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Preface

This is the second volume of a series of books in bioorganic and biological chemistry.
The first volume, dealing with nucleic acids, appeared in the spring of 1996. A third
volume in the area of carbohydrates is in production and will appear shortly.

As noted in the preface to the first volume, the increasingly detailed understanding
of the molecular basis by which biological systems operate has dramatically increased
the range of studies now considered to be within the domain of organic chemistry. The
“core” of expertise required to function effectively in this rapidly expanding field has
increased correspondingly. This poses an ongoing educational challenge both for sci-
entists presently working in the field and, especially, for students encountering the sub-
ject matter for the first time. This series of books is intended to support the teaching
of graduate students in bioorganic chemistry.

In keeping with the format of the first volume, Bioorganic Chemistry: Peptides and
Proteins consists of a set of 14 chapters, approximately equal to the number of weeks
in a semester. The subject matter of each chapter is judged to be both representative
of and central to an understanding of ongoing research activity in the field of peptides
and proteins, as practiced by bioorganic chemists. Each chapter begins with an overview
of basic principles and a summary of key findings that form the basis for current re-
search activity in the specific area of focus in the chapter. The remainder of each chap-
ter presents a limited number of examples of recent studies in greater depth. The chap-
ters are thus organized in much the same fashion as typical lectures in special topics
courses. A set of overheads corresponding to each of the figures in the book is avail-
able to aid classroom presentation.

In addition to my own favorable experience in teaching the subject matter of all
three books in the set to graduate students at the University of Virginia, others who
have used the nucleic acids book for a course have affirmed that it functions as in-
tended. Gratifyingly, numerous colleges have commented that the book has been no
less valuable as an educational tool within their own research laboratories.

I would like to thank the authors of this volume for their efforts in writing the chap-
ters. Oxford University Press has continued to provide excellent support for this edu-
cational experiment; the ongoing help and advice of Bob Rogers, Senior Editor, has
been invaluable. This volume was typed by Vickie Thomas, who provided uncommon
technical support and much patience. Carolyn Esau assisted with verification of nu-
merous literature references. I thank them both for their assistance. I also acknowledge
with gratitude the contributions of many graduate and postdoctoral students who have
participated enthusiastically in the special topic courses that I have given at the Uni-
versity of Virginia based on the material in this book.

Charlottesville S. M. H.
October, 1997
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Introduction to Peptides and Proteins
Milton J. Axley

Proteins and peptides provide many of the chemical and physical processes that con-
stitute life in biological organisms. These molecules are ubiquitous in all living crea-
tures. Although certain types of proteins are shared by all organisms, each life form
has a unique make-up of proteins that defines the characteristics of that organism. The
synthesis of a protein within an organism is determined by the genetic make-up of the
organism, and most of the genetic make-up of an organism is devoted to the expres-
sion of proteins.

The four main groupings of biological macromolecules each have their own func-
tionalities. Nucleic acids store and manipulate the genetic information that details the
make-up of an organism. Carbohydrates store energy and, in plants, serve structural
purposes. Lipid assemblies make up the bulk of cellular membranes that compartmen-
talize cells and subcellular organelles. Proteins and peptides are the agents of action
in a cell. Some of the biological roles in which proteins function include: chemical re-
action catalysis, motility, physiological regulation, transport, structural composition,
and defense. Proteins perform most of the activities and provide much of the structure
that constitutes cells and organisms.

The Dutch chemist Gerardus Mulder coined the name “protein” in 1838, when he
found proteins to be the major chemical constituent of cellular matter. The name is de-
rived from the Greek word “proteis,” which means “of primary importance.” Proteins
have more than lived up to their name throughout all the advances in understanding
since Mulder’s time, and today these molecules continue to be the center point for
progress in diverse areas of scientific and industrial research.

Modern biotechnology is directed toward the exploitation of proteins and peptides.
The ability to harness the vast potential of proteins provides a powerful tool for med-
icine, as proteins are involved in and can be used for the treatment of infectious, ge-
netic, and traumatic diseases. Agriculture benefits from modern protein chemistry with
improved crop yields, pest control, and animal husbandry. Chemistry has gained new
and more efficient synthetic methods catalyzed by proteins.

Structure
Proteins and peptides are linear polymers consisting of amino acids. Short chains of
amino acids (two to about forty) are known as peptides. Two amino acids linked by a

peptide bond constitutes a dipeptide, while three amino acids linked together make up
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a tripeptide. Longer chains containing more than 30 to 50 amino acids are polypep-
tides. There is no single cutoff length that separates peptides from polypeptides; a
40-amino acid chain might be called either a peptide or a polypeptide. The individual
amino acids within a peptide or polypeptide are called subunits or residues.

Proteins are polypeptides with a function. The terms “protein” and “polypeptide”
are sometimes used interchangeably, although polypeptide strictly refers to an amino
acid chain and protein refers to the overall entity, possibly including multiple polypep-
tide subunits and cofactors in a functional conformation. Enzymes are proteins that cat-
alyze chemical reactions.

Amino Acids

In order to understand the nature of polypeptides, it is necessary to understand the char-
acteristics of the amino acid subunits. Amino acids contain an amino group, a carboxy
group, a hydrogen atom, and a side group all connected to a central («) carbon atom
(see Fig. 1-1). Since the central carbon is attached to four different groups, amino acids
(except for glycine) are chiral molecules. All amino acids found in proteins and nearly
all found in peptides are of the “L” (or S in the Cahn-Ingold-Prelog nomenclature) con-
figuration. Amino acids in solution generally exist as zwitterions, as their amino and
carboxy groups are both charged at pH values between 3 and 9.

As amino and carboxy groups are common to all amino acids, it is the side group that
defines amino acids and determines their individual characteristics. The chemical and
structural natures of the side groups determine the structure and function of the amino
acid within the context of a protein or peptide. A variety of functional groups are avail-
able as side chains, including acidic, basic, hydrophobic, hydrophilic, redox-active, bulky,
and compact chemical moieties. This range of functional groups provides the chemical
basis for the vast array of biochemical properties displayed by proteins and peptides.

Twenty amino acids are commonly found as constituents of proteins and peptides
in all living organisms. Figure 1-2 gives diagrams of the twenty “standard amino acids.”
Amino acids can be grouped into several types, based on the chemical properties of
their side groups. Amino acids are often described as acidic, basic, polar, nonpolar,
bulky, and so on. Other groupings are obviously also possible. Such descriptions based
on side group properties are informative within the context of a polypeptide chain of
amino acids, but may be inaccurate for the individual free amino acid. For example,
alanine may be called a nonpolar or hydrophobic amino acid due to its methyl side
group, but the free amino acid alanine by itself will have two charged groups at neu-
tral pH due to the carboxy and amino groups. Groupings of amino acids allow com-
parison of the side group properties and prediction of the effect that amino acid sub-

coor

HaN*+me— C —=H

R

Figure 1-1. Structure of an L-amino acid indicating absolute stereochemistry. The general structure
of an L-amino acid consists of a central carbon atom surrounded by four different chemical groups:
carboxylic acid and amino groups, a hydrogen atom, and a side chain. The side chain is here repre-
sented by R.
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Figure 1-2. Chemical structures for the twenty common amino acids. The amino acids are presented
in the order in which they are discussed in the text. Ionic charges reflect the situations at pH 7.

stitutions may have on the structure or biochemistry of polypeptides. For example, sub-
stitution of the amino acid aspartic acid for glutamic acid at the same position in a
polypeptide might be expected to have little effect on the physical-chemical proper-
ties, as both amino acids contain carboxylic acid side groups. However, substitution of
tryptophan, containing a hydrophobic side group, at the same position might have a
more drastic effect on polypeptide structure and function.
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Glycine is the smallest and simplest amino acid, as it has only a single hydrogen
atom as a side group. Since the central carbon of glycine has two hydrogens attached
to it, this is the only standard amino acid that is not chiral.

There are six amino acids with small, nonpolar side groups. Alanine has a methyl
side chain, valine an isopropyl, leucine a 2-methylpropyl and isoleucine a 1-methyl-
propyl group. Methionine is one of two sulfur-containing amino acids, with a methy-
lated thioether side group. Proline is unusual among the 20 standard amino acids, be-
cause its side chain is attached to the amino group to form a five-membered ring. The
nitrogen group of proline is actually a secondary amine.

Three amino acids have bulky, uncharged, aromatic side groups. Phenylalanine has a
benzyl functional group, while tyrosine has a phenol, and tryptophan has an indole moi-
ety in its side group. Phenylalanine and tryptophan are considered nonpolar and hy-
drophobic, but the hydroxyl group of tyrosine gives its side chain some polar character.

Five amino acids have R groups that are charged at neutral pH. Aspartic acid and
glutamic acid both have carboxyl-containing side groups, and they are, therefore, or-
ganic acids. Lysine, arginine, and histidine have basic side groups containing amino,
guanidino, and imidazolium functional groups, respectively. The side group of histidine
has a pK, of about 6, and is the only amino acid of this group with a pK, near physio-
logical pH.

The side groups of five amino acids are small and polar. Asparagine and glutamine
are the amide forms of aspartic and glutamic acids, respectively. Serine has a hydrox-
ymethyl R group, and threonine has a 1-hydroxyethyl side group. Cysteine is a sulfur-
containing amino acid, as its side group contains a thiol (-SH) functional group. The
thiol of cysteine readily undergoes a reversible oxidation, and this reaction is impor-
tant to many structural and functional properties of polypeptides. Specifically, the thi-
ols of two cysteines can be oxidized to form a covalent disulfide bond between the two
amino acids. The resulting derivatized amino acid, called cystine, stabilizes the three-
dimensional structure of many polypeptides.

Amino acids are often referred to by three- or one-letter abbreviations. These are
particularly useful for writing out the sequences of polypeptides. Table 1-1 presents
the accepted three-letter and one-letter abbreviations for the 20 standard amino acids.

In addition to the 20 standard amino acids, several other amino acids are found nat-
urally in certain proteins and peptides. In most such cases, amino acids are chemically
modified after incorporation into a polypeptide. This posttranslational modification can
be essential to the function of the polypeptide. For example, tropocollagen, the polypep-
tide component of collagen, contains a relatively large proportion (about 9%) of the
amino acid hydroxyproline. The hydroxyproline is formed by hydroxylation of proline
after synthesis of the polypeptide chain by an enzyme that requires ascorbic acid (vi-
tamin C) for its activity. Without the activity of the hydroxylating enzyme, collagen is
not properly formed. The human disease scurvy, characterized by improper collagen
formation, is caused by vitamin C deficiency.

A number of proteins have been shown to contain phosphorylated derivatives of the
hydroxyl-containing amino acids tyrosine, serine, and threonine. In these derivatives,
a phosphate group is attached to the hydroxyl group as an ester to form phosphotyro-
sine, phosphoserine, and phosphothreonine, respectively. These phosphoester deriva-
tives are formed posttranslationally, that is, after synthesis of the polypeptide by trans-
lation within a cell. Phosphorylation occurs at specific sites of certain proteins, and the
reaction is reversible. Specific phosphorylation and dephosphorylation of certain pro-
teins affect the activities of those proteins: increasing, decreasing, or otherwise alter-
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Table I-1 Amino Acid Abbreviations

Amino Acid Three-letter Code One-letter Code
Alanine Ala A
Arginine Arg R
Asparagine Asn N
Aspartic Acid Asp D
Cysteine Cys C
Glutamine Gln Q
Glutamic Acid Glu E
Glycine Gly G
Histidine His H
Isoleucine lle I
Leucine Leu L
Lysine Lys K
Methionine Met M
Phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyr Y
Valine Val \Y%

ing the activities of the proteins. Thus, phosphorylation of proteins can act as a re-
versible control mechanism, switching proteins between active and inactive forms.

Most of the nonstandard amino acids found in natural proteins are produced by post-
translational modification of one of the twenty standard amino acids present in a peptide
chain. However, this is not the case for selenocysteine, which is identical to cysteine ex-
cept that a selenium atom replaces the sulfur atom of cysteine. Selenocysteine is found as
an essential component of certain proteins in many classes of organisms. It is coded for in
the DNA, and a specific tRNA directs its cotranslational insertion into proteins. For these
reasons, selenocysteine has been called the “twenty-first amino acid™ (Soll, 1988). In mam-
mals, selenium is a required nutrient, and at least half a dozen proteins contain essential se-
lenocysteine residues. Selenium deficiency causes a cardiomyopathy in humans and white-
muscle disease in domestic livestock. Glutathione peroxidase is a mammalian selenoprotein
that catalyzes the repair of cellular oxidative damage caused by free radicals and perox-
ides; therefore, this selenoprotein may play a role in prevention of cancer and aging.

Polypeptide Synthesis

Each polypeptide synthesized in a cell is encoded by a single gene. The DNA sequences
of chromosomal genes directly encode the amino acid sequences of all proteins and
most peptides. The information encoding each amino acid in a polypeptide is found in
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a “codon.” The codons of a gene are arranged sequentially in the same order in which
the amino acids appear in a polypeptide.

The linear arrangement of information found in the nucleotide sequence of DNA
can be directly translated into the linear arrangement of amino acids in a polypeptide
sequence through the use of the universal genetic code. The genetic code is thus a bi-
ological algorithm for the translation of information found in gene codons into amino
acids in polypeptides.

A codon consists of three adjacent nucleotides within a gene, and the three nucleotides
of a codon are sometimes called a triplet. Since there are four different nucleotide bases
in DNA (and RNA), there are 64 (4%) possible triplet codons. As there are only 20 stan-
dard amino acids for which to code, there is redundancy in the genetic code. That is, there
is more than one codon for some of the amino acids. In addition, three of the codons do
not code for amino acids. These codons are stop codons, also known as end or termina-
tion codons. Stop codons designate the end of the polypeptide coding sequence of a gene.

The genetic code is said to be universal. Virtually every tested species of living or-
ganism uses the universal genetic code. However, there are also exceptions where gene
codons do not match the corresponding amino acids found in polypeptides. One type
of exception is when the amino acid is chemically altered after polypeptide synthesis.
Examples of this “posttranslational modification” include glycosylated and phosphor-
ylated amino acids.

In other exceptions to the universal genetic code, the codons that normally code for
termination instead code for amino acids. For example, in Tetrahymena the UAA and
UAG codons designate glutamine insertion into polypeptide; in Mycoplasma and eu-
karyotic mitochondria the UGA codon specifies tryptophan, while in many eukaryotes
and prokaryotes the UGA codon can also code for selenocysteine.

Synthesis of a polypeptide by a living cell occurs in two discrete steps, transcrip-
tion and translation. In the first step, transcription, an RNA (ribonucleic acid) copy of
the coding portion of the DNA (deoxyribonucleic acid) gene is synthesized. RNA con-
sists of a linear array of four different ribonucleotide bases: adenine, uracil, guanine,
and cytosine, abbreviated A, U, G, and C, respectively. DNA consists of a string of
deoxyribonucleotides, which also contain the bases adenine, guanine, and cytosine;
however, DNA contains thymine in place of uracil.

The RNA copy that is transcribed from the DNA gene is called the messenger RNA,
or mRNA. Although DNA is the storehouse for coding information, it is actually the
mRNA that is used during translation, the second major step of protein biosynthesis.
During translation, the codons contained in the mRNA are translated sequentially via
the genetic code, affording a specific polypeptide sequence. Two other macromolecu-
lar species are required for translation, namely transfer RNA and ribosomes. Transfer
RNA (tRNA) molecules carry amino acids to the site of translation, which is within
the ribosome. Each tRNA has a single anticodon, a three-base sequence complemen-
tary to an mRNA codon. There is a tRNA for every codon, and tRNAs are linked to
(activated with) the amino acid corresponding with the tRNA anticodon.

The tRNA anticodon can anneal to (hybridize with) the corresponding codon through
nucleotide base pairing interactions within the context of the ribosome. Ribosomes are
very large macromolecular bodies, made up of numerous proteins and a few large RNA
molecules (ribosomal RNA). During translation, ribosomes bind the mRNA, direct the
codon-anticodon interactions between the mRNA and tRNAs and then link together
the amino acids presented by the tRNAs.



