relative
molecular mass (M,). Individual polypeptides trapped
in the acrylamide gel are visualized by staining with
dyes such as Coomassie blue (Figure 4-4).

Isoelectric Focusing (IEF)

Ionic buffers called ampholytes and an applied electric
field are used to generate a pH gradient within a poly-
acrylamide matrix. Applied proteins migrate undil they
reach the region of the matrix where the pH matches
their isoelectric point (pI), the pH at which a peptide’s
net charge is zero. IEF is used in conjunction with SDS-
PAGE for two-dimensional electrophoresis, which sepa-
rates polypeptides based on pl in one dimension and
based on M, in the second (Figure 4-5). Two-dimen-
sional electrophoresis is particularly well suited for sepa-
rating the components of complex mixtures of proteins.

SANGER WAS THE FIRST TO DETERMINE
THE SEQUENCE OF A POLYPEPTIDE
Mature insulin consists of the 21-residue A chain and

the 30-residue B chain linked by disulfide bonds. Fred-
erick Sanger reduced the disulfide bonds (Figure 4-3),
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Figure 4-4. Use of SDS-PAGE to observe successive
purification of a recombinant protein. The gel was
stained with Coomassie blue. Shown are protein stan-
dards (lane S) of the indicated mass, crude cell extract
(E), high-speed supernatant liquid (H), and the DEAE-
Sepharose fraction (D). The recombinant protein has a
mass of about 45 kDa.

-
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Figure 4-5. Two-dimensional IEF-SDS-PAGE. The
gel was stained with Coomassie blue. A crude bacter-
ial extract was first subjected to isoelectric focusing
(IEF) in a pH 3-10 gradient. The IEF gel was then
placed horizontally on the top of an SDS gel, and the
proteins then further resolved by SDS-PAGE. Notice
the greatly improved resolution of distinct polypep-
tides relative to ordinary SDS-

PAGE gel (Figure 4-4).

separated the A and B chains, and cleaved each chain
into smaller peptides using trypsin, chymotrypsin, and
pepsin. The resulting peptides were then isolated and
treated with acid to hydrolyze peptide bonds and gener-
ate peptides with as few as two or three amino acids.
Each peptide was reacted with 1-fluoro-2,4-dinitroben-
zene (Sanger’s reagent), which derivatizes the exposed
O-amino group of amino terminal residues. The amino
acid content of each peptide was then determined.
While the €-amino group of lysine also reacts with
Sanger’s reagent, amino-terminal lysines can be distin-
guished from those at other positions because they react
with 2 mol of Sanger’s reagent. Working backwards to
larger fragments enabled Sanger to determine the com-
plete sequence of insulin, an accomplishment for which
he received a Nobel Prize in 1958.

THE EDMAN REACTION ENABLES
PEPTIDES & PROTEINS
TO BE SEQUENCED

Pehr Edman introduced phenylisothiocyanate (Edman’s
reagent) to selectively label the amino-terminal residue
of a peptide. In contrast to Sanger’s reagent, the
phenylthiohydantoin (PTH) derivative can be removed
under mild conditions to generate a new amino terminal
residue (Figure 4-6). Successive rounds of derivatization
with Edman’s reagent can therefore be used to sequence
many residues of a single sample of peptide. Edman se-
quencing has been automated, using a thin film or solid
matrix to immobilize the peptide and HPLC to identify
PTH amino acids. Modern gas-phase sequencers can
analyze as little as a few picomoles of peptide.
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Large Polypeptides Are First Cleaved Into
Smaller Segments

While the first 20-30 residues of a peptide can readily
be determined by the Edman method, most polypep-
tides contain several hundred amino acids. Conse-
quently, most polypeptides must first be cleaved into
smaller peptides prior to Edman sequencing. Cleavage
also may be necessary to circumvent posttranslational
modifications that render a protein’s O-amino group
“blocked”, or unreactive with the Edman reagent.

It usually is necessary to generate several peptides
using more than one method of cleavage. This reflects
both inconsistency in the spacing of chemically or enzy-
matically susceptible cleavage sites and the need for sets
of peptides whose sequences overlap so one can infer
the sequence of the polypeptide from which they derive
(Figure 4-7). Reagents for the chemical or enzymatic
cleavage of proteins include cyanogen bromide (CNBr),
trypsin, and Staphylococcus aureus V8 protease (Table
4-1). Following cleavage, the resulting peptides are pu-
rified by reversed-phase HPLC—or occasionally by
SDS-PAGE—and sequenced.

MOLECULAR BIOLOGY HAS
REVOLUTIONIZED THE DETERMINATION
OF PRIMARY STRUCTURE

Knowledge of DNA sequences permits deduction of
the primary structures of polypeptides. DNA sequenc-
ing requires only minute amounts of DNA and can
readily yield the sequence of hundreds of nucleotides.
To clone and sequence the DNA that encodes a partic-
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Figure 4-6. The Edman reaction. Phenylisothio-
cyanate derivatizes the amino-terminal residue of a
peptide as a phenylthiohydantoic acid. Treatment with
acid in a nonhydroxylic solvent releases a phenylthio-
hydantoin, which is subsequently identified by its chro-
matographic mobility, and a peptide one residue
shorter. The process is then repeated.

ular protein, some means of identifying the correct
clone—eg, knowledge of a portion of its nucleotide se-
quence—is essential. A hybrid approach thus has
emerged. Edman sequencing is used to provide a partial
amino acid sequence. Oligonucleotide primers modeled
on this partial sequence can then be used to identify
clones or to amplify the appropriate gene by the poly-
merase chain reaction (PCR) (see Chapter 40). Once an
authentic DNA clone is obtained, its oligonucleotide

Peptide X Peptide Y

Peptide Z
— T
M
Carboxyl terminal ~ Amino terminal
portion of portion of
peptide X peptide Y

Figure 4-7. The overlapping peptide Z is used to de-
duce that peptides X and Y are present in the original
protein in the order X —» Y, not Y « X.

sequence can be determined and the genetic code used
to infer the primary structure of the encoded poly-
peptide.

The hybrid approach enhances the speed and effi-
clency of primary structure analysis and the range of
proteins that can be sequenced. It also circumvents ob-
stacles such as the presence of an amino-terminal block-
ing group or the lack of a key overlap peptide. Only a
few segments of primary structure must be determined
by Edman analysis.

DNA sequencing reveals the order in which amino
acids are added to the nascent polypeptide chain as it is
synthesized on the ribosomes. However, it provides no
information about posttranslational modifications such
as proteolytic processing, methylation, glycosylation,
phosphorylation, hydroxylation of proline and lysine,
and disulfide bond formation that accompany matura-
tion. While Edman sequencing can detect the presence
of most posttranslational events, technical limitations
often prevent identification of a specific modification.

Table 4-1. Methods for cleaving polypeptides.

Method Bond Cleaved
ENBr Met-X
:I'-r-ypsin Lys-X and Arg-X
—C-Hymotrypsin Hydrophobic amino acid-X

Endoproteinase Lys-C | Lys-X

Endoproteinase Arg-C | Arg-X

Endoproteinase Asp-N | X-Asp

V8 protease Glu-X, particularly where X is hydro-
phobic

I—-B/droxylamine Asn-Gly

;J-:Iodosobenzene Trp-X

;\}l-ild acid Asp-Pro
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MASS SPECTROMETRY DETECTS
COVALENT MODIFICATIONS

Mass spectrometry, which discriminates molecules
based solely on their mass, is ideal for detecting the
phosphate, hydroxyl, and other groups on posttransla-
tionally modified amino acids. Each adds a specific and
readily identified increment of mass to the modified
amino acid (Table 4-2). For analysis by mass spec-
trometry, a sample in a vacuum is vaporized under
conditions where protonation can occur, imparting
positive charge. An electrical field then propels the
cations through a magnetic field which deflects them
at a right angle to their original direction of flight and
focuses them onto a detector (Figure 4-8). The mag-
netic force required to deflect the path of each ionic
species onto the detector, measured as the current ap-
plied to the electromagnet, is recorded. For ions of
identical net charge, this force is proportionate to their
mass. In a time-of-flight mass spectrometer, a briefly
applied electric field accelerates the ions towards a de-
tector that records the time at which each ion arrives.
For molecules of identical charge, the velocity to which
they are accelerated—and hence the time required to
reach the detector—will be inversely proportionate to
their mass.

Conventional mass spectrometers generally are used
to determine the masses of molecules of 1000 Da or
less, whereas time-of-flight mass spectrometers are
suited for determining the large masses of proteins.
The analysis of peptides and proteins by mass spec-
tometry initially was hindered by difficulties in
volatilizing large organic molecules. However, matrix-
assisted laser-desorption (MALDI) and electrospray
dispersion (eg, nanospray) permit the masses of even
large polypeptides (> 100,000 Da) to be determined
with extraordinary accuracy (+ 1 Da). Using electro-
spray dispersion, peptides eluting from a reversed-

Table 4-2. Mass increases resulting from
common posttranslational modifications.

Modification Mass Increase (Da)
Phosphorylation 80
;-I&/droxylation 16
E\}I.ethylation 14
x.cetylation 42
E\}I-yristylation 210
i’-e.llmitoylation 238
-(;iycosylation i 162

Figure 4-8. Basic components of a simple mass
spectrometer. A mixture of molecules is vaporized in an
ionized state in the sample chamber S. These mole-
cules are then accelerated down the flight tube by an
electrical potential applied to accelerator grid A. An ad-
justable electromagnet, E, applies a magnetic field that
deflects the flight of the individual ions until they strike
the detector, D. The greater the mass of the ion, the
higher the magnetic field required to focus it onto the
detector.

phase HPLC column are introduced directly into the
mass spectrometer for immediate determination of
their masses.

Peptides inside the mass spectrometer are broken
down into smaller units by collisions with neutral he-
lium atoms (collision-induced dissociation), and the
masses of the individual fragments are determined.
Since peptide bonds are much more labile than carbon-
carbon bonds, the most abundant fragments will differ
from one another by units equivalent to one or two
amino acids. Since—with the exception of leucine and
isoleucine—the molecular mass of each amino acid is
unique, the sequence of the peptide can be recon-
structed from the masses of its fragments.

Tandem Mass Spectrometry

Complex peptide mixtures can now be analyzed with-
out prior purification by tandem mass spectrometry,
which employs the equivalent of two mass spectrome-
ters linked in series. The first spectrometer separates in-
dividual peptides based upon their differences in mass.
By adjusting the field strength of the first magnet, a sin-
gle peptide can be directed into the second mass spec-
trometer, where fragments are generated and their
masses determined. As the sensitivity and versatility of
mass spectrometry continue to increase, it is displacing
Edman sequencers for the direct analysis of protein pri-
mary structure.
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GENOMICS ENABLES PROTEINS TO BE
IDENTIFIED FROM SMALL AMOUNTS
OF SEQUENCE DATA

Primary structure analysis has been revolutionized by
genomics, the application of automated oligonucleotide
sequencing and computerized data retrieval and analysis
to sequence an organism’s entire genetic complement.
The first genome sequenced was that of Haemophilus
influenzae, in 1995. By mid 2001, the complete
genome sequences for over 50 organisms had been de-
termined. These include the human genome and those
of several bacterial pathogens; the results and signifi-
cance of the Human Genome Project are discussed in
Chapter 54. Where genome sequence is known, the
task of determining a protein’s DNA-derived primary
sequence is materially simplified. In essence, the second
half of the hybrid approach has already been com-
pleted. All that remains is to acquire sufficient informa-
tion to permit the open reading frame (ORF) that
encodes the protein to be retrieved from an Internet-
accessible genome database and identified. In some
cases, a segment of amino acid sequence only four or
five residues in length may be sufficient to identify the
correct ORF.

Computerized search algorithms assist the identifi-
cation of the gene encoding a given protein and clarify
uncertainties that arise from Edman sequencing and
mass spectrometry. By exploiting computers to solve
complex puzzles, the spectrum of information suitable
for identification of the ORF that encodes a particular
polypeptide is greatly expanded. In peptide mass profil-
ing, for example, a peptide digest is introduced into the
mass spectrometer and the sizes of the peptides are de-
termined. A computer is then used to find an ORF
whose predicted protein product would, if broken
down into peptides by the cleavage method selected,
produce a set of peptides whose masses match those ob-
served by mass spectrometry.

PROTEOMICS & THE PROTEOME

The Goal of Proteomics Is to Identify the
Entire Complement of Proteins Elaborated
by a Cell Under Diverse Conditions

While the sequence of the human genome is known,
the picture provided by genomics alone is both static
and incomplete. Proteomics aims to identify the entire
complement of proteins elaborated by a cell under di-
verse conditions. As genes are switched on and off, pro-
teins are synthesized in particular cell types at specific
times of growth or differentiation and in response to
external stimuli. Muscle cells express proteins not ex-
pressed by neural cells, and the type of subunits present

in the hemoglobin tetramer undergo change pre- and
postpartum. Many proteins undergo posttranslational
modifications during maturation into functionally
competent forms or as a means of regulating their prop-
erties. Knowledge of the human genome therefore rep-
resents only the beginning of the task of describing liv-
ing organisms in molecular detail and understanding
the dynamics of processes such as growth, aging, and
disease. As the human body contains thousands of cell
types, each containing thousands of proteins, the pro-
teome—the set of all the proteins expressed by an indi-
vidual cell at a particular time—represents a moving
target of formidable dimensions.

Two-Dimensional Electrophoresis &
Gene Array Chips Are Used to Survey
Protein Expression

One goal of proteomics is the identification of proteins
whose levels of expression correlate with medically sig-
nificant events. The presumption is that proteins whose
appearance or disappearance is associated with a specific
physiologic condition or disease will provide insights
into root causes and mechanisms. Determination of the
proteomes characteristic of each cell type requires the
utmost efficiency in the isolation and identification of
individual proteins. The contemporary approach uti-
lizes robotic automation to speed sample preparation
and large two-dimensional gels to resolve cellular pro-
teins. Individual polypeptides are then extracted and
analyzed by Edman sequencing or mass spectroscopy.
While only about 1000 proteins can be resolved on a
single gel, two-dimensional electrophoresis has a major
advantage in that it examines the proteins themselves.
An alternative and complementary approach employs
gene arrays, sometimes called DNA chips, to detect the
expression of the mRNAs which encode proteins.
While changes in the expression of the mRNA encod-
ing a protein do not necessarily reflect comparable
changes in the level of the corresponding protein, gene
arrays are more sensitive probes than two-dimensional
gels and thus can examine more gene products.

Bioinformatics Assists Identification
of Protein Functions

The functions of a large proportion of the proteins en-
coded by the human genome are presently unknown.
Recent advances in bioinformatics permit researchers to
compare amino acid sequences to discover clues to po-
tential properties, physiologic roles, and mechanisms of
action of proteins. Algorithms exploit the tendency of
nature to employ variations of a structural theme to
perform similar functions in several proteins (eg, the
Rossmann nucleotide binding fold to bind NAD(P)H,
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nuclear targeting sequences, and EF hands to bind
Ca®*). These domains generally are detected in the pri-
mary structure by conservation of particular amino
acids at key positions. Insights into the properties and
physiologic role of a newly discovered protein thus may
be inferred by comparing its primary structure with
that of known proteins.

SUMMARY

* Long amino acid polymers or polypeptides constitute
the basic structural unit of proteins, and the structure
of a protein provides insight into how it fulfills its
functions.

* The Edman reaction enabled amino acid sequence
analysis to be automated. Mass spectrometry pro-
vides a sensitive and versatile tool for determining
primary structure and for the identification of post-
translational modifications.

* DNA cloning and molecular biology coupled with
protein chemistry provide a hybrid approach that
greatly increases the speed and efficiency for determi-
nation of primary structures of proteins.

* Genomics—the analysis of the entire oligonucleotide
sequence of an organism’s complete genetic mater-
ial—has provided further enhancements.

* Computer algorithms facilitate identification of the
open reading frames that encode a given protein by
using partial sequences and peptide mass profiling to
search sequence databases.

* Scientists are now trying to determine the primary
sequence and functional role of every protein ex-
pressed in a living cell, known as its proteome.

* A major goal is the identification of proteins whose
appearance or disappearance correlates with physio-
logic phenomena, aging, or specific diseases.
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Proteins: Higher Orders of Structure

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

Proteins catalyze metabolic reactions, power cellular
motion, and form macromolecular rods and cables that
provide structural integrity to hair, bones, tendons, and
teeth. In nature, form follows function. The structural
variety of human proteins therefore reflects the sophis-
tication and diversity of their biologic roles. Maturation
of a newly synthesized polypeptide into a biologically
functional protein requires that it be folded into a spe-
cific three-dimensional arrangement, or conformation.
During maturation, posttranslational modifications
may add new chemical groups or remove transiently
needed peptide segments. Genetic or nutritional defi-
ciencies that impede protein maturation are deleterious
to health. Examples of the former include Creutzfeldt-
Jakob disease, scrapie, Alzheimer’s disease, and bovine
spongiform encephalopathy (mad cow disease). Scurvy
represents a nutritional deficiency that impairs protein
maturation.

CONFORMATION VERSUS
CONFIGURATION

The terms configuration and conformation are often
confused. Configuration refers to the geometric rela-
tionship between a given set of atoms, for example,
those that distinguish L- from D-amino acids. Intercon-
version of configurational alternatives requires breaking
covalent bonds. Conformation refers to the spatial re-
lationship of every atom in a molecule. Interconversion
between conformers occurs without covalent bond rup-
ture, with retention of configuration, and typically via
rotation about single bonds.

PROTEINS WERE INITIALLY CLASSIFIED
BY THEIR GROSS CHARACTERISTICS

Scientists initially approached structure-function rela-
tionships in proteins by separating them into classes
based upon properties such as solubility, shape, or the
presence of nonprotein groups. For example, the pro-
teins that can be extracted from cells using solutions at
physiologic pH and ionic strength are classified as sol-
uble. Extraction of integral membrane proteins re-
quires dissolution of the membrane with detergents.
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Globular proteins are compact, are roughly spherical
or ovoid in shape, and have axial ratios (the ratio of
their shortest to longest dimensions) of not over 3.
Most enzymes are globular proteins, whose large inter-
nal volume provides ample space in which to con-
struct cavities of the specific shape, charge, and hy-
drophobicity or hydrophilicity required to bind
substrates and promote catalysis. By contrast, many
structural proteins adopt highly extended conforma-
tions. These fibrous proteins possess axial ratios of 10
or more.

Lipoproteins and glycoproteins contain covalently
bound lipid and carbohydrate, respectively. Myoglobin,
hemoglobin, cytochromes, and many other proteins
contain tightly associated metal ions and are termed
metalloproteins. With the development and applica-
tion of techniques for determining the amino acid se-
quences of proteins (Chapter 4), more precise classifica-
tion schemes have emerged based upon similarity, or
homology, in amino acid sequence and structure.
However, many early classification terms remain in
common use.

PROTEINS ARE CONSTRUCTED USING
MODULAR PRINCIPLES

Proteins perform complex physical and catalytic func-
tions by positioning specific chemical groups in a pre-
cise three-dimensional arrangement. The polypeptide
scaffold containing these groups must adopt a confor-
mation that is both functionally efficient and phys-
ically strong. At first glance, the biosynthesis of
polypeptides comprised of tens of thousands of indi-
vidual atoms would appear to be extremely challeng-
ing. When one considers that a typical polypeptide
can adopt > 10°” distinct conformations, folding into
the conformation appropriate to their biologic func-
tion would appear to be even more difficult. As de-
scribed in Chapters 3 and 4, synthesis of the polypep-
tide backbones of proteins employs a small set of
common building blocks or modules, the amino acids,
joined by a common linkage, the peptide bond. A
stepwise modular pathway simplifies the folding and
processing of newly synthesized polypeptides into ma-
ture proteins.



THE FOUR ORDERS OF
PROTEIN STRUCTURE

The modular nature of protein synthesis and folding
are embodied in the concept of orders of protein struc-
ture: primary structure, the sequence of the amino
acids in a polypeptide chain; secondary structure, the
folding of short (3- to 30-residue), contiguous segments
of polypeptide into geometrically ordered units; ter-
tiary structure, the three-dimensional assembly of sec-
ondary structural units to form larger functional units
such as the mature polypeptide and its component do-
mains; and quaternary structure, the number and
types of polypeptide units of oligomeric proteins and
their spatial arrangement.

SECONDARY STRUCTURE

Peptide Bonds Restrict Possible
Secondary Conformations

Free rotation is possible about only two of the three co-
valent bonds of the polypeptide backbone: the o-car-
bon (Co) to the carbonyl carbon (Co) bond and the
Co to nitrogen bond (Figure 3—4). The partial double-
bond character of the peptide bond that links Co to the
o-nitrogen requires that the carbonyl carbon, carbonyl
oxygen, and O-nitrogen remain coplanar, thus prevent-
ing rotation. The angle about the Co—N bond is
termed the phi (®) angle, and that about the Co—Coat
bond the psi (¥) angle. For amino acids other than
glycine, most combinations of phi and psi angles are
disallowed because of steric hindrance (Figure 5-1).
The conformations of proline are even more restricted
due to the absence of free rotation of the N—Coa. bond.

Regions of ordered secondary structure arise when a
series of aminoacyl residues adopt similar phi and psi
angles. Extended segments of polypeptide (eg, loops)
can possess a variety of such angles. The angles that de-
fine the two most common types of secondary struc-
ture, the & helix and the B sheet, fall within the lower
and upper left-hand quadrants of a Ramachandran
plot, respectively (Figure 5-1).

The Alpha Helix

The polypeptide backbone of an o helix is twisted by
an equal amount about each ¢t-carbon with a phi angle
of approximately =57 degrees and a psi angle of approx-
imately —47 degrees. A complete turn of the helix con-
tains an average of 3.6 aminoacyl residues, and the dis-
tance it rises per turn (its pitch) is 0.54 nm (Figure
5-2). The R groups of each aminoacyl residue in an o
helix face outward (Figure 5-3). Proteins contain only
L-amino acids, for which a right-handed o helix is by
far the more stable, and only right-handed o helices
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Figure 5-1. Ramachandran plot of the main chain

phi (®) and psi (¥) angles for approximately 1000
nonglycine residues in eight proteins whose structures
were solved at high resolution. The dots represent al-
lowable combinations and the spaces prohibited com-
binations of phi and psi angles. (Reproduced, with per-
mission, from Richardson JS: The anatomy and taxonomy
of protein structures. Adv Protein Chem 1981;34:167.)

occur in nature. Schematic diagrams of proteins repre-
sent o helices as cylinders.

The stability of an o helix arises primarily from hy-
drogen bonds formed between the oxygen of the pep-
tide bond carbonyl and the hydrogen atom of the pep-
tide bond nitrogen of the fourth residue down the
polypeptide chain (Figure 5-4). The ability to form the
maximum number of hydrogen bonds, supplemented
by van der Waals interactions in the core of this tightly
packed structure, provides the thermodynamic driving
force for the formation of an o helix. Since the peptide
bond nitrogen of proline lacks a hydrogen atom to con-
tribute to a hydrogen bond, proline can only be stably
accommodated within the first turn of an o helix.
When present elsewhere, proline disrupts the confor-
mation of the helix, producing a bend. Because of its
small size, glycine also often induces bends in o helices.

Many o helices have predominantly hydrophobic R
groups on one side of the axis of the helix and predomi-
nantly hydrophilic ones on the other. These amphi-
pathic helices are well adapted to the formation of in-
terfaces between polar and nonpolar regions such as the
hydrophobic interior of a protein and its aqueous envi-
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0.54-nm pitch
(3.6 residues)

Figure 5-2. Orientation of the main chain atoms of a
peptide about the axis of an o helix.

ronment. Clusters of amphipathic helices can create a
channel, or pore, that permits specific polar molecules
to pass through hydrophobic cell membranes.

The Beta Sheet

The second (hence “beta”) recognizable regular sec-
ondary structure in proteins is the B sheet. The amino
acid residues of a B sheet, when viewed edge-on, form a
zigzag or pleated pattern in which the R groups of adja-
cent residues point in opposite directions. Unlike the
compact backbone of the o helix, the peptide backbone
of the B sheet is highly extended. But like the o helix,
B sheets derive much of their stability from hydrogen
bonds between the carbonyl oxygens and amide hydro-
gens of peptide bonds. However, in contrast to the o
helix, these bonds are formed with adjacent segments of
B sheet (Figure 5-5).

Interacting 3 sheets can be arranged either to form a
parallel B sheet, in which the adjacent segments of the

Figure 5-3. View down the axis of an o helix. The
side chains (R) are on the outside of the helix. The van
der Waals radii of the atoms are larger than shown here;
hence, there is almost no free space inside the helix.
(Slightly modified and reproduced, with permission, from
Stryer L: Biochemistry, 3rd ed. Freeman, 1995. Copyright

© 1995 by W.H. Freeman and Co.)

polypeptide chain proceed in the same direction amino
to carboxyl, or an antiparallel sheet, in which they pro-
ceed in opposite directions (Figure 5-5). Either config-
uration permits the maximum number of hydrogen
bonds between segments, or strands, of the sheet. Most
B sheets are not perfectly flat but tend to have a right-
handed twist. Clusters of twisted strands of B sheet
form the core of many globular proteins (Figure 5-6).
Schematic diagrams represent 3 sheets as arrows that
point in the amino to carboxyl terminal direction.

Loops & Bends

Roughly half of the residues in a “typical” globular pro-
tein reside in o helices and B sheets and half in loops,
turns, bends, and other extended conformational fea-
tures. Turns and bends refer to short segments of
amino acids that join two units of secondary structure,
such as two adjacent strands of an antiparallel B sheet.
A B turn involves four aminoacyl residues, in which the
first residue is hydrogen-bonded to the fourth, resulting
in a tight 180-degree turn (Figure 5-7). Proline and
glycine often are present in 3 turns.

Loops are regions that contain residues beyond the
minimum number necessary to connect adjacent re-
gions of secondary structure. Irregular in conformation,
loops nevertheless serve key biologic roles. For many
enzymes, the loops that bridge domains responsible for
binding substrates often contain aminoacyl residues



Figure 5-4. Hydrogen bonds (dotted lines) formed
between H and O atoms stabilize a polypeptide in an
a-helical conformation. (Reprinted, with permission,
from Haggis GH et al: Introduction to Molecular Biology.
Wiley, 1964.)

that participate in catalysis. Helix-loop-helix motifs
provide the oligonucleotide-binding portion of DNA-
binding proteins such as repressors and transcription
factors. Structural motifs such as the helix-loop-helix
motif that are intermediate between secondary and ter-
tiary structures are often termed supersecondary struc-
tures. Since many loops and bends reside on the surface
of proteins and are thus exposed to solvent, they consti-
tute readily accessible sites, or epitopes, for recognition
and binding of antibodies.

While loops lack apparent structural regularity, they
exist in a specific conformation stabilized through hy-
drogen bonding, salt bridges, and hydrophobic interac-
tions with other portions of the protein. However, not
all portions of proteins are necessarily ordered. Proteins
may contain “disordered” regions, often at the extreme
amino or carboxyl terminal, characterized by high con-
formational flexibility. In many instances, these disor-
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Figure 5-5. Spacing and bond angles of the hydro-
gen bonds of antiparallel and parallel pleated B sheets.
Arrows indicate the direction of each strand. The hydro-
gen-donating o-nitrogen atoms are shown as blue cir-
cles. Hydrogen bonds are indicated by dotted lines. For
clarity in presentation, R groups and hydrogens are
omitted. Top: Antiparallel  sheet. Pairs of hydrogen
bonds alternate between being close together and
wide apart and are oriented approximately perpendicu-
lar to the polypeptide backbone. Bottom: Parallel 3
sheet. The hydrogen bonds are evenly spaced but slant
in alternate directions.

dered regions assume an ordered conformation upon
binding of a ligand. This structural flexibility enables
such regions to act as ligand-controlled switches that af-
fect protein structure and function.

Tertiary & Quaternary Structure

The term “tertiary structure” refers to the entire three-
dimensional conformation of a polypeptide. It indicates,
in three-dimensional space, how secondary structural
features—helices, sheets, bends, turns, and loops—
assemble to form domains and how these domains re-
late spatially to one another. A domain is a section of
protein structure sufficient to perform a particular
chemical or physical task such as binding of a substrate
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Figure 5-6. Examples of tertiary structure of pro-
teins. Top: The enzyme triose phosphate isomerase.
Note the elegant and symmetrical arrangement of al-
ternating B sheets and o helices. (Courtesy of J Richard-
son.) Bottom: Two-domain structure of the subunit of a
homodimeric enzyme, a bacterial class I HMG-CoA re-
ductase. As indicated by the numbered residues, the
single polypeptide begins in the large domain, enters
the small domain, and ends in the large domain. (Cour-
tesy of C Lawrence, V Rodwell, and C Stauffacher, Purdue
University.)
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Figure 5-7. A B-turn that links two segments of an-
tiparallel B sheet. The dotted line indicates the hydro-

gen bond between the first and fourth amino acids of
the four-residue segment Ala-Gly-Asp-Ser.

or other ligand. Other domains may anchor a protein to
a membrane or interact with a regulatory molecule that
modulates its function. A small polypeptide such as
triose phosphate isomerase (Figure 5-6) or myoglobin
(Chapter 6) may consist of a single domain. By contrast,
protein kinases contain two domains. Protein kinases
catalyze the transfer of a phosphoryl group from ATP to
a peptide or protein. The amino terminal portion of the
polypeptide, which is rich in B sheet, binds ATP, while
the carboxyl terminal domain, which is rich in o helix,
binds the peptide or protein substrate (Figure 5-8). The
groups that catalyze phosphoryl transfer reside in a loop
positioned at the interface of the two domains.

In some cases, proteins are assembled from more
than one polypeptide, or protomer. Quaternary struc-
ture defines the polypeptide composition of a protein
and, for an oligomeric protein, the spatial relationships
between its subunits or protomers. Monomeric pro-
teins consist of a single polypeptide chain. Dimeric
proteins contain two polypeptide chains. Homodimers
contain two copies of the same polypeptide chain,
while in a heterodimer the polypeptides differ. Greek
letters (0., B, 7y etc) are used to distinguish different sub-
units of a heterooligomeric protein, and subscripts indi-
cate the number of each subunit type. For example, o
designates a homotetrameric protein, and o3,y a pro-
tein with five subunits of three different types.

Since even small proteins contain many thousands
of atoms, depictions of protein structure that indicate
the position of every atom are generally too complex to
be readily interpreted. Simplified schematic diagrams
thus are used to depict key features of a protein’s ter-



Figure 5-8. Domain structure. Protein kinases con-
tain two domains. The upper, amino terminal domain
binds the phosphoryl donor ATP (light blue). The lower,
carboxyl terminal domain is shown binding a synthetic
peptide substrate (dark blue).

tiary and quaternary structure. Ribbon diagrams (Fig-
ures 5-6 and 5-8) trace the conformation of the
polypeptide backbone, with cylinders and arrows indi-
cating regions of o helix and [3 sheet, respectively. In an
even simpler representation, line segments that link the
o carbons indicate the path of the polypeptide back-
bone. These schematic diagrams often include the side
chains of selected amino acids that emphasize specific
structure-function relationships.

MULTIPLE FACTORS STABILIZE
TERTIARY & QUATERNARY STRUCTURE

Higher orders of protein structure are stabilized primar-
ily—and often exclusively—by noncovalent interac-
tions. Principal among these are hydrophobic interac-
tions that drive most hydrophobic amino acid side
chains into the interior of the protein, shielding them
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from water. Other significant contributors include hy-
drogen bonds and salt bridges between the carboxylates
of aspartic and glutamic acid and the oppositely
charged side chains of protonated lysyl, argininyl, and
histidyl residues. While individually weak relative to a
typical covalent bond of 80-120 kcal/mol, collectively
these numerous interactions confer a high degree of sta-
bility to the biologically functional conformation of a
protein, just as a Velcro fastener harnesses the cumula-
tive strength of multiple plastic loops and hooks.

Some proteins contain covalent disulfide (S—S)
bonds that link the sulthydryl groups of cysteinyl
residues. Formation of disulfide bonds involves oxida-
tion of the cysteinyl sulthydryl groups and requires oxy-
gen. Intrapolypeptide disulfide bonds further enhance
the stability of the folded conformation of a peptide,
while interpolypeptide disulfide bonds stabilize the

quaternary structure of certain oligomeric proteins.

THREE-DIMENSIONAL STRUCTURE
IS DETERMINED BY X-RAY
CRYSTALLOGRAPHY OR BY

NMR SPECTROSCOPY

X-Ray Crystallography

Since the determination of the three-dimensional struc-
ture of myoglobin over 40 years ago, the three-dimen-
sional structures of thousands of proteins have been de-
termined by x-ray crystallography. The key to x-ray
crystallography is the precipitation of a protein under
conditions in which it forms ordered crystals that dif-
fract x-rays. This is generally accomplished by exposing
small drops of the protein solution to various combina-
tions of pH and precipitating agents such as salts and
organic solutes such as polyethylene glycol. A detailed
three-dimensional structure of a protein can be con-
structed from its primary structure using the pattern by
which it diffracts a beam of monochromatic x-rays.
While the development of increasingly capable com-
puter-based tools has rendered the analysis of complex
x-ray diffraction patterns increasingly facile, a major
stumbling block remains the requirement of inducing
highly purified samples of the protein of interest to
crystallize. Several lines of evidence, including the abil-
ity of some crystallized enzymes to catalyze chemical re-
actions, indicate that the vast majority of the structures
determined by crystallography faithfully represent the

structures of proteins in free solution.

Nuclear Magnetic Resonance
Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, a
powerful complement to x-ray crystallography, mea-
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sures the absorbance of radio frequency electromagnetic
energy by certain atomic nuclei. “NMR-active” isotopes
of biologically relevant atoms include 'H, "*C, °N, and
31P. The frequency, or chemical shift, at which a partic-
ular nucleus absorbs energy is a function of both the
functional group within which it resides and the prox-
imity of other NMR-active nuclei. Two-dimensional
NMR spectroscopy permits a three-dimensional repre-
sentation of a protein to be constructed by determining
the proximity of these nuclei to one another. NMR
spectroscopy analyzes proteins in aqueous solution, ob-
viating the need to form crystals. It thus is possible to
observe changes in conformation that accompany lig-
and binding or catalysis using NMR spectroscopy.
However, only the spectra of relatively small proteins,
< 20 kDa in size, can be analyzed with current tech-
nology.

Molecular Modeling

An increasingly useful adjunct to the empirical determi-
nation of the three-dimensional structure of proteins is
the use of computer technology for molecular model-
ing. The types of models created take two forms. In the
first, the known three-dimensional structure of a pro-
tein is used as a template to build a model of the proba-
ble structure of a homologous protein. In the second,
computer software is used to manipulate the static
model provided by crystallography to explore how a
protein’s conformation might change when ligands are
bound or when temperature, pH, or ionic strength is
altered. Scientists also are examining the library of
available protein structures in an attempt to devise
computer programs that can predict the three-dimen-
sional conformation of a protein directly from its pri-
mary sequence.

PROTEIN FOLDING

The Native Conformation of a Protein
Is Thermodynamically Favored

The number of distinct combinations of phi and psi
angles specifying potential conformations of even a rel-
atively small—15-kDa—polypeptide is unbelievably
vast. Proteins are guided through this vast labyrinth of
possibilities by thermodynamics. Since the biologically
relevant—or native—conformation of a protein gener-
ally is that which is most energetically favored, knowl-
edge of the native conformation is specified in the pri-
mary sequence. However, if one were to wait for a
polypeptide to find its native conformation by random
exploration of all possible conformations, the process
would require billions of years to complete. Clearly,
protein folding in cells takes place in a more orderly

and guided fashion.

Folding Is Modular

Protein folding generally occurs via a stepwise process.
In the first stage, the newly synthesized polypeptide
emerges from ribosomes, and short segments fold into
secondary structural units that provide local regions of
organized structure. Folding is now reduced to the se-
lection of an appropriate arrangement of this relatively
small number of secondary structural elements. In the
second stage, the forces that drive hydrophobic regions
into the interior of the protein away from solvent drive
the partially folded polypeptide into a “molten globule”
in which the modules of secondary structure rearrange
to arrive at the mature conformation of the protein.
This process is orderly but not rigid. Considerable flexi-
bility exists in the ways and in the order in which ele-
ments of secondary structure can be rearranged. In gen-
eral, each element of secondary or supersecondary
structure facilitates proper folding by directing the fold-
ing process toward the native conformation and away
from unproductive alternatives. For oligomeric pro-
teins, individual protomers tend to fold before they as-
sociate with other subunits.

Auxiliary Proteins Assist Folding

Under appropriate conditions, many proteins will
spontaneously refold after being previously denatured
(ie, unfolded) by treatment with acid or base,
chaotropic agents, or detergents. However, unlike the
folding process in vivo, refolding under laboratory con-
ditions is a far slower process. Moreover, some proteins
fail to spontaneously refold in vitro, often forming in-
soluble aggregates, disordered complexes of unfolded
or partially folded polypeptides held together by hy-
drophobic interactions. Aggregates represent unproduc-
tive dead ends in the folding process. Cells employ aux-
iliary proteins to speed the process of folding and to
guide it toward a productive conclusion.

Chaperones

Chaperone proteins participate in the folding of over
half of mammalian proteins. The hsp70 (70-kDa heat
shock protein) family of chaperones binds short se-
quences of hydrophobic amino acids in newly syn-
thesized polypeptides, shielding them from solvent.
Chaperones prevent aggregation, thus providing an op-
portunity for the formation of appropriate secondary
structural elements and their subsequent coalescence
into a molten globule. The hsp60 family of chaperones,
sometimes called chaperonins, differ in sequence and
structure from hsp70 and its homologs. Hsp60 acts
later in the folding process, often together with an
hsp70 chaperone. The central cavity of the donut-



shaped hsp60 chaperone provides a sheltered environ-
ment in which a polypeptide can fold until all hy-
drophobic regions are buried in its interior, eliminating
aggregation. Chaperone proteins can also “rescue” pro-
teins that have become thermodynamically trapped in a
misfolded dead end by unfolding hydrophobic regions

and providing a second chance to fold productively.

Protein Disulfide Isomerase

Disulfide bonds between and within polypeptides stabi-
lize tertiary and quaternary structure. However, disul-
fide bond formation is nonspecific. Under oxidizing
conditions, a given cysteine can form a disulfide bond
with the —SH of any accessible cysteinyl residue. By
catalyzing disulfide exchange, the rupture of an S—S
bond and its reformation with a different partner cys-
teine, protein disulfide isomerase facilitates the forma-
tion of disulfide bonds that stabilize their native confor-
mation.

Proline-cis,trans-Isomerase

All X-Pro peptide bonds—where X represents any
residue—are synthesized in the trans configuration.
However, of the X-Pro bonds of mature proteins, ap-
proximately 6% are cis. The cis configuration is partic-
ularly common in B-turns. Isomerization from trans to
cis is catalyzed by the enzyme proline-cis,trans-iso-
merase (Figure 5-9).

SEVERAL NEUROLOGIC DISEASES
RESULT FROM ALTERED PROTEIN
CONFORMATION

Prions

The transmissible spongiform encephalopathies, or
prion diseases, are fatal neurodegenerative diseases
characterized by spongiform changes, astrocytic gli-
omas, and neuronal loss resulting from the deposition
of insoluble protein aggregates in neural cells. They in-
clude Creutzfeldt-Jakob disease in humans, scrapie in

(o] o , (0]
H H Oy
N N
P %N — - a\HkN
-~
Ry o Ry
o

Figure 5-9. 1somerization of the N-o, prolyl peptide
bond from a cis to a trans configuration relative to the
backbone of the polypeptide.
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sheep, and bovine spongiform encephalopathy (mad
cow disease) in cattle. Prion diseases may manifest
themselves as infectious, genetic, or sporadic disorders.
Because no viral or bacterial gene encoding the patho-
logic prion protein could be identified, the source and
mechanism of transmission of prion disease long re-
mained elusive. Today it is believed that prion diseases
are protein conformation diseases transmitted by alter-
ing the conformation, and hence the physical proper-
ties, of proteins endogenous to the host. Human prion-
related protein, PrP, a glycoprotein encoded on the
short arm of chromosome 20, normally is monomeric
and rich in o helix. Pathologic prion proteins serve as
the templates for the conformational transformation of
normal PrP, known as PrPc, into PrPsc. PrPsc is rich in
B sheet with many hydrophobic aminoacyl side chains
exposed to solvent. PrPsc molecules therefore associate
strongly with one other, forming insoluble protease-re-
sistant aggregates. Since one pathologic prion or prion-
related protein can serve as template for the conforma-
tional transformation of many times its number of PrPc
molecules, prion diseases can be transmitted by the pro-
tein alone without involvement of DNA or RNA.

Alzheimer’s Disease

Refolding or misfolding of another protein endogenous
to human brain tissue, B-amyloid, is also a prominent
feature of Alzheimer’s disease. While the root cause of
Alzheimer’s disease remains elusive, the characteristic
senile plaques and neurofibrillary bundles contain ag-
gregates of the protein B-amyloid, a 4.3-kDa polypep-
tide produced by proteolytic cleavage of a larger protein
known as amyloid precursor protein. In Alzheimer’s
disease patients, levels of B-amyloid become elevated,
and this protein undergoes a conformational transfor-
mation from a soluble o helix—rich state to a state rich
in B sheet and prone to self-aggregation. Apolipopro-
tein E has been implicated as a potential mediator of
this conformational transformation.

COLLAGEN ILLUSTRATES THE ROLE OF
POSTTRANSLATIONAL PROCESSING IN
PROTEIN MATURATION

Protein Maturation Often Involves Making
& Breaking Covalent Bonds

The maturation of proteins into their final structural
state often involves the cleavage or formation (or both)
of covalent bonds, a process termed posttranslational
modification. Many polypeptides are initially synthe-
sized as larger precursors, called proproteins. The
“extra” polypeptide segments in these proproteins
often serve as leader sequences that target a polypeptide
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to a particular organelle or facilitate its passage through
a membrane. Others ensure that the potentially harm-
ful activity of a protein such as the proteases trypsin
and chymotrypsin remains inhibited until these pro-
teins reach their final destination. However, once these
transient requirements are fulfilled, the now superflu-
ous peptide regions are removed by selective proteoly-
sis. Other covalent modifications may take place that
add new chemical functionalities to a protein. The mat-
uration of collagen illustrates both of these processes.

Collagen Is a Fibrous Protein

Collagen is the most abundant of the fibrous proteins
that constitute more than 25% of the protein mass in
the human body. Other prominent fibrous proteins in-
clude keratin and myosin. These proteins represent a
primary source of structural strength for cells (e, the
cytoskeleton) and tissues. Skin derives its strength and
flexibility from a crisscrossed mesh of collagen and ker-
atin fibers, while bones and teeth are buttressed by an
underlying network of collagen fibers analogous to the
steel strands in reinforced concrete. Collagen also is
present in connective tissues such as ligaments and ten-
dons. The high degree of tensile strength required to
fulfill these structural roles requires elongated proteins
characterized by repetitive amino acid sequences and a
regular secondary structure.

Collagen Forms a Unique Triple Helix

Tropocollagen consists of three fibers, each containing
about 1000 amino acids, bundled together in a unique
conformation, the collagen triple helix (Figure 5-10). A
mature collagen fiber forms an elongated rod with an
axial ratio of about 200. Three intertwined polypeptide
strands, which twist to the left, wrap around one an-
other in a right-handed fashion to form the collagen
triple helix. The opposing handedness of this superhelix
and its component polypeptides makes the collagen
triple helix highly resistant to unwinding—the same
principle used in the steel cables of suspension bridges.
A collagen triple helix has 3.3 residues per turn and a
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Figure 5-10. Primary, secondary, and tertiary struc-
tures of collagen.

rise per residue nearly twice that of an o helix. The
R groups of each polypeptide strand of the triple helix
pack so closely that in order to fit, one must be glycine.
Thus, every third amino acid residue in collagen is a
glycine residue. Staggering of the three strands provides
appropriate positioning of the requisite glycines
throughout the helix. Collagen is also rich in proline
and hydroxyproline, yielding a repetitive Gly-X-Y pat-
tern (Figure 5-10) in which Y generally is proline or
hydroxyproline.

Collagen triple helices are stabilized by hydrogen
bonds between residues in different polypeptide chains.
The hydroxyl groups of hydroxyprolyl residues also par-
ticipate in interchain hydrogen bonding. Additional
stability is provided by covalent cross-links formed be-
tween modified lysyl residues both within and between
polypeptide chains.

Collagen Is Synthesized as a
Larger Precursor

Collagen is initially synthesized as a larger precursor
polypeptide, procollagen. Numerous prolyl and lysyl
residues of procollagen are hydroxylated by prolyl hy-
droxylase and lysyl hydroxylase, enzymes that require
ascorbic acid (vitamin C). Hydroxyprolyl and hydroxy-
lysyl residues provide additional hydrogen bonding ca-
pability that stabilizes the mature protein. In addition,
glucosyl and galactosyl transferases attach glucosyl or
galactosyl residues to the hydroxyl groups of specific
hydroxylysyl residues.

The central portion of the precursor polypeptide
then associates with other molecules to form the char-
acteristic triple helix. This process is accompanied by
the removal of the globular amino terminal and car-
boxyl terminal extensions of the precursor polypeptide
by selective proteolysis. Certain lysyl residues are modi-
fied by lysyl oxidase, a copper-containing protein that
converts €-amino groups to aldehydes. The aldehydes
can ecither undergo an aldol condensation to form a
C=C double bond or to form a Schiff base (eneimine)
with the e-amino group of an unmodified lysyl residue,
which is subsequently reduced to form a C—N single
bond. These covalent bonds cross-link the individual
polypeptides and imbue the fiber with exceptional
strength and rigidity.

Nutritional & Genetic Disorders Can Impair
Collagen Maturation

The complex series of events in collagen maturation
provide a model that illustrates the biologic conse-
quences of incomplete polypeptide maturation. The
best-known defect in collagen biosynthesis is scurvy, a
result of a dietary deficiency of vitamin C required by



prolyl and lysyl hydroxylases. The resulting deficit in
the number of hydroxyproline and hydroxylysine
residues undermines the conformational stability of col-
lagen fibers, leading to bleeding gums, swelling joints,
poor wound healing, and ultimately to death. Menkes’
syndrome, characterized by kinky hair and growth re-
tardation, reflects a dietary deficiency of the copper re-
quired by lysyl oxidase, which catalyzes a key step in
formation of the covalent cross-links that strengthen
collagen fibers.

Genetic disorders of collagen biosynthesis include
several forms of osteogenesis imperfecta, characterized
by fragile bones. In Ehlers-Dahlos syndrome, a group
of connective tissue disorders that involve impaired in-
tegrity of supporting structures, defects in the genes
that encode o collagen-1, procollagen N-peptidase, or
lysyl hydroxylase result in mobile joints and skin abnor-
malities.

SUMMARY

* Proteins may be classified on the basis of the solubil-
ity, shape, or function or of the presence of a pros-
thetic group such as heme. Proteins perform complex
physical and catalytic functions by positioning spe-
cific chemical groups in a precise three-dimensional
arrangement that is both functionally efficient and
physically strong.

¢ The gene-encoded primary structure of a polypeptide
is the sequence of its amino acids. Its secondary
structure results from folding of polypeptides into
hydrogen-bonded motifs such as the o helix, the
B-pleated sheet, B bends, and loops. Combinations
of these motifs can form supersecondary motifs.

e Tertiary structure concerns the relationships between
secondary structural domains. Quaternary structure
of proteins with two or more polypeptides
(oligomeric proteins) is a feature based on the spatial
relationships between various types of polypeptides.

* Primary structures are stabilized by covalent peptide
bonds. Higher orders of structure are stabilized by
weak forces—multiple hydrogen bonds, salt (electro-
static) bonds, and association of hydrophobic R
groups.

* The phi (D) angle of a polypeptide is the angle about
the C;—N bond; the psi (V) angle is that about the
Cy-C, bond. Most combinations of phi-psi angles
are disallowed due to steric hindrance. The phi-psi
angles that form the o helix and the B sheet fall
within the lower and upper left-hand quadrants of a
Ramachandran plot, respectively.

* Protein folding is a poorly understood process.
Broadly speaking, short segments of newly synthe-
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sized polypeptide fold into secondary structural
units. Forces that bury hydrophobic regions from
solvent then drive the partially folded polypeptide
into a “molten globule” in which the modules of sec-
ondary structure are rearranged to give the native
conformation of the protein.

* Proteins that assist folding include protein disulfide
isomerase, proline-cis,zrans,-isomerase, and the chap-
erones that participate in the folding of over half of
mammalian proteins. Chaperones shield newly syn-
thesized polypeptides from solvent and provide an
environment for elements of secondary structure to
emerge and coalesce into molten globules.

 Techniques for study of higher orders of protein
structure include x-ray crystallography, NMR spec-
troscopy, analytical ultracentrifugation, gel filtration,
and gel electrophoresis.

o Silk fibroin and collagen illustrate the close linkage of
protein structure and biologic function. Diseases of
collagen maturation include Ehlers-Danlos syndrome
and the vitamin C deficiency disease scurvy.

* Prions—protein particles that lack nucleic acid—
cause fatal transmissible spongiform encephalopa-
thies such as Creutzfeldt-Jakob disease, scrapie, and
bovine spongiform encephalopathy. Prion diseases
involve an altered secondary-tertiary structure of a
naturally occurring protein, PrPc. When PrPc inter-
acts with its pathologic isoform PrPSc, its conforma-
tion is transformed from a predominantly a-helical
structure to the PB-sheet structure characteristic of
PrPSc.
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Proteins: Myoglobin & Hemoglobin

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

The heme proteins myoglobin and hemoglobin main-
tain a supply of oxygen essential for oxidative metabo-
lism. Myoglobin, a monomeric protein of red muscle,
stores oxygen as a reserve against oxygen deprivation.
Hemoglobin, a tetrameric protein of erythrocytes,
transports O, to the tissues and returns CO, and pro-
tons to the lungs. Cyanide and carbon monoxide kill
because they disrupt the physiologic function of the
heme proteins cytochrome oxidase and hemoglobin, re-
spectively. The secondary-tertiary structure of the sub-
units of hemoglobin resembles myoglobin. However,
the tetrameric structure of hemoglobin permits cooper-
ative interactions that are central to its function. For ex-
ample, 2,3-bisphosphoglycerate (BPG) promotes the
efficient release of O, by stabilizing the quaternary
structure of deoxyhemoglobin. Hemoglobin and myo-
globin illustrate both protein structure-function rela-
tionships and the molecular basis of genetic diseases
such as sickle cell disease and the thalassemias.

HEME & FERROUS IRON CONFER THE
ABILITY TO STORE & TO TRANSPORT
OXYGEN

Myoglobin and hemoglobin contain heme, a cyclic
tetrapyrrole consisting of four molecules of pyrrole
linked by o-methylene bridges. This planar network of
conjugated double bonds absorbs visible light and col-
ors heme deep red. The substituents at the B-positions
of heme are methyl (M), vinyl (V), and propionate (Pr)
groups arranged in the order M, V, M, V, M, Pr, Pr, M
(Figure 6-1). One atom of ferrous iron (Fe,") resides at
the center of the planar tetrapyrrole. Other proteins
with metal-containing tetrapyrrole prosthetic groups
include the cytochromes (Fe and Cu) and chlorophyll
(Mg) (see Chapter 12). Oxidation and reduction of the
Fe and Cu atoms of cytochromes is essential to their bi-
ologic function as carriers of electrons. By contrast, oxi-
dation of the Fe,* of myoglobin or hemoglobin to Fe;*
destroys their biologic activity.
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Myoglobin Is Rich in o Helix

Oxygen stored in red muscle myoglobin is released dur-
ing O, deprivation (eg, severe exercise) for use in mus-
cle mitochondria for acrobic synthesis of ATP (see
Chapter 12). A 153-aminoacyl residue polypeptide
(MW 17,000), myoglobin folds into a compact shape
that measures 4.5 X 3.5 X 2.5 nm (Figure 6-2). Unusu-
ally high proportions, about 75%, of the residues are
present in eight right-handed, 7-20 residue o helices.
Starting at the amino terminal, these are termed helices
A-H. Typical of globular proteins, the surface of myo-
globin is polar, while—with only two exceptions—the
interior contains only nonpolar residues such as Leu,
Val, Phe, and Met. The exceptions are His E7 and His
E8, the seventh and eighth residues in helices E and F,
which lie close to the heme iron where they function in

O, binding.

Histidines F8 & E7 Perform Unique Roles in
Oxygen Binding

The heme of myoglobin lies in a crevice between helices
E and F oriented with its polar propionate groups fac-
ing the surface of the globin (Figure 6-2). The remain-
der resides in the nonpolar interior. The fifth coordina-
tion position of the iron is linked to a ring nitrogen of
the proximal histidine, His F8. The distal histidine,
His E7, lies on the side of the heme ring opposite to
His F8.

The Iron Moves Toward the Plane of the
Heme When Oxygen Is Bound

The iron of unoxygenated myoglobin lies 0.03 nm
(0.3 A) outside the plane of the heme ring, toward His
F8. The heme therefore “puckers” slightly. When O,
occupies the sixth coordination position, the iron
moves to within 0.01 nm (0.1 A) of the plane of the
heme ring. Oxygenation of myoglobin thus is accompa-
nied by motion of the iron, of His F8, and of residues
linked to His F8.



o
Figure 6-1. Heme. The pyrrole rings and methylene
bridge carbons are coplanar, and the iron atom (Fe,")
resides in almost the same plane. The fifth and sixth co-
ordination positions of Fe,* are directed perpendicular
to—and directly above and below—the plane of the
heme ring. Observe the nature of the substituent
groups on the B carbons of the pyrrole rings, the cen-
tral iron atom, and the location of the polar side of the
heme ring (at about 7 o'clock) that faces the surface of
the myoglobin molecule.

Figure 6-2. A model of myoglobin at low resolution.

Only the o-carbon atoms are shown. The o-helical re-

gions are named A through H. (Based on Dickerson RE in:

The Proteins, 2nd ed. Vol 2. Neurath H [editor]. Academic
Press, 1964. Reproduced with permission.)
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Apomyoglobin Provides a Hindered
Environment for Heme Iron

When O, binds to myoglobin, the bond between the first
oxygen atom and the Fe,* is perpendicular to the plane of
the heme ring. The bond linking the first and second
oxygen atoms lies at an angle of 121 degrees to the plane
of the heme, orienting the second oxygen away from the
distal histidine (Figure 6-3, left). Isolated heme binds
carbon monoxide (CO) 25,000 times more strongly than
oxygen. Since CO is present in small quantities in the at-
mosphere and arises in cells from the catabolism of heme,
why is it that CO does not completely displace O, from
heme iron? The accepted explanation is that the apopro-
teins of myoglobin and hemoglobin create a hindered
environment. While CO can bind to isolated heme in its
preferred orientation, ie, with all three atoms (Fe, C, and
O) perpendicular to the plane of the heme, in myoglobin
and hemoglobin the distal histidine sterically precludes
this orientation. Binding at a less favored angle reduces
the strength of the heme-CO bond to about 200 times
that of the heme-O, bond (Figure 6-3, right) at which
level the great excess of O, over CO normally present
dominates. Nevertheless, about 1% of myoglobin typi-
cally is present combined with carbon monoxide.

THE OXYGEN DISSOCIATION CURVES
FOR MYOGLOBIN & HEMOGLOBIN SUIT
THEIR PHYSIOLOGIC ROLES

Why is myoglobin unsuitable as an O, transport pro-
tein but well suited for O, storage? The relationship
between the concentration, or partial pressure, of O,
(P0O,) and the quantity of O, bound is expressed as an
O, saturation isotherm (Figure 6-4). The oxygen-
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Figure 6-3. Angles for bonding of oxygen and car-
bon monoxide to the heme iron of myoglobin. The dis-
tal E7 histidine hinders bonding of CO at the preferred
(180 degree) angle to the plane of the heme ring.
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Figure 6-4. Oxygen-binding curves of both hemo-
globin and myoglobin. Arterial oxygen tension is about
100 mm Hg; mixed venous oxygen tension is about 40
mm Hg; capillary (active muscle) oxygen tension is
about 20 mm Hg; and the minimum oxygen tension re-
quired for cytochrome oxidase is about 5 mm Hg. Asso-
ciation of chains into a tetrameric structure (hemoglo-
bin) results in much greater oxygen delivery than
would be possible with single chains. (Modified, with
permission, from Scriver CR et al [editors]: The Molecular
and Metabolic Bases of Inherited Disease, 7th ed.
McGraw-Hill, 1995.)

binding curve for myoglobin is hyperbolic. Myoglobin
therefore loads O, readily at the PO, of the lung capil-
lary bed (100 mm Hg). However, since myoglobin re-
leases only a small fraction of its bound O, at the Po,
values typically encountered in active muscle (20 mm
Hg) or other tissues (40 mm Hg), it represents an inef-
fective vehicle for delivery of O,. However, when
strenuous exercise lowers the PO, of muscle tissue to
about 5 mm Hg, myoglobin releases O, for mitochon-
drial synthesis of ATP, permitting continued muscular
activity.

THE ALLOSTERIC PROPERTIES OF
HEMOGLOBINS RESULT FROM THEIR
QUATERNARY STRUCTURES

The properties of individual hemoglobins are conse-
quences of their quaternary as well as of their secondary
and tertiary structures. The quaternary structure of he-
moglobin confers striking additional properties, absent
from monomeric myoglobin, which adapts it to its
unique biologic roles. The allosteric (Gk allos “other,”
steros “space”) properties of hemoglobin provide, in ad-
dition, a model for understanding other allosteric pro-
teins (see Chapter 11).

Hemoglobin Is Tetrameric

Hemoglobins are tetramers comprised of pairs of two
different polypeptide subunits. Greek letters are used to
designate each subunit type. The subunit composition
of the principal hemoglobins are 0,8, (HbA; normal
adult hemoglobin), a.,y, (HbF; fetal hemoglobin), oS,
(HbS; sickle cell hemoglobin), and 0,0, (HbA,; a
minor adult hemoglobin). The primary structures of
the B, v, and 8 chains of human hemoglobin are highly

conserved.

Myoglobin & the 3 Subunits
of Hemoglobin Share Almost Identical
Secondary and Tertiary Structures

Despite differences in the kind and number of amino
acids present, myoglobin and the B polypeptide of he-
moglobin A have almost identical secondary and ter-
tiary structures. Similarities include the location of the
heme and the eight helical regions and the presence of
amino acids with similar properties at comparable loca-
tions. Although it possesses seven rather than eight heli-
cal regions, the o polypeptide of hemoglobin also
closely resembles myoglobin.

Oxygenation of Hemoglobin
Triggers Conformational Changes
in the Apoprotein

Hemoglobins bind four molecules of O, per tetramer,
one per heme. A molecule of O, binds to a hemoglobin
tetramer more readily if other O, molecules are already
bound (Figure 6-4). Termed cooperative binding,
this phenomenon permits hemoglobin to maximize
both the quantity of O, loaded at the PO, of the lungs
and the quantity of O, released at the PO, of the pe-
ripheral tissues. Cooperative interactions, an exclusive
property of multimeric proteins, are critically impor-
tant to aerobic life.

P, Expresses the Relative Affinities
of Different Hemoglobins for Oxygen

The quantity Psy, a measure of O, concentration, is the
partial pressure of O, that half-saturates a given hemo-
globin. Depending on the organism, Ps; can vary
widely, but in all instances it will exceed the PO, of the
peripheral tissues. For example, values of Ps; for HbA
and fetal HbF are 26 and 20 mm Hg, respectively. In
the placenta, this difference enables HbF to extract oxy-
gen from the HbA in the mother’s blood. However,
HbF is suboptimal postpartum since its high affinity
for O, dictates that it can deliver less O, to the tissues.
The subunit composition of hemoglobin tetramers
undergoes complex changes during development. The



human fetus initially synthesizes a {,€, tetramer. By the
end of the first trimester, { and 7 subunits have been re-
placed by o and € subunits, forming HbF (0,y,), the
hemoglobin of late fetal life. While synthesis of B sub-
units begins in the third trimester, B subunits do not
completely replace Y subunits to yield adult HbA (0.,/3,)
until some weeks postpartum (Figure 6-5).

Oxygenation of Hemoglobin Is
Accompanied by Large
Conformational Changes

The binding of the first O, molecule to deoxyHDb shifts
the heme iron towards the plane of the heme ring from
a position about 0.6 nm beyond it (Figure 6-6). This
motion is transmitted to the proximal (F8) histidine
and to the residues attached thereto, which in turn
causes the rupture of salt bridges between the carboxyl
terminal residues of all four subunits. As a consequence,
one pair of ot/ subunits rotates 15 degrees with respect
to the other, compacting the tetramer (Figure 6-7).
Profound changes in secondary, tertiary, and quater-
nary structure accompany the high-affinity O,-induced
transition of hemoglobin from the low-affinity T (taut)
state to the R (relaxed) state. These changes signifi-
cantly increase the affinity of the remaining unoxy-
genated hemes for O,, as subsequent binding events re-
quire the rupture of fewer salt bridges (Figure 6-8).
The terms T and R also are used to refer to the low-
affinity and high-affinity conformations of allosteric en-
zymes, respectively.
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Figure 6-5. Developmental pattern of the quater-
nary structure of fetal and newborn hemoglobins. (Re-
produced, with permission, from Ganong WF: Review of
Medical Physiology, 20th ed. McGraw-Hill, 2001
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Figure 6-6. The iron atom moves into the plane of
the heme on oxygenation. Histidine F8 and its associ-
ated residues are pulled along with the iron atom.
(Slightly modified and reproduced, with permission,
from Stryer L: Biochemistry, 4th ed. Freeman, 1995.)
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Figure 6-7. During transition of the T form to the R
form of hemoglobin, one pair of subunits (a.,/f,) ro-
tates through 15 degrees relative to the other pair
(04/B1). The axis of rotation is eccentric, and the a,,/f,
pair also shifts toward the axis somewhat. In the dia-
gram, the unshaded o,/ pair is shown fixed while the
colored a,,/B, pair both shifts and rotat