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There are so many genetics texts available in the bookshops that the author of
an entirely new one has a duty to explain why his own contribution should be
necessary. In my case the decision to write a genetics text was prompted by my
strong feeling that genetics is today inexorably centered on DNA, and that the
teaching of genetics should reflect this fact. The theme of this book is therefore
the progression from molecules (DNA and genes) to processes (gene expres-
sion and DNA replication) to systems (cells, organisms, and populations). This
progression reflects both the basic logic of life and the way in which mod-
ern biological research is structured. My experience in teaching (and of once
being taught) an introductory course in genetics has led me to believe that this
“molecular approach” enables students who might otherwise be daunted by
the intricacies of genetics to gradually build up their confidence in the subject.
The molecular approach is particularly suitable for the large number of stu-
dents for whom genetics is a part of a broader degree course in, for example,
biology, biochemistry, biomedical sciences, or biotechnology.

The difficulty in attempting to write an introductory textbook, in any subject,
lies in presenting the material in an understandable fashion without falling
into the trap of over-simplification. To be of value the book should ensure that
the basic facts and concepts are grasped by the reader, and yet should pro-
vide a sufficient depth of knowledge to stimulate the student’s interest and to
engender the desire to progress on to more advanced aspects of the subject.
With an introductory text in genetics these objectives are perhaps relatively
easy to attain, as even the most fundamental facts are fascinating and, in my
experience at least, most undergraduates arrive already primed with a curi-
osity about genes. I hope that this book will help to turn that curiosity into a
lifelong pursuit.

ACKNOWLEDGMENTS

I would like to thank the reviewers who provided helpful comments on the
original proposal for Introduction to Genetics: A Molecular Approach, and who
gave detailed feedback on chapters from the various iterations that the book
went through before evolving into its final form.

Shivanthi Anandan (Drexel University, USA); Thierry Backeljau (University of
Antwerp, Belgium); Edward L. Bolt (University of Nottingham, UK); Laura C.
Bridgewater (Brigham Young University, USA); John Bright (Sheffield Hallam
University, UK); Kuttalaprakash Chudalayandi (Birla Institute of Technology
and Science, Pilani, India); H. Neval Erturk (Converse College, USA); Bill
Field (Aston University, UK); Paula L. Fischhaber (California State University,
Northridge, USA); Adrian J. Hall (Sheffield Hallam University, UK); Ralph Hillman
(Temple University, USA); Eric A. Hoffman (University of Central Florida, USA);
David T. Kirkpatrick (University of Minnesota, USA); Sarah Lewis (University
of Bristol, UK); Cindy S. Malone (California State University, Northridge, USA);
Patrick H. Masson (University of Wisconsin-Madison, USA); Mike J. McPherson
(University of Leeds, UK); Melissa Michael (University of Illinois at Urbana-
Champaign, USA); Roger L. Miesfeld (University of Arizona, USA); Marcus
Munafo (University of Bristol, UK); Philip Oliver (University of Cambridge, UK);
Christine Rushlow (New York University, USA); Inder Saxena (The University
of Texas at Austin, USA); Stephanie C. Schroeder (Webster University, USA);

PREFACE



vi

PREFACE

Robert J. Slater (University of Hertfordshire, UK); Tahar Taybi (Newcastle
University, UK); John J. Taylor (Newcastle University, UK); Jeffrey Townsend
(Yale University, USA); David Veal (University of the West of England, UK);
Jemima Whyte (Stanford University California, UK).

Thanks also go to the many Garland staff who have contributed to the crea-
tion of Introduction to Genetics: A Molecular Approach and have helped convert
my own contribution—words not necessarily in the right order and scribbled
diagrams—into an actual textbook.

Finally, but not least, I would like to thank my wife Keri for putting up with “not
another book.”

Terry Brown
Manchester, UK



NOTE TO THE READER

I have tried to make Introduction to Genetics: A Molecular Approach as user
friendly as possible. The book therefore includes a number of devices intended
to help the reader and to make the book an effective teaching aid.

Organization of Introduction to Genetics: A Molecular Approach

The book is divided into three parts. In Part I we examine the function of the
gene as a unit of biological information. First, we must become familiar with
the structure of DNA (Chapter 2) and with the way in which genes are organ-
ized within DNA molecules (Chapter 3). Then we will be ready to follow the
process, called gene expression, which results in the information contained in
a gene being utilized by the cell. We will study the way in which DNA is cop-
ied into RNA (Chapter 4), and we will look in detail at the roles in the cell of
the different types of RNA molecule that are made (Chapters 5 and 6). We will
then discover how the genetic code is used to direct the synthesis of protein
molecules whose structures and functions are specified by the information
contained in the genes (Chapters 7 and 8). Finally, we will examine how all
of these events are controlled so that only those genes whose information is
needed are active at a particular time (Chapter 9).

In Part II we will study the role of the gene as a unit of inheritance. To do this,
we will ask three questions. The first is how a complete set of the genes is
passed to the daughter cells when the parent cell divides. We will therefore
study the mechanism by which DNA molecules replicate so that new, identi-
cal copies are made (Chapter 10), and we will examine how DNA molecules,
and the genes that they contain, are passed on to the progeny when an ani-
mal or plant cell divides (Chapter 11), when a bacterium divides (Chapter 12),
and during the infection cycle of a virus (Chapter 13). The second question
concerns the inheritance of genes during sexual reproduction. We will study
how DNA molecules are passed from parents to their offspring (Chapter 14),
and we will investigate how the genes on these DNA molecules specify the
biological characteristics of the offspring in such a way that these offspring
resemble, but are not identical to, their parents (Chapter 15). The third ques-
tion concerns the link between the inheritance of genes and the evolution of
species. To answer this question we will study how the information contained
in a gene can change due to errors that are sometimes made during DNA rep-
lication and as a result of mutation (Chapter 16), and we will examine how the
new gene variants that are created in this way can spread through a popula-
tion (Chapter 17).

In Part III, we will explore some of the areas of research that are responsible
for the high profile that genetics has in our modern world. The first topic that
we will study is the role of genes in development. How do genes control the
pathway that begins with a fertilized egg cell and ends with an adult organ-
ism? Finding the answer to this question is one of the biggest challenges in
all of genetics (Chapter 18). Then we will devote three chapters to our own
species. In Chapter 19 we will look closely at the human genome, and in par-
ticular we will ask what it is about our genome that makes us special. Then
we will look at the ways in which defects in genes can give rise to inherited
diseases such as cystic fibrosis and to cancer (Chapter 20). In Chapter 21 we
will examine how genetic profiles are obtained and why these have become
so important in forensic biology. We will also learn how genetics can be used
to study human evolution and to trace the routes taken by early humans as
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they migrated out of Africa and colonized the globe. We will then look at the
important applications of genetics in industry and agriculture, in the produc-
tion of important pharmaceuticals and in the design of genetically modified
crops (Chapter 22). This will lead us into some of the controversial aspects of
modern genetics. We must not ignore these controversies and so in the final
chapter we will examine some of the ethical issues raised by genetics, and we
will ask how these issues should be debated so that the controversies can be
resolved.

Organization of chapters

The chapters include Research Briefings, Questions and Problems, and Further
Reading lists, all designed to help you in your exploration of genetics.

Research Briefings

Each Research Briefing is a self-contained illustration of the importance of
research in genetics. Some of the Research Briefings describe classic projects
of the past or present, such as the discovery of the structure of DNA by Watson
and Crick in 1953 (Research Briefing 2.1), and the research currently being
carried out on the genetics of Neanderthals (Research Briefing 21.1). A few
describe a single important method or group of techniques, such as the
polymerase chain reaction (Research Briefing 10.2), and the methods used to
map the positions of genes on chromosomes (Research Briefing 15.2). Others
describe research strategies, such as the design of a project to work out in
which cells a particular gene is expressed (Research Briefing 3.1), and the
strategies used to identify a gene that causes an inherited disease (Research
Briefing 20.1). The overall aim of the Research Briefings is to show you how
research in genetics is conducted and how past research has established what
we look on as the “facts” about genetics. Each Research Briefing relates to the
information contained in the chapter in which it is placed, and can be read
as part of that chapter, or the Research Briefings can be studied separately in
order to gain a comprehensive overview of research methods.

Questions and Problems

Each set of Questions and Problems is divided into three sections, designed
to help you in different ways in individual and group study programs. The
first section asks you to define the key terms encountered in a chapter. All the
terms are defined in the Glossary and you should check that you can remember
the definitions yourself; they are provided as flashcards in the online Student
Resources. If you can remember the definitions, then you have an excellent
grasp of the main facts for that particular chapter. You should then move on
to the Self-study Questions, which are aimed to test not just your recall of the
facts, but also your understanding of the concepts behind those facts. Each
Self-study Question can be answered in 50-100 words, or possibly by a table
or annotated diagram. The questions cover the entire content of each chapter
in a fairly straightforward manner. You can check your answers by compar-
ing them with the relevant parts of the text, or by going to the online Student
Resources site where you'll find either full written answers or hints on how to
answer some questions. You can use the Self-study Questions to work system-
atically through a chapter, or you can select individual ones in order to confirm
that you have the correct understanding of a specific topic.

Finally, there are Discussion Topics. These vary in nature and in difficulty. The
simplest can be answered by a well-directed search of the genetics literature,
the intention being that you advance your learning a few stages from where the
book leaves off. In some cases the questions point you forward to issues that
will be discussed later in the book, to help you see how the basic information
that we deal with in the early chapters is relevant to the more complex topics



that we study later on. Other problems require you to evaluate a statement or a
hypothesis, based on your understanding of the material in the book, possibly
supplemented by reading around the subject. These problems are intended to
make you think carefully about the subject, and perhaps to realize for yourself
that often there are hidden complexities that are not immediately apparent.
A few problems are very difficult, in some cases to the extent that there is no
solid answer to the question posed. These are designed to stimulate debate
and speculation, stretching your knowledge and that of your colleagues with
whom you discuss the problems. If you find these discussions stimulating, then
you will know that you have become a real geneticist. Tips to help you with the
Discussion Topics can be found on the online Student Resources site.

Further Reading

The reading lists at the end of each chapter are intended to help you obtain fur-
ther information, for example when writing extended essays or dissertations
on particular topics. In some cases, 1 have appended a few words summa-
rizing the particular value of each entry, to help you decide which ones you
wish to seek out. The lists are not all-inclusive and I encourage you to spend
some time searching your library and the internet for other books and articles.
Browsing is an excellent way to discover interests that you never realized you
had!

Glossary

[ am very much in favor of glossaries as learning aids and I have provided an
extensive one for Introduction to Genetics: A Molecular Approach. Every term
that is highlighted in bold in the text is defined in the Glossary, along with a
number of additional terms that you might come across when referring to
books or articles in the Further Reading sections. An online version of the
glossary can also be found on the Student Resources site.

STUDENT AND INSTRUCTOR RESOURCES WEBSITES

Accessible from www.garlandscience.com, these websites provide learning
and teaching tools created for Introduction to Genetics: A Molecular Approach.
The Student Resources site is open to everyone, and users have the option to
register in order to use book-marking and note-taking tools. The Instructor
Resources site requires registration and access is available only to qualified
instructors. To access the Instructor Resources site, please contact your local
sales representative or email science@garland.com.

Below is an overview of the resources available for this book. On the website,
the resources may be browsed by individual chapters and there is a search
engine. You can also access the resources available for other Garland Science
titles.

Student Resources

The following resources are available on the Student Resources site:

Animations and Videos

Animations and videos have been carefully selected and created to dynami-
cally illustrate important concepts from the book, and make many of the more
difficult topics accessible.

Quizzes

Each chapter contains a multiple-choice quiz, written by Sheryl L. Fuller-Espie,
Cabrini College (USA), to test comprehension.

NOTE TO THE READER
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Flashcards

Each chapter contains a set of flashcards that allow students to review key
terms from the text. The flashcards form the answers to the definition questions.

Self-study Questions and Discussion Topics

Answers to, or hints on how to answer, the Self-study Questions and Discussion
Topics at the end of each chapter are given.

Glossary

The complete glossary from the book is available on the website and can be
searched and browsed as a whole or sorted by chapter.

INSTRUCTOR RESOURCES

The following resources are available on the Instructor Resources site:

The Art of Introduction to Genetics

The images from the book are available in two convenient formats: MS
PowerPoint® and JPEG. They have been optimized for display on a computer.
Figures are searchable by figure number, figure name, or by keywords used in
the figure legend from the book.

Animations and Videos

The animations and videos that are available to students are also available on
the Instructor Resources website in two formats. The WMV formatted movies
are created for instructors who wish to use the movies in PowerPoint pres-
entations on Windows® computers; the QuickTime formatted movies are for
use in PowerPoint for Apple computers or Keynote® presentations. The mov-
ies can easily be downloaded to your PC using the “download” button on the
movie preview page.

Instructor’'s Lecture Outlines

The section headings, concept headings, and figures from the text have been
integrated into PowerPoint presentations.

Question Bank

Written by Sheryl L. Fuller-Espie, Cabrini College (USA), the question bank
contains over 400 multiple-choice, fill-in-the-blank, matching, true-false, and
written-answer questions that can be used for creating tests, quizzes, or ques-
tions for personal response systems (that is, “clickers”). The question bank is
available in MS Word® format and pre-loaded into Diploma® generator soft-
ware, which is fully compatible with the major course management systems.
Questions are organized by chapter and type, and can be additionally cat-
egorized by the instructor according to difficulty or subject. Diploma software
allows questions to be scrambled (to create multiple tests) and edited, and
new questions to be added.

PowerPoint and Word are registered trademarks of Microsoft Corporation in the United
States and/or other countries.

Keynote is a registered trademark of Apple, Inc. in the United States and/or other
countries.

Diploma is a registered trademark of Wimba, Inc. in the United States and/or other
countries.
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The Scope of Modern Genetics

Genetics plays a central role in modern society. Googling “genetics” on a
typical day in the early twenty-first century reveals that during the previous
week:

e Scientists discover new genetic link to Alzheimer’s disease
¢ Genetic map points way to a better soybean
e Genetic evidence snares man over unsolved rape

These news stories illustrate the scope of genetics in today’s world. Genetics
is enabling diseases to be cured or treated so the patient’s quality of life is
improved. Genetics is the key to improving the nutritional value and pro-
ductivity of the world’s crops. And genetics can even catch criminals. It is
no surprise that genetics has been described as the most living of the life
sciences.

1.1 WHAT IS GENETICS?

Genetics is the study of heredity, the process by which characteristics
are passed from parents to offspring so that all organisms, human beings
included, resemble their ancestors. The central concept of genetics is that
heredity is controlled by a vast number of factors, called genes, which are
physical particles present inside living cells.

Genes are units of biological information. The entire complement of
genes in an organism contains the total amount of information needed to
construct a living, functioning example of that organism. Some genes are
responsible for the visible characteristics of the organism, such as eye color
in humans. Other genes are responsible for biochemical activities that are
discernible only when the physiology of the organism is examined. Often,
we become aware of the function of such genes only when they fail to work
properly. An example is the human gene CFTR, which contains part of the
biological information for transport of chloride ions into and out of cells. If
the CFTR gene is defective, then chloride transport breaks down, leading to
inflammation and mucus accumulation in the lungs. These are the primary
symptoms of the disease called cystic fibrosis, and it was through study of
the underlying cause of cystic fibrosis that the CFTR gene was first discov-
ered. CFTR in fact stands for “cystic fibrosis transmembrane regulator,” a
term describing the biological information contained in this gene.

Because genes are units of biological information they are also units of
inheritance. During sexual reproduction, genes of the parents are incor-
porated into the fertilized egg cell. These genes provide the fertilized egg
with the full complement of biological information that it needs in order to
develop into a new living organism. This new organism therefore inherits
physical and biochemical characteristics from both its parents.

An understanding of genetics therefore requires an understanding of genes.
The purpose of this book is to help you to acquire that understanding.

Genes are units of biological information

The first topic we will study is the most fundamental of all. How is biologi-
cal information stored in genes? This problem perplexed early geneticists
during the first part of the twentieth century, and it was not until the 1950s
that the first step in solving the puzzle was made when it was discovered
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FIGURE 1.1 A molecule of DNA from the
yeast Saccharomyces cerevisiae, visualized
by atomic-force microscopy. (Courtesy of
Jim de Yoreo, Lawrence Berkeley National
Laboratory. This work was published in
R.W. Friddle, J. E. Klare, S. S. Martin et al.,
Biophys. J. 86: 1632-1639, 2004.)

FIGURE 1.2 Part of the DNA sequence

of the human CFTR gene. The biological
information contained in DNA is in the form
of a language made up of the letters

A, T, G, and C.The entire CFTR gene contains
4443 letters, of which 1020 are shown here.
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that genes are made of DNA (Figure 1.1). Our exploration of genetics must
therefore start with DNA. In Chapter 2 we will study the structure of DNA
and investigate how this structure enables DNA molecules to contain, in
the form of a four-letter language made up of A, C, G, and T, the instruc-
tions for making a living organism (Figure 1.2).

Understanding the structure of DNA is, however, only the first step in under-
standing how biological information is contained in genes. When we start
to look more closely at the structures of individual genes we realize that
DNA contains different types of biological information, with genes specify-
ing characteristics such as eye color and ability to transport chloride ions
into and out of cells falling into just one category. There are also regulatory
genes, genes that control the activities of other genes. One particular type
of regulatory gene was not discovered until the 1990s. There are also genes
that contain no biological information. These are thought to be evolution-
ary relics, genes that were once active but are no longer needed by the
organism. Another complication in our study of genes is that in some genes
the biological information is split into segments and the segments can be
combined in different ways to alter the message being sent to the cell. We
will examine all of these aspects of gene structure in Chapter 3.

The biological information in genes is read by the process
called gene expression

By studying DNA and genes we will understand what is currently known
about the way in which biological information is stored. The next question
we must address is how this information is made available to the cell. How,
for example, is the biological information in the CFTR gene read so that the
cell can actually move chloride ions across cell membranes?

The transfer of biological information from gene to cell is called gene
expression (Figure 1.3). For all genes, the process begins with the transfer
of information from a DNA molecule into an RNA molecule. In Chapter 4
we will discover that DNA and RNA are very similar types of molecule and
that this step of gene expression, called transcription, is quite straight-
forward in chemical terms. We will also learn that the RNA molecules that
are made by transcription fall into different groups based on their function.
Some RNA molecules are short-lived messengers that direct the second
stage of gene expression, in which the gene’s biological information, now
contained in its RNA molecule, is used to direct the synthesis of a pro-
tein. This type of RNA is called messenger RNA (mRNA), and we will
study its structure, and how it is prepared for its role in protein synthesis,
in Chapter 5. Other RNA molecules, over 90% of all those that are made by

GTTGTTATTAATTGTGATTGGAGCTATAGCAGTTGTCGCAGTTTTACAACCCTACATCTT
TGTTGCAACAGTGCCAGTGATAGTGGCTTTTATTATGTTGAGAGCATATTTCCTCCAAAC
CTCACAGCAACTCAAACAACTGGAATCTGAAGGTATGACAGTGAATGTGCGATACTCATC
TTGTAAAAAAGCTATAAGAGCTATTTGAGATTCTTTATTGTTAATCTACTTAAAAAAAAT
TCTGCTTTTAAACTTTTACATCATATAACAATAATTTTTTTCTACATGCATGTGTATATA
AAAGGAAACTATATTACAAAGTACACATGGATTTTTTTTCTTAATTAATGACCATGTGAC
TTCATTTTGGTTTTAAAATAGGTATATAGAATCTTACCACAGTTGGTGTACAGGACATTC
ATTTATAATAAACTTATATCAGTCAAATTAAACAAGGATAGTGCTGCTATTACTAAAGGT
TTCTCTGGGTTCCCAAATGATACTTGACCAAATTTGTCCCTTTGGCTTGTTGTCTTCAGA
CACCCTTTCTTCATGTGTTGGAGCTGCCATTTCGTGTGCCCCCAAACTCTACTTGAGCTG
TTAGGGAATCACATTTTGCAGTGACAGCCTTAGTGTGGGTGCATTTTCAGGCAATACTTT
TTCAGTATATTTCTGCTTTGTAGATTATTAGCTAAATCAAGTCACATAAACTTCCTTAAT
TTAGATACTTGAAAAAATTGTCTTAAAAGAAAATTTTTTTAGTAAGAATTAATTTAGAAT
TAGCCAGAAAACTCCCAGTGGTAGCCAAGAAAGAGGAATAAATATTGGTGGTAATTTTTT
AAGTTCCCATCTCTGGTAGCCAAGTAAAAAAAGAGGGTAACTCATTAATAAAATAACAAA
TCATATCTATTCAAAGAATGGCACCAGTGTGAAAAAAAGCTTTTTAACCAATGACATTTG
TGATATGATTATTCTAATTTAGTCTTTTTCAGGTACAAGATATTATGAAATTACATTTTG
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transcription, are the end products of gene expression and perform their
own functions in the cell. Two important types, ribosomal RNA (rRNA)
and transfer RNA (tRNA), are involved in converting the information
carried by the mRNAs into protein. We will look at the features of rRNA
and tRNA in Chapter 6, and then in Chapters 7 and 8 we will examine
exactly how these two types of RNA work together to synthesize proteins by
translation of the mRNAs.

The expression of individual genes can be switched on and off

The entire complement of genes in a single cell represents a staggering
amount of biological information. The information carried in some genes
is needed by the cell at all times, but other genes have more specialized
roles. Gene expression can therefore be controlled so that only those genes
whose units of biological information are needed are active at any particu-
lar time.

Even the simplest organisms are able to control the expression of their
genes in order to respond to changes in the environment. Many bacteria,
for example, deal with sudden increases in temperature by switching on a
set of genes whose protein products help to protect the cell from damage
(Figure 1.4). In multicellular organisms, individual cells change their gene
expression patterns in response to hormones, growth factors, and other
regulatory molecules. Chemical signals between cells are therefore able to
coordinate the activities of groups of cells in a manner that is beneficial to
the organism as a whole.

In Chapter 9, we will study the way in which gene expression is controlled.
We will learn that gene regulation involves more than simply switching
genes on and off. It is also necessary to modulate the rates of expression
of those genes that are switched on. We will discover that, in response to
these complex requirements, a myriad of different ways of controlling gene
expression have evolved, but that the most important of these acts at the
very beginning of the gene expression pathway, by controlling whether or
not a gene is transcribed into RNA.

Genes are also units of inheritance

In Part II we will study how genes act as units of inheritance. We might
think that this simply involves sexual reproduction, but that is only part of
the story. The much more frequent type of reproduction is the division of
a parent cell into two daughters (Figure 1.5). This is the type of reproduc-
tion that gives rise to the vast majority of cells in the human body, with

heat shock genes
switched on
(dnad, dnaK, gfpE,
groEL, groES)
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FIGURE 1.3 Gene expression. In its simplest
form, gene expression can be looked on

as a two-step process. The first step is the
transcription of DNA into RNA, and the
second step is the translation of some of the
RNA molecules into proteins.

FIGURE 1.4 The heat shock response of

a bacterium such as Escherichia coli. An
increase in temperature from 30°C to 42°C
results in the switching on of genes such as
dnaJ and dnaK. The proteins coded by these
genes help to protect the cell from damage.



FIGURE 1.5 Cell division. This picture was
taken with a scanning electron microscope
and shows an animal cell in the final stages
of cell division. (Courtesy

of Guenter Albrecht-Buehler, Northwestern
University.)
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FIGURE 1.6 Fertilization of a female human
egg cell. This scanning electron micrograph
shows that many sperm cells attach to the
outer surface of an egg, but only one will
actually fertilize it. (Courtesy

of D. Phillips/Science Photo Library.)
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1017 divisions needed to produce all the cells needed by a human being
during its lifetime. It is also the way that, for example, bacteria reproduce.
During each of these cell divisions, a complete set of genes must be passed
from the parent to both of the two daughter cells. Any error would be disas-
trous, as it would give rise to a lineage of cells that possessed an incomplete
or altered complement of the organism'’s biological information. We must
therefore begin our study of genes as units of inheritance by investigating
how genes are inherited during cell division.

Our first task will be to understand how genes are replicated. If one cell
divides into two, then clearly a copy has to be made of every gene. Because
genes are made of DNA, the key to making copies of genes lies with the
replication of DNA molecules. When we examine DNA in Chapter 2 we will
see that the structure of a DNA molecule provides an obvious means for its
replication, and that recognition of this fact was the “eureka” moment that
convinced geneticists that genes are made of DNA. In Chapter 10, we will
study the replication process in more detail. First, we will look at the overall
pattern of replication and ask how a single DNA molecule can give rise to
two identical daughter molecules. Then we will study the biochemistry and
enzymology of DNA replication. What proteins are involved and how are
the new DNA molecules synthesized?

By studying replication of DNA we do not, however, fully explain how
genes are inherited by daughter cells during cell division. We must also
understand how a full set of the replicated DNA molecules is passed to the
daughter cells. This requires that we study how DNA molecules are organ-
ized inside the cells of different types of organism, and how replication of
the DNA is coordinated with division of the cell. In Chapter 11 we will do
this for the inheritance of genes during cell division in humans and other
higher life forms, and in Chapter 12 we will look at the equivalent, but very
different, processes that underlie inheritance of genes by bacteria. We must
also, in Chapter 13, explore the extremely different mechanisms by which
viruses pass their genes on to their progeny during their infection cycles.

Children inherit genes from their parents

Once we have a firm grasp of the events occurring during cell division, we
can move with confidence to the complexities posed by the inheritance of
genes during sexual reproduction.

Sexual reproduction is preceded by a specialized type of cell division that
produces the male and female sex cells. One male and one female cell then
fuse to give a fertilized egg, which then develops into a new version of the
organism (Figure 1.6). To understand this process, we must answer two
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questions. First, how are DNA molecules inherited during sexual reproduc-
tion? In Chapter 14 we will follow through the steps in sexual reproduction
and understand what happens to the DNA molecules at each stage. We will
discover that, unlike the type of cell division that occurs during asexual
reproduction, the formation of sex cells does not involve simply the replica-
tion of DNA molecules and the passage of the daughter molecules into the
new cells that are formed when the parent cell divides. Sexual reproduc-
tion is more complicated because it also provides an opportunity for DNA
molecules to exchange segments by recombination (Figure 1.7). We will
study how recombination occurs and investigate the effects that it has on
the structures of the DNA molecules inherited by the offspring that result
from sexual reproduction.

The second question we must answer concerns the inheritance of genes
rather than DNA molecules. A child is not an exact image of its mother or
father, but instead a composite of the two parents—“she has her moth-
er's eyes”. This means that brothers and sisters are not identical, but they
share a family resemblance (Figure 1.8). The same is true for all organisms
that reproduce sexually. In all of these species the offspring inherit features

from both of the two parents. In Chapter 15 we will investigate the ways 0.5 um
in which the genes inherited from the two parents interact in the offspring, FIGURE 1.7 Two DNA molecules that
and how these interactions give rise to the particular set of characteristics have attached to one another in order to
displayed by an individual that results from sexual reproduction. exchange segments by recombination.

(Courtesy of Huntington Potter, University
of South Florida, and David Dressler.)

The inheritance of genes underlies evolution

There remains one final topic that we must investigate to complete our
study of genes as units of inheritance. How do genes change over time?
We know that DNA molecules can undergo structural alterations, called
mutations. These may be caused by various chemicals present in the envi-
ronment, or may be brought about, for example, by physical agents such as
ultraviolet radiation from the sun. Many mutations are repaired by the cell
soon after they occur, but a few slip through, which means that the DNA
molecules that are passed to the offspring are not always precise copies of
the parental molecules. Sometimes a mutation occurs within a gene, pos-
sibly causing a subtle change to the biological information contained in
that gene (Figure 1.9).

In Chapter 16 we will investigate the various ways in which mutations can
occur, and the mechanisms that cells have for correcting them. We will also
look at the effects that a mutation can have on a gene, and in Chapter 17

FIGURE 1.8 Members of a single family share biological
characteristics and so look similar to one another. The Corrs are an
Irish folk-rock band made up of three sisters—Andrea, Sharon, and
Caroline—and their brother Jim. Their family resemblance is clear.
(Photo by Dave Hogan/Getty Images.)
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FIGURE 1.10 The fruit fly Drosophila
melanogaster. The fruit fly is an important
model organism for research in many areas
of biology, including genetics. (Courtesy
of Nicolas Gompel, Institut de Biologie du
Développement de Marseille-Luminy.)

FIGURE 1.9 A mutation can change the biological information
contained in a gene. On the left is a wild ear of wheat and on the
right is an ear of domesticated wheat. The difference between the
two is that the wild ear shatters when it becomes mature, so the
seeds break away and fall to the ground. In domestic wheat, the ear
does not shatter, so the seeds stay attached to the plant, making it
easier to collect them. The nonshattering ear is caused by a single
mutation in a gene whose biological information specifies the
rigidity of the structure that attaches the seed to the ear. (Courtesy
of George Willcox, Université de Lyon Il. From K. Tanno and

G. Willcox Science 311: 1886, 2006. With permission from AAAS.)

we will examine the possible fate of the new versions of genes that arise in
this way. To do this we will have to investigate how genes are inherited not
by individuals but by populations. We will discover that the genetic features
of a population can change over time, and that the cumulative effect of
these changes, called microevolution, underlies the processes by which
new species arise.

1.2 GENETICS IN OUR MODERN WORLD

We began this chapter with three headlines illustrating the importance of
genetics in today’s society. In Part III we will explore some of the areas of
research that are responsible for the high profile that genetics has in our
modern world.

The first topic that we will study is the role of genes in development. How
do genes control the pathway that begins with a fertilized egg cell and
ends with an adult organism? Finding the answer to this question is one
of the biggest challenges in all of genetics. In Chapter 18 we will learn that
advances in understanding developmental processes in humans have been
made by studying model organisms such as the fruit fly, Drosophila mela-
nogaster (Figure 1.10). Although the developmental pathway for a fruit fly
is much simpler than that of a human, the important genes that control
development are very similar in both types of organism. Through use of
model organisms, and the combined endeavors of geneticists, cell biolo-
gists, physiologists, and biochemists, our knowledge of development has
made great leaps forward in recent years.

1 mm
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Most of us share the opinion that our own species is the most important
on the planet. Chapters 19 through 21 are therefore devoted to the genet-
ics of Homo sapiens. In Chapter 19 we will study the human genome
(Figure 1.11). This is the entire complement of DNA molecules in a human
cell, containing all our genes and therefore all the biological information
needed to make a human being. What genes do we possess, how are they
arranged, and how do they make us special when compared, for example,
with a chimpanzee?

Probably the most important way that genetics is used to benefit human-
kind is in medical research. Over 6000 inherited diseases are known,
diseases that are caused by defects in the genome and which, like other
genetic features, can be passed from parents to offspring. Approximately
1 in every 200 children who are born suffer from one or another of these
disorders. Other diseases, including many cancers, also result from mal-
functioning of one or more genes. In Chapter 20 we will look at the progress
that geneticists are making in understanding these diseases and devising
ways of treating them.

How is genetics used to catch criminals? In Chapter 21 we will examine
how genetic profiles are obtained and why these have become so impor-
tant in forensic biology. We will also learn how similar techniques enable
geneticists to study human evolution and to trace the routes taken by early
humans as they migrated out of Africa and colonized the globe.

Genetics also has applications in industry and agriculture. Important pro-
teins that are needed to treat diseases, or which have other industrial
applications, can be synthesized in large amounts by transferring the gene
that codes for the protein into a bacterium or other type of microorgan-
ism. Insulin, the protein that is used to treat diabetes, is a good example.
The human insulin gene has been transferred to Escherichia coli, and these
genetically engineered bacteria are now used as a cheap means of produc-
ing insulin for use by diabetics (Figure 1.12). Genetic engineering is also
being used to create improved crops, ones that give higher yields or have
higher nutritional values (Figure 1.13). These industrial and agricultural
applications of genetics are covered in Chapter 22.

FIGURE 1.11 The human genome. The
DNA molecules that make up our genome
are contained in a set of chromosomes,
which are shown here. Each chromosome
has been “painted” a different color so the
individual ones can be identified when
observed with the light microscope. The
painting is carried out with fluorescent dyes
designed so that a different dye binds to
each chromosome. (From E. Schrock, S. du
Manoir, T. Veldman et al., Science 273: 494—
497, 1996. With permission from AAAS.)

FIGURE 1.12 Part of an industrial plant
for the production of human insulin
from genetically engineered Escherichia
coli bacteria. (Photo by Felix Denis. With
permission from Sanofi-Aventis.)
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FIGURE 1.13 Golden rice, on the right,
compared with white rice. Golden rice has
been genetically modified to synthesize
increased amounts of 3-carotene, a
precursor of vitamin A. Golden rice is
designed for consumption in parts of the
world where people suffer from vitamin

A deficiency. (Courtesy of Golden Rice
Humanitarian Board [www.goldenrice.org].)

Each of these applications of genetics raises ethical issues that we must
not ignore. It might be possible one day to eradicate inherited diseases by
gene therapy, in which the defective gene is taken out of the patient’s
genome and replaced by the correct, functioning gene. But the same tech-
nology might be used to replace genes that are not defective with “better”
ones, to produce “designer” babies. Genetic profiles are a powerful means
of catching criminals, but does that mean that everybody’s genetic profile
should be stored on an international database? Genetically modified crops
might have higher yields and better nutritional qualities, but could they be
harmful to the environment? We will attempt to tackle these ethical issues
in Chapter 23.

KEY CONCEPTS

e Genetics is the study of heredity. Heredity is the process by which char-
acteristics are passed from parents to offspring so that all organisms
resemble their ancestors.

e Heredity is controlled by genes. Genes are physical particles present
inside living cells.

e Genes are units of biological information. The entire complement of
genes in an organism contains the total amount of information needed
to construct a living, functioning example of that organism.

e Genes are also units of inheritance. The transmission of genes from
parents to offspring ensures that those offspring inherit the biological
characteristics of their parents.

e Genetics is having a huge impact in our modern world. It has important
applications in medicine, industry, forensics, and agriculture.

e Asstudents of genetics, we must be aware of the ethical issues raised by
some of the ways in which genetics is being applied in today’s world.
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DNA

We begin our study of genetics with DNA. We start with DNA because genes
are made of DNA, or, to be more precise, DNA is the genetic material. By
studying the structure of DNA we can immediately understand how genes
are able to fulfill their two related functions in living organisms, as units of
biological information and as units of inheritance. This is the molecular
approach to genetics, which we will be following in this book. The molec-
ular approach enables us to make a logical, step-by-step progression from
the structure of DNA to the process by which the biological information
contained in DNA is released to the cell when it is needed. An understand-
ing of DNA structure is also the best starting point for investigating how
DNA molecules are copied and passed to offspring during reproduction,
and for understanding how DNA molecules can change over time, enabling
evolution to take place. The most accessible route into the more complex
intricacies of genetics therefore starts with the structure of DNA.

In this chapter, then, we will study the structure of DNA and ask how this
structure enables DNA to carry out the two functions of genes. We will
learn how biological information is encoded in DNA and how copies can be
made of DNA molecules. We will also examine how scientists can read the
biological information contained in an individual DNA molecule by DNA
sequencing, one of the most important techniques in modern biological
research.

2.1 THE STRUCTURE OF DNA

DNA (deoxyribonucleic acid) is a polymer, a long, chainlike molecule
made up of subunits called monomers (Figure 2.1). Many important
biological molecules, including not only DNA but also proteins, polysac-
charides, and lipids, are polymers of one type or another. In DNA, the
monomers are called nucleotides, and these are linked together to form a
polynucleotide chain that can be hundreds, thousands, or even millions
of nucleotides in length. First we will study the structure of a nucleotide,
and then we will examine how nucleotides are joined together to form a
polynucleotide.

Nucleotides are the basic units of a DNA molecule

The basic unit of the DNA molecule is the nucleotide. Nucleotides are found
in the cell either as components of nucleic acids or as individual molecules.
Nucleotides have several different roles and are not just used to make
DNA. For example, some nucleotides are important in the cell as carriers of
energy used to power enzymatic reactions.

The nucleotide is itself quite a complex molecule, being made up of three
distinct components. These are a sugar, a nitrogenous base, and a phos-
phate group (Figure 2.2). We will look at each of these in turn.
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FIGURE 2.1 DNAis a linear polymer. In this
depiction, each bead in the chain is an
individual monomer.

FIGURE 2.2 The components of a
deoxyribonucleotide.
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FIGURE 2.3 The two structural forms of
2'-deoxyribose.

FIGURE 2.4 The
structures of the four
bases that occur in

deoxyribonucleotides. adenine (A)

The sugar component of the nucleotide is a pentose. A pentose is a sugar
that contains five carbon atoms. The particular type of pentose present in
the nucleotides found in DNA is called 2’-deoxyribose. Pentose sugars can
exist in two forms: the straight chain, or Fischer structure; and the ring, or
Haworth structure (Figure 2.3). It is the ring form of 2’-deoxyribose that
occurs in the nucleotide.

The name 2'-deoxyribose indicates that the standard ribose structure has
been altered by replacement of the hydroxyl group (-OH) attached to car-
bon atom number 2’ with a hydrogen group (-H). The carbon atoms are
always numbered in the same way, with the carbon of the carbonyl group
(-C=0), which occurs at one end of the chain structure, numbered 1’. It is
important to remember the numbering of the carbons because it is used
to indicate the positions at which other components of the nucleotide are
attached to the sugar. It is also important to realize that the numbers are
notjust 1, 2, 3, 4, and 5, but 1, 2’, 3’, 4’, and 5'. The upper-right stroke is
called a “prime,” and the numbers are called “one-prime,” “two-prime,” and
so on. The prime is used to distinguish the carbon atoms in the sugar from
the carbon and nitrogen atoms in the nitrogenous base, which are num-
bered 1, 2, 3, and so on.

The nitrogenous bases are single- or double-ring structures that are
attached to the 1’ carbon of the sugar. In DNA any one of four differ-
ent nitrogenous bases can be attached at this position. These are called
adenine and guanine, which are double-ring purines, and cytosine and
thymine, which are single-ring pyrimidines. Their structures are shown
in Figure 2.4. The base is attached to the sugar by a 3-N-glycosidic bond
attached to nitrogen number 1 of the pyrimidine or number 9 of the purine.

A molecule comprising the sugar joined to a base is called a nucleoside.
This is converted into a nucleotide by attachment of a phosphate group
to the 5’ carbon of the sugar. Up to three individual phosphates can be
attached in series. The individual phosphate groups are designated o, B,
and v, with the a phosphate being the one attached directly to the sugar.

The full names of the four different nucleotides that polymerize to form
DNA are:

2'-deoxyadenosine 5'-triphosphate
2'-deoxyguanosine 5’-triphosphate
2'-deoxycytidine 5'-triphosphate

2'-deoxythymidine 5'-triphosphate

Normally, however, we abbreviate these to dATP, dGTP, dCTP, and dTTP,
or even just to A, G, C, and T, especially when writing out the sequence of
nucleotides found in a particular DNA molecule.
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cytosine (C) guanine (G) thymine (T)
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Nucleotides join together to make a polynucleotide

The next stage in building up the structure of a DNA molecule is to link the
individual nucleotides together to form a polymer. This polymer is called
a polynucleotide and is formed by attaching one nucleotide to another
through the phosphate groups.

The structure of a trinucleotide, a short DNA molecule comprising three
individual nucleotides, is shown in Figure 2.5. The nucleotide monomers
are linked together by joining the o phosphate group, attached to the 5’
carbon of one nucleotide, to the 3’ carbon of the next nucleotide in the
chain. Normally a polynucleotide is built up from nucleoside triphosphate
subunits, so during polymerization the B and y phosphates are cleaved off.
The hydroxyl group attached to the 3’ carbon of the second nucleotide is
also lost. The linkage between the nucleotides in a polynucleotide is called
a phosphodiester bond, “phospho-" indicating the presence of a phos-
phorus atom and “diester” referring to the two ester (C-O-P) bonds in each
linkage. To be precise we should call this a 3'-5' phosphodiester bond so
that there is no confusion about which carbon atoms in the sugar partici-
pate in the bond.

An important feature of the polynucleotide is that the two ends of the mol-
ecule are not the same. This is clear from an examination of Figure 2.5. The
top of this polynucleotide ends with a nucleotide in which the triphosphate
group attached to the 5’ carbon has not participated in a phosphodiester
bond and the B and vy phosphates are still in place. This end is called the
5'-P terminus or simply the 5’ terminus. At the other end of the mol-
ecule the unreacted group is not the phosphate but the 3’ hydroxyl. This
end is called the 3’-OH or 3’ terminus. The chemical distinction between
the two ends means that polynucleotides have a direction, which can be
looked on as 5 — 3’ (down in Figure 2.5) or 3" — 5’ (up in Figure 2.5).
An important consequence of the polarity of the phosphodiester bond is
that the chemical reaction needed to extend a DNA polymer in the 5" — 3’
direction is different from that needed to make a 3" — 5’ extension. All of
the enzymes that make new DNA polynucleotides in living cells carry out
5" — 3’ synthesis. No enzymes that are capable of catalyzing the chemical
reaction needed to make DNA in the opposite direction, 3" — 5, have ever
been discovered.

5'-P terminus

FIGURE 2.5 The structure of a trinucleotide,
OH a DNA molecule comprising three individual
3'-OH terminus nucleotides.
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FIGURE 2.6 The double-helix structure of
DNA. On the left the double helix is drawn
with the sugar-phosphate backbone of
each polynucleotide shown as a gray ribbon
with the base pairs in green. On the right
the chemical structure for three base pairs
is given.

There is apparently no limitation to the number of nucleotides that can
be joined together to form an individual DNA polynucleotide. Molecules
containing several thousand nucleotides are frequently handled in the
laboratory, and the DNA molecules in chromosomes are much longer,
sometimes several million nucleotides in length. In addition, there are
no chemical restrictions on the order in which the nucleotides can join
together. At any point in the chain the nucleotide could be A, G, C, or T.

In living cells, DNA is a double helix

In living cells, DNA molecules almost always contain two polynucleotides,
wrapped around one another to form the famous double-helix structure
discovered by James Watson and Francis Crick in 1953 (Research Briefing
2.1). The double helix is a complicated structure (Figure 2.6), but the key
facts about it are not too difficult to understand.

First we will look at the basic features of the double helix. The two polynu-
cleotides in the helix are arranged in such a way that their sugar-phosphate
“backbones” are on the outside of the helix and their bases are on the inside.
The bases are stacked on top of each other rather like a pile of plates. The
two polynucleotides are antiparallel, meaning that they run in different
directions, one oriented in the 5" — 3’ direction and the other in the 3’ — 5’
direction. The polynucleotides must be antiparallel in order to form a stable
helix. Molecules in which the two polynucleotides run in the same direc-
tion are unknown in nature. The double helix is right-handed, so if it were
a spiral staircase then the banister (that is, the sugar-phosphate backbone)
would be on your right-hand side as you were climbing upward. The final
point is that the helix is not absolutely regular. Instead, on the outside of
the molecule we can distinguish a major and a minor groove. These two
grooves are clearly visible in Figure 2.6.
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Those are the key facts about the double helix. There remains just one
additional feature to consider, but this one is the most important of all.
Within the helix, an adenine in one polynucleotide is always adjacent to
a thymine in the other strand, and similarly guanine is always adjacent
to cytosine. This is called base pairing and involves the formation of
hydrogen bonds between an adenine and a thymine, or between a cyto-
sine and a guanine. A hydrogen bond is a weak electrostatic attraction
between an electronegative atom (such as oxygen or nitrogen) and a
hydrogen atom attached to a second electronegative atom. The base pair-
ing between adenine and thymine involves two hydrogen bonds, and that
between guanine and cytosine involves three hydrogen bonds (Figure 2.7).

The two base-pair combinations—A base-paired with T, and G base-paired
with C—are the only ones that are permissible. This is partly because of
the geometries of the nucleotide bases and the relative positions of the
atoms that are able to participate in hydrogen bonds, and partly because
the pair must be between a purine and a pyrimidine. A purine-purine pair
would be too big to fit within the helix, and a pyrimidine-pyrimidine pair
would be too small. Because of the base pairing, the sequences of the two
polynucleotides in the helix are complementary—the sequence of one
polynucleotide determines the sequence of the other.

The double helix exists in several different forms

The double helix shown in Figure 2.6 is referred to as the B-form of DNA.
This is the structure that was studied by Watson and Crick, and it repre-
sents by far the most common type of DNA in living cells, but it is not
the only version that is known. Other versions are possible because the
three-dimensional structure of a nucleotide is not entirely rigid. For exam-
ple, the orientation of the base relative to the sugar can be changed by
rotation around the B-N-glycosidic bond (Figure 2.8). This has a signifi-
cant effect on the double helix, as it alters the relative positioning of the
two polynucleotides. The relative positions of the carbons in the sugar
can also be changed slightly, affecting the conformation of the sugar-
phosphate backbone.

NH;
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anti-adenosine

syn-adenosine

FIGURE 2.7 Base pairing. A base-pairs
with T, and G base-pairs with C. The bases
are drawn in outline, with the hydrogen
bonds indicated by dotted lines. Note that
a G-C base pair has three hydrogen bonds
whereas an A-T base pair has just two.

FIGURE 2.8 The structures of anti- and syn-
adenosine, which differ in the orientation
of the base relative to the sugar component
of the nucleotide. Rotation around the
B-N-glycosidic bond can convert one form
into the other. The three other nucleotides
also have anti and syn conformations. In

A- and B-DNA, all the bases are in the anti
conformation, but in Z-DNA there is a
mixture of the two types.
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RESEARCH BRIEFING 2.1

The discovery of the double helix

The discovery of the double helix, by James Watson
and Francis Crick of Cambridge University, UK, in
1953, was the most important breakthrough in twen-
tieth-century biology. The nature of the double helix
revealed how genes can replicate, a puzzle that had
seemed almost impossible to solve just a few years
earlier. According to Watson in his book The Double
Helix, the work was a desperate race against the
famous American biochemist Linus Pauling, who ini-
tially thought that DNA was a triple helix. This mistake
gave Watson and Crick the time they needed to com-
plete their description of the double-helix structure.

When Watson and Crick began their work, the struc-
tures of the nucleotides, and the way these are linked
together to form a polynucleotide, were already
known. What was not known was the actual structure
of DNA in a living cell. Was it a single polynucleotide,
perhaps folded up in some way? Or were there two or
more polynucleotides in a DNA molecule?

To solve the structure of DNA, Watson and Crick
used model building—they built a scale model of
what they thought a DNA molecule must look like.
The model had to obey the laws of chemistry, which
meant that if a polynucleotide was coiled in any way
then its atoms must not be placed too close together.
It was equally vital that the model take account of
the results of other investigations into DNA struc-
ture. One of these studies was carried out by Erwin
Chargaff at Columbia University in New York, the
other, by Rosalind Franklin at King's College, London.

Chargaff’s base ratios paved the way for the
correct structure

Erwin Chargaff became interested in DNA in the
1940s, when scientists first realized that DNA might
be the genetic material. He decided to use a new tech-
nique, called paper chromatography, to measure
the amounts of each of the four nucleotides in DNA
from different tissues and organisms. In paper chro-
matography, a mixture of compounds is placed at one
end of a paper strip, and an organic solvent, such as
n-butanol, is then allowed to soak along the strip. As
the solvent moves it carries the compounds with it,
but at different rates depending on how strongly each
one absorbs into the paper matrix (Figure 1).

Chargaff purified DNA from different sources and
treated each sample with acid to break the molecules
into their component nucleotides (Figure 2). He then
used paper chromatography to separate the nucle-
otides in each mixture so their concentrations could

trough of solvent

3{\7*/

'
paper separated 3

strip compounds

paper now
soaked in solvent

FIGURE 1 Paper chromatography.

be measured. The results were quite startling. They
revealed a simple relationship between the propor-
tions of the nucleotides in any one sample of DNA.
The relationship is that the number of adenines
equals the number of thymines, and the number of
guanines equals the number of cytosines. In other
words, A=T and G =C.

Chargaff did not speculate to any great extent, at least
not in his publications, about the relevance of these
base ratios to the structure of DNA. In fact, Watson
and Crick appear to have been unaware of his results
until they met Chargaff when he visited Cambridge
University. But once they became aware of the A =
T and G = C relationship, they knew this had to be
accounted for in their model of DNA.

Escherichia coli
bacteria

human cells

—

add weak acid

l purify the DNA, 1

chromatography to
quantitate each nucleotide

l l

base ratio base ratio
A:T 1.00 A:T 1.09
G:C 1.00 GEIC 0.99

FIGURE 2 Chargaff’s experiments.
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X-ray diffraction analysis indicates that DNA
is a helical molecule

The second piece of evidence available to Watson and
Crick was the X-ray diffraction pattern obtained
when a DNA fiber is bombarded with X-rays. X-rays
have very short wavelengths—between 0.01 and 10
nm—comparable with the spacings between atoms
in chemical structures. When a beam of X-rays is
directed onto a DNA fiber some of the X-rays pass
straight through, but others are diffracted and emerge
at a different angle (Figure 3). As the fiber is made up
of many DNA molecules, all positioned in a regular
array, the individual X-rays are diffracted in similar
ways, resulting in overlapping circles of diffracted
waves which interfere with one another. An X-ray-
sensitive photographic film placed across the beam
reveals a series of spots and smears, called the X-ray
diffraction pattern.

X-ray diffraction pictures of DNA fibers were made by
Rosalind Franklin, during 1952, using techniques pre-
viously developed by Maurice Wilkins (Figure 4). The
pictures immediately showed that DNA is a helix, and
mathematical calculations based on them revealed
that the helix has two regular periodicities of 0.34 nm
and 3.4 nm. But how do these deductions relate to
Chargaff’s base ratios and to the actual structure of
DNA?

Pulling together the evidence

Watson and Crick put together all the experimen-
tal data concerning DNA and decided that the only
structure that fitted all the facts was the double helix
shown in Figure 2.6. The main difficulty was deciding
how many polynucleotides were present in a single
molecule. This could be estimated from the density
of the DNA in a fiber. Several measurements of DNA
fiber density had been reported, and they did not
agree. Some suggested that there were three polynu-
cleotides in a single molecule, others suggested two.
Pauling thought the first set of measurements were
correct, and devised a triple-helix structure that was
completely wrong. Watson and Crick decided it was
more likely to be two.

FIGURE 3 X-ray diffraction analysis.

-‘-. .-‘: spots produced by
e diffracted X-rays

Once two polynucleotides had been decided on, it
became clear that the sugar-phosphate backbone had
to be on the outside of the molecule. This was the only
way the various atoms could be spaced out appropri-
ately within the models that Watson and Crick built.
The models also indicated that the two strands had to
be antiparallel and the helix right-handed. The X-ray
diffraction data enabled the dimensions of the helix to
be set. The periodicity of 0.34 nm indicated the spac-
ing between individual base pairs, and that of 3.4 nm
gave the distance needed for a complete turn of the
helix.

What about Chargaff’s base ratios? These were the
key to solving the structure. Watson realized, on the
morning of Saturday, March 7, 1953, that the pairs
formed by adenine-thymine and guanine-cytosine
have almost identical shapes (see Figure 2.7). These
pairs would fit neatly inside the double helix, giving
a regular spiral with no bulges. And if these were the
only pairs that were allowed, then the amount of A
would equal the amount of T, and G would number
the same as C. Everything fell into place, and the
greatest mystery of biology—how genes can repli-
cate—had been solved.

FIGURE 4 Franklin's “photo 51" showing the diffraction pattern obtained
with a fiber of DNA. The cross shape indicates that DNA has a helical
structure, and the relative positions of the various dots and smears
enable the periodicities within the molecule to be calculated. (From

R. Franklin and R. G. Gosling, Nature 171: 740-741, 1953. With
permission from Macmillan Publishers Ltd.)
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A-DNA B-DNA

FIGURE 2.9 Comparison between the

A- and B-DNA versions of the double helix.
These are space-filling models in which

the individual atoms are represented by
spheres. The atoms of the sugar-phosphate
backbone are shown in green and red, and
those in the bases in blue and white. (From
J. Kendrew (ed.) Encyclopedia of Molecular
Biology. Oxford: Blackwell, 1994. With
permission from Wiley-Blackwell.)
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TABLE 2.1 FEATURES OF THE DIFFERENT CONFORMATIONS OF THE DNA
DOUBLE HELIX

Feature ____________|BDONA____|ADNA___[ZONA |

Type of helix Right-handed  Right-handed  Left-handed
Number of base pairs per turn 10 11 12

Distance between base pairs (nm) 0.34 0.29 0.37
Distance per complete turn (nm) 3.4 3.2 4.5
Diameter (nm) 2.37 2.55 1.84

Major groove Wide, deep Narrow, deep  Flat

Minor groove Narrow, Wide, shallow  Narrow, deep

shallow

The common, B-form of DNA has 10 base pairs (abbreviated as 10 bp) per
turn of the helix, with 0.34 nm between adjacent base pairs and hence a
pitch (the distance needed for one complete turn) of 3.40 nm. The diameter
of the helix is 2.37 nm. The second type of DNA double helix to be discov-
ered, called the A-form, is more compact, with 11 bp per turn, 0.29 nm
between each two base pairs, and a diameter of 2.55 nm (Table 2.1). But
comparing these dimensions does not reveal what is probably the most
significant difference between these two conformations of the double helix.
This is the extent to which the internal regions of the DNA molecule are
accessible from the surface of the structure. A-DNA, like the B-form, has
two grooves, but with A-DNA the major groove is even deeper, and the
minor groove shallower and broader (Figure 2.9).

In Chapter 9 we will learn that expression of the biological information
contained within a DNA molecule is mediated by DNA-binding proteins
that attach to the double helix and regulate the activity of the genes
contained within it. To carry out their function, each DNA-binding pro-
tein must attach at a specific position, close to the gene whose activity it
must influence. The protein can achieve this, with at least some degree of
accuracy, by reaching down into a groove, within which it can “read” the
DNA sequence without opening up the helix by breaking the base pairs
(Figure 2.10). This is possible with B-DNA, but easier with A-DNA because
the bases are more exposed in the minor groove. It has been suggested that
some DNA-binding proteins induce formation of a short stretch of A-DNA
when they attach to a DNA molecule.

FIGURE 2.10 A DNA-binding protein can recognize individual base
pairs without opening up the double helix. This drawing shows

an A-T base pair in outline, with arrows indicating the chemical
features that can be recognized by accessing the base pair via

the major groove (above) and minor groove (below). Using these
features, a binding protein can recognize that the base pair is an
A-T rather than a G-C. In the major groove the distribution of these
chemical features also enables the orientation of the base pair to be
identified, so the strand containing the A can be distinguished from
the one containing the T. For some time it was believed that this
was not possible in the minor groove, because only the two features
indicated by the black arrows were known to be present. The two
additional features indicated by the green arrows have recently
been discovered, and these are thought to enable the orientation of
the pair to be discernible via the minor groove.



THE MOLECULAR EXPLANATION OF THE BIOLOGICAL ROLE OF DNA

FIGURE 2.11 The structure of the Z-DNA version of the double helix.
The atoms of the sugar-phosphate backbone are shown in green
and red, and those in the bases in blue and white. (From J. Kendrew
(ed.) Encyclopedia of Molecular Biology. Oxford: Blackwell, 1994.
With permission from Wiley-Blackwell.)

A third type, Z-DNA, is more strikingly different. In this structure the
helix is left-handed, not right-handed as it is with A- and B-DNA, and
the sugar-phosphate backbone adopts an irregular zigzag conformation
(Figure 2.11). Z-DNA is more tightly wound, with 12 bp per turn and a
diameter of only 1.84 nm (Table 2.1). It is thought to form around regions
of B-DNA that have become slightly unwound, as occurs when a gene is
being transcribed into RNA. Unwinding results in torsional stress, which
might be relieved to some extent by forming the more compact Z version
of the helix (Figure 2.12).

2.2 THE MOLECULAR EXPLANATION OF THE BIOLOGICAL
ROLE OF DNA

To fulfill its role as the genetic material, a DNA molecule must possess
properties that enable the genes it contains to act as units of biological
information and units of inheritance. We will now ask ourselves how these
requirements are met by the structure of the double helix.

Biological information is contained in the nucleotide sequence
of a DNA molecule

DNA is able to act as a store of biological information because of its poly-
meric structure and because there are four different nucleotides. The order
of nucleotides in a DNA molecule—the DNA sequence—is, in essence, a
language made up of the four letters A, C, G, and T. The biological infor-
mation contained in genes is written in this language, which we call the
genetic code. The language is read through the process called gene
expression.

There are no chemical restrictions on the order in which the nucleotides
can join together in a DNA molecule. At any point the nucleotide could be
A, G, C, or T. This means that a polynucleotide just 10 nucleotides in length
could have any one of 419 = 1,048,576 different sequences (Figure 2.13).
The average length of a gene is about 1000 nucleotides. This length of DNA
can exist as 41000 different sequences, which we will look on as simply a
very big number, greater than the supposed number of atoms in the observ-
able universe, which is a paltry 108°. Bear in mind that we can also have
genes 999 and 1001 nucleotides in length, as well as many other lengths,
each of these lengths providing its own immense number of possible DNA
sequence variations. The early geneticists at the start of the twentieth cen-
tury were mystified by the ability of genes to exist in many different forms,
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AGCTAAGGGT FIGURE 2.13 Twelve of the 1,048,576 different possible sequences
for a DNA molecule 10 nucleotides in length. The orange
ACCTAAGGGT nucleotides are ones that are different from the equivalent
AACTAAGGGT nucleotide in the topmost sequence.
ATCTAAGGGT
AGGTAAGGGT
AGTTAAGGGT in order to account for all those present in the myriad of species alive today
ACGTAAGGGT and which lived in the past. An answer was so difficult to imagine that
some biologists wondered whether genes really were physical structures
ACGAAAGGGT inside cells. Perhaps they were just abstract entities whose invention by
AGCTTCGGGT geneticists made it possible to explain how biological characteristics are
AGCTGGGGGT passed from parents to offspring. Now that we understand the structure of
DNA the immense variability required by the genetic material is no puzzle
AGCTAAGGGA yreq y 8 %
t all.
TCAATTTTAA 2

parent double helix

Complementary base pairing enables DNA molecules to
replicate

In order to act as units of inheritance, genes must be able to replicate.
Copies of the parent’s genes must be placed in the fertilized egg cell so
that this cell receives the information it needs to develop into a new living
organism that displays a mixture of the biological characteristics of its par-
ents. Genes must also be replicated every time a cell divides, so that each
of the two daughter cells can be given a complete copy of the biological
information possessed by the parent cell.

Before the structure of the double helix was known, the ability of genes to
make copies of themselves was an even greater mystery than their ability
to exist in an almost infinite number of different forms. No chemical capa-
ble of replication had ever been found in the natural world. The discovery
of the double helix provided a clear and obvious solution to the problem.
The key lies with the complementary base pairing that links nucleotides
that are adjacent to one another in the two strands of the double helix.
The rules are that A can base-pair only with T, and G can base-pair only
with C. This means that if the two polynucleotides in a DNA molecule are
separated, then two perfect copies of the parent double helix can be made
simply by using the sequences of these preexisting strands to dictate the
sequences of the new strands (Figure 2.14).

In living cells, DNA molecules are copied by enzymes called DNA
polymerases. A DNA polymerase builds up a new polynucleotide by add-
ing nucleotides one by one to the 3’ end of the growing strand, using the
base-pairing rules to identify which of the four nucleotides should be added
at each position (Figure 2.15). This is called template-dependent DNA
synthesis. It ensures that the double helix that is made is a precise copy of

DNA 3' W TACCCAACGCAATTC M 5'
ATGG—

l

new DNA

two daughter double helices 3 TACCCAACGCAATTC mm— '

ATGGGTTG —>
FIGURE 2.14 Complementary base pairing 5 3
provides a means for making two copies of
a double helix. The polynucleotides of the FIGURE 2.15 Template-dependent DNA synthesis. The new DNA,
parent double helix are shown in blue, and shown in orange, is extended by adding nucleotides one by one to
the newly synthesized strands are in orange. its 3'end.
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the double helix from which the original polynucleotide was obtained. The
structure of DNA therefore explains how genes are able to replicate and
hence to act as units of inheritance.

2.3 HOW DNA IS SEQUENCED

Now that we understand the structure of DNA we can begin to appreciate
why DNA sequencing is so important in modern biology. By working out
the sequence of nucleotides we can gain access to the biological informa-
tion contained in a DNA molecule. From the sequence it might be possible
to identify the genes present in the DNA molecule, and possibly to deduce
the functions of those genes. We should therefore complete our study of
DNA by examining the methods used to obtain nucleotide sequences.

The DNA molecules present in living cells are extremely long, possibly
many millions of base pairs in length. It is not yet possible to work out the
sequence of a molecule of this length in a single experiment. It might be
possible one day, as DNA sequencing technology is advancing by leaps and
bounds, but at present this is far beyond our capabilities. In fact, the maxi-
mum amount of sequence that can be read in a single experiment is just
750 bp. The strategy in a sequencing project is therefore to break these long
DNA molecules down into many short fragments, each of which is individ-
ually sequenced. The sequence of the original molecule is then assembled
by searching for overlaps between the sequences of the short fragments
(Figure 2.16). Immediately we can understand why big sequencing projects
make use of automated techniques, with the sequencing experiments car-
ried out by robots, and computer programs used to find the overlaps and
build up the contiguous blocks of sequence, or contigs.

Clone libraries contain DNA fragments ready to be sequenced

The first step in a DNA sequencing project is to prepare a collection of short
DNA fragments ready for sequencing. This is done by DNA cloning, and
the resulting collection is called a clone library.

DNA cloning is a sophisticated technology, but we do not need to delve
too deeply into it in order to understand how it is used to prepare a clone
library. We will learn much more about it when we study the industrial
applications of genetics in Chapter 22. First, we must break down the DNA
molecules that we wish to sequence into the shorter fragments from which
the library will be prepared. Often the DNA is fragmented by sonication, a
technique that uses high-frequency sound waves to make random cuts in
the molecules (Figure 2.17).

The next task is to separate the fragments resulting from sonication so
that each one can be sequenced individually. This is the actual cloning
part of the procedure, and it requires a vector, a DNA molecule that is
able to replicate inside a cell of the bacterium Escherichia coli. The vector
is usually a modified version of a naturally occurring, self-replicating DNA
molecule called a plasmid. In its replicative state the plasmid is a circular
molecule, but at the start of the cloning experiment it is obtained in a lin-
ear form. The linear vector molecules are mixed with the DNA fragments,
and a DNA ligase enzyme is added, which joins DNA molecules together
end-to-end. Various combinations are produced, including some in which
a vector molecule has become linked to one of the DNA fragments and the
two ends have then joined together to produce a circular recombinant
vector (Figure 2.18A).

overlap

FIGURE 2.16 Assembling long DNA
sequences from the sequences of short
fragments. The original DNA molecule

is broken into smaller fragments. These

are sequenced individually, and overlaps
between these sequences identified in order
to assemble the complete sequence of the
starting molecule.

DNA molecule
1 sonication

M

high-frequency sound waves disrupt the DNA

l

DNA fragments

FIGURE 2.17 Using sonication to break a
DNA molecule into fragments.
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(A) construction of a recombinant DNA molecule
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FIGURE 2.18 The steps in DNA cloning. (A) A recombinant DNA
molecule is constructed by ligation of a DNA fragment into a
cloning vector. (B) In the actual cloning stage, the recombinant
vector is taken up by a bacterium. The recombinant vector is then
replicated until there are several hundred copies per cell. On a solid
agar medium, the bacterium will divide many times to produce a
colony. The colony will contain many copies of the recombinant
vector, these molecules being the direct descendents of the
molecule taken up by the original bacterium.

In the next stage of the cloning procedure, the molecules resulting from
ligation are mixed with E. coli cells, which have been chemically treated
so that they are competent, a term used to describe cells that are able to
take up DNA molecules from their environment (Figure 2.18B). Some of the
molecules will be taken up by the bacteria—but usually no more than one
molecule by any individual cell. Linear molecules, and circular molecules
that lack the vector sequences, cannot be propagated inside a bacterium.
Circular vectors, on the other hand, including the recombinant ones, are
able to replicate, so that multiple copies are produced, exactly how many
depending on the identity of the cloning vector, but usually several hundred
per cell.

The bacteria are now spread onto a solid agar medium so that individual
cells can divide and give rise to colonies. Each colony will contain many
copies of the vector, these molecules being the direct descendents of the
original molecule taken up by the bacterium that gave rise to the colony.
If that original molecule was a recombinant vector, then the colony will
contain multiple copies of a single DNA fragment, separate from all the
other fragments that were present in the starting mixture. Other colonies
will contain other cloned fragments. This collection of colonies is the clone
library.

Each fragment in a clone library is individually sequenced

There are several methods for DNA sequencing, but most experiments are
carried out using the chain termination method, which was first developed
in the 1970s and has been used, with modifications and improvements,
ever since. In the chain termination method, the sequence is obtained by
making copies of a cloned DNA fragment in a way that enables the position
of each of the four nucleotides to be identified. Chain termination sequenc-
ing therefore makes use of a purified DNA polymerase, the type of enzyme
that makes copies of DNA molecules.

First the recombinant vector molecules are purified from one of the clones
in the clone library. A short piece of DNA called an oligonucleotide, usu-
ally about 20 nucleotides in length, is then attached to the vector part of the
recombinant DNA molecule, just adjacent to the site into which the cloned
fragment has been inserted (Figure 2.19A). This oligonucleotide acts as a
primer for synthesis of a new DNA strand. The new strand is made by the
DNA polymerase and extends over the cloned fragment, so that a copy is
made of this fragment.

DNA polymerases can make polynucleotides that are several thousand
nucleotides in length, but in a sequencing experiment synthesis of the new
strand is terminated prematurely. This occurs because as well as the four
standard deoxynucleotides, a small amount of each of four dideoxynucle-
otides (ddNTPs—ddATP, ddCTP, ddGTP, and ddTTP) is added to the reaction.
A dideoxynucleotide differs from a deoxynucleotide in that the -OH group
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at the 3’ position is replaced by an H. The polymerase enzyme does not dis-
criminate between deoxy- and dideoxynucleotides, but once incorporated
a dideoxynucleotide blocks further elongation because it lacks the 3'-OH
group needed to form a connection with the next nucleotide (Figure 2.19B).

Because the normal deoxynucleotides are also present, in larger amounts
than the dideoxynucleotides, the strand synthesis does not always ter-
minate close to the primer. In fact, several hundred nucleotides might be
polymerized before a dideoxynucleotide is eventually incorporated. The
result is a set of “chain-terminated” molecules, all of different lengths, and
each ending in a dideoxynucleotide whose identity indicates the nucle-
otide—A, C, G, or T—that is present at the equivalent position in the DNA
that has been copied (Figure 2.19C).

Capillary gel electrophoresis is used to read the sequence

To read the DNA sequence, all that we have to do is identify the dideoxy-
nucleotide at the end of each chain-terminated molecule. This might sound
difficult, but in fact it is easy. The technique involved is called capillary gel
electrophoresis.

A capillary gel is a long, thin tube of polyacrylamide, typically 80 cm in
length with a diameter of 0.1 mm, contained in a plastic sleeve (Figure
2.20A). The mixture of chain-terminated molecules is placed at one end of
the capillary and an electric current is applied. The migration rate of each
molecule through the capillary gel depends on its electric charge. Each
phosphodiester bond in a DNA molecule carries a single negative electric
charge (see Figure 2.5), so the overall negative charge of a polynucleotide
is directly proportional to its length. The chain-terminated molecules there-
fore migrate through the capillary gel at different rates, the shortest ones

FIGURE 2.19 The steps in chain termination
DNA sequencing. (A) Chain termination
sequencing involves the synthesis of new
strands of DNA that are complementary to a
single-stranded template. Strand synthesis
begins at the primer, and proceeds in the
direction indicated by the orange arrow.

(B) Strand synthesis does not proceed
indefinitely because the reaction mixture
contains small amounts of each of the four
dideoxynucleotides. These block further
elongation because they have a hydrogen
atom rather than a hydroxyl group
attached to the 3’ carbon. (C) Incorporation
of ddATP results in chains that are
terminated opposite Ts in the template.
This generates the A family of terminated
molecules. Incorporation of the other
dideoxynucleotides generates the

C, G, and T families.
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RESEARCH BRIEFING 2.2
Genes are made of DNA

Today we are so familiar with the fact that DNA is
the genetic material that it comes as quite a surprise
to learn that this idea was considered ridiculous by
most biologists until the 1940s, and that experimental
proof that human genes are made of DNA was not
obtained until the 1970s. Why did it take so long to
establish this fundamental fact of genetics?

At first it was thought that genes might be
made of protein

The first speculations about the chemical nature of
genes were prompted by the discovery in the very early
years of the twentieth century that genes are con-
tained in chromosomes. Cytochemistry, in which
cells are examined under the microscope after stain-
ing with dyes that bind specifically to just one type of
biochemical, showed that chromosomes are made of
DNA and protein, in roughly equal amounts. One or
the other must therefore be the genetic material.

In deciding whether it was protein or DNA, biologists
considered the properties of genes and how these
properties might be provided for by the two types of
compound. The most fundamental requirement of the
genetic material is that it be able to exist in an almost
infinite variety of forms. Each cell contains a large
number of genes, several thousand in the simplest
bacteria, and tens of thousands in higher organisms.
Each gene specifies a different biological character-
istic, and each presumably has a different structure.
The genetic material must therefore have a great deal
of chemical variability.

This requirement appeared not to be satisfied by DNA,
because in the early part of the twentieth century it
was thought that all DNA molecules were the same.
On the other hand, it was known, correctly, that pro-
teins are highly variable polymeric molecules, each
one made up of a different combination of 20 chemi-
cally distinct amino acids. There are many different
proteins, distinct from one another by virtue of their
different amino acid sequences. Proteins therefore
possess the variability that would be required by the
genetic material. Not surprisingly, biologists during
the first half of the twentieth century concluded that
genes were made of protein and looked on the DNA
component of chromosomes as much less impor-
tant—perhaps a structural material, needed to hold
the protein “genes” together.

Two experiments suggested that genes might
be made of DNA

The errors regarding DNA structure lingered on, but
by the late 1930s it had become accepted that DNA,
like protein, has immense variability. The notion that
protein was the genetic material initially remained
strong, but was eventually overturned by the results
of two experiments.

The first of these was carried out by Oswald Avery,
Colin MacLeod, and Maclyn McCarty, of Columbia
University, New York. They studied what research-
ers of the time were calling the transforming
principle. They prepared an extract from dead cells
of Streptococcus pneumoniae, a bacterium that causes
pneumonia. Something in the extract was known to
transform a harmless strain of S. pneumoniae into
one capable of causing the disease. This transforming
principle must therefore contain genes that provide
the bacteria with the biological characteristics they
need to cause pneumonia. Avery and his colleagues
showed in 1944 that the active component of the
extract, the transforming principle, is DNA (Figure 1).

The second experiment was performed in 1952 by
Alfred Hershey and Martha Chase, at Cold Spring
Harbor, New York. They showed that when a bac-
terium is infected with a virus, the DNA of the virus
enters the cell, but most of the virus protein stays out-
side (Figure 2). This was a vital observation because,
during the infection cycle, the genes of the infecting
viruses are used to direct synthesis of new viruses,
and this synthesis occurs within the bacterial cells. If
it is the DNA of the infecting viruses that enters the

protease

no effect
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FIGURE 1 Avery and his colleagues treated extracts containing the
transforming principle with a protease enzyme, which specifically
degrades protein, with a ribonuclease, which breaks down RNA, and
with a deoxyribonuclease, which degrades DNA. The protease and the
ribonuclease had no effect on the ability of the extract to transform
harmless S. pneumoniae bacteria. The deoxyribonuclease, on the other
hand, inactivated the transforming principle. The active component of
the transforming principle must therefore be DNA.
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FIGURE 2 The Hershey—Chase experiment showed that the genes of
T2 bacteriophage, a type of virus that infects E. coli, are made of DNA.
Hershey and Chase knew that T2 bacteriophage was made of DNA and
protein. We now know that the DNA contained a protein “head,” which
is attached to a “body” and “legs," also made of protein. Hershey and
Chase added some T2 bacteriophages to a culture of E. coli bacteria, and
then waited a few minutes to allow the viruses to inject their genes into
the cells. They then agitated the culture in a blender in order to detach

cells, then it follows that the virus genes must be
made of DNA. Hershey and Chase also showed that
the new viruses that are produced contain DNA,
but only small amounts of protein, from the origi-
nal infecting viruses. In other words, the new viruses
inherit DNA but not protein from their parents.

The double helix convinced biologists that
genes are made of DNA

Although from our perspective the Avery and the
Hershey-Chase experiments provided the key results
to tell us that genes are made of DNA, biologists at
the time were not so easily convinced. Both experi-
ments had limitations that enabled skeptics to argue
that protein could still be the genetic material. For
example, there were worries about the specificity of
the deoxyribonuclease enzyme that Avery used
to inactivate the transforming principle. This result,
a central part of the evidence that the transforming
principle is DNA, would be invalid if the enzyme con-
tained trace amounts of a contaminating protease
and so was also able to degrade protein.

The Hershey-Chase experiment is less open to criti-
cism, but Hershey and Chase did not believe that it
proved that genes are made of DNA. In the paper
describing their results, they state, “The chemical
identification of the genetic part [of the virus] must
wait, however, until some questions ... have been
answered.”

Whether these two experiments actually proved that
genes are made of DNA is not really important. They
made biologists much more receptive to the notion

continue
infection
cycle /;Q new viruses contain 50%
— ¢ of the original virus DNA

/% 7% but only 1% of the protein

pellet contains 70% of
the virus DNA, but only
20% of the virus protein

the empty virus particles from the surfaces of the bacteria. The culture
was then centrifuged, which collects the bacteria plus virus genes as a
pellet at the bottom of the tube, but leaves the empty virus particles in
suspension. Hershey and Chase found that the bacterial pellet contained
most of the viral DNA, but only 20% of the viral protein. Hershey and
Chase also allowed some of the bacteria to complete their infection
cycles. The new viruses that were produced inherited 50% of the DNA
from the original T2 bacteriophages, but only 1% of the protein.

that DNA might be the genetic material. This meant
that when the double-helix structure of DNA was dis-
covered by Watson and Crick in 1953, revealing how
genes can replicate, the scientific world immediately
accepted that genes really are made of DNA.

It was not proved that human genes are made
of DNA until cloning was invented

If we wish to apply the most rigorous scientific princi-
ples, then we might argue that the Avery experiment
shows that bacterial genes are made of DNA, and the
Hershey-Chase experiment does the same for virus
genes, but neither tells us anything about the genes
of higher organisms such as humans.

It was not until 1979 that an experiment was carried
out that showed that human genes are made of DNA.
David Goeddel, working for the biotechnology com-
pany Genentech, used DNA cloning to transfer the
gene for somatotrophin, one of the human growth
hormones, into Escherichia coli. The bacteria acquired
the ability to make somatotrophin, showing that the
DNA that had been transferred did indeed contain
the human gene. The purpose of this experiment was
to develop a means of using bacteria to produce the
large amounts of somatotrophin needed for its clini-
cal use in the treatment of growth defects, and it is
rightly looked on as one of the major breakthroughs
in the development of the biotechnology industry. The
fact that it also finally laid to rest the question about
the chemical nature of the genetic material, first asked
some 75 years earlier, went unnoticed.
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FIGURE 2.20 Capillary gel electrophoresis. (A) capillary gel (B) electrophoresis of chain-terminated
(A) A capillary gel. (B) The principle behind DNA molecules

separation of DNA molecules by capillary i i
gel electrophoresis. During electrophoresis,
the DNA molecules become separated
according to their lengths, the shortest ones
moving most quickly through the gel. The molecules become separated
molecules therefore form a series of bands according to length

in the capillary tube.

load molecules to the top of the capillary

capillary,
50-80 cm longest
in length

gel, ——
0.1 mm diameter

shortest

most quickly and the longer ones the slowest. By the time they get to the
end of the capillary they have formed bands, each band containing the
molecules that are one nucleotide longer than those in the preceding band
(Figure 2.20B).

Each of the four dideoxynucleotides emits a fluorescent signal of a different
wavelength. A fluorescence detector is therefore used to identify which of
the four dideoxynucleotides is present in each band. By identifying whether
the dideoxynucleotide isan A, a C, a G, or a T, the detector is able to build up
the DNA sequence of the cloned fragment nucleotide by nucleotide (Figure
2.21). The sequence can be printed out for examination by the operator, or
entered directly into a storage device for future analysis.

(A) ddA . ddC . ddNTPs - each emits a
ddT . ddG different fluorescent signal

sequencing reactions,
fractionation of products

s ddT .
s ddA .
s ddA .
s ddG
s ddC .

s ddC . detector
e ddG

=3 imaging system

L J

fluorescent bands
move past the detector

FIGURE 2.21 Reading the sequence
generated by a chain termination
experiment. (A) Each dideoxynucleotide (B)

emits a different fluorescent signal. During CACCGCATCGAAATTAACTTCCAAAGTTAAGCTTGG
electrophoresis, the chain-terminated
molecules move past a fluorescence
detector, which identifies which
dideoxynucleotide is present in each band.
The information is passed to the imaging
system. (B) A DNA sequencing printout.
The sequence is represented by a series of
peaks, one for each nucleotide position. In
this example, a red peakis an A, blueisaC,
orangeisaG,and greenisaT.




QUESTIONS AND PROBLEMS

As mentioned above, a maximum of about 750 bp of sequence can be
obtained in a single experiment. Automated sequencers with multiple cap-
illaries working in parallel can read up to 96 different sequences in a 2-hour
period, which means that 864,000 bp of information can be generated per
machine per day. This, of course, requires round-the-clock technical sup-
port, with robotic devices used to prepare the sequencing reactions and
to load the chain-terminated molecules into the sequencers. If such a fac-
tory approach can be established and maintained, then the data needed to
sequence DNA molecules that are millions of base pairs in length can be
generated in just a few weeks.

KEY CONCEPTS

e The structure of DNA reveals how genes are able to play their dual roles
as units of biological information and as units of inheritance.

e DNA is a polymer in which the individual units are called nucleotides.
There are four different nucleotides, usually referred to as A, C, G, and
T, the abbreviations of their full chemical names. Nucleotides can be
linked together in any order.

¢ The sequence of nucleotides in a DNA molecule is a language made up
of the four letters A, C, G, and T. The biological information contained in
a gene is written in this language.

e The double-helix structure reveals how DNA molecules are able to repli-
cate. The two strands of the double helix are held together by hydrogen
bonds, in such a way that A can base-pair only with T and G can pair
only with C. This means that if the two polynucleotides in a DNA mol-
ecule are separated, then two perfect copies of the parent double helix
can be made as the sequences of these preexisting strands dictate the
sequences of new complementary strands.

e There are variations of the double-helix structure, called A-, B-, and
Z-DNA. B-DNA is the most common type in the cell.

e Modern techniques of DNA sequencing are able to read the order of
nucleotides in DNA molecules. Only a short sequence, of up to 750 bp,
can be obtained in a single experiment, but automated systems enable
many experiments to be carried out at once.

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

3’-OH terminus chain termination dideoxynucleotide
5'-P terminus clone library DNA cloning
B-N-glycosidic bond competent DNA ligase
adenine complementary DNA polymerase
A-form contigs DNA sequence
antiparallel cytochemistry DNA sequencing
base pairing cytosine gene expression
B-form deoxyribonuclease genetic code

capillary gel electrophoresis deoxyribonucleic acid genetic material
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guanine paper chromatography
hydrogen bond pentose

major groove phosphodiester bond
minor groove plasmid

model building polyacrylamide
molecular approach polymer

monomer polynucleotide
nucleoside primer

nucleotide protease
oligonucleotide purine

Self-study Questions

2.1
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.14

Draw the structure of a nucleotide.

What are the complete chemical names of the
four nucleotides found in DNA molecules?

Draw a fully annotated diagram of the
structure of a short DNA polynucleotide
containing each of the four nucleotides.

Explain why the two ends of a polynucleotide
are chemically distinct.

Outline the two major types of experimental
analysis that laid the foundations for the
deduction of the structure of DNA by Watson
and Crick.

What are the important features of the
double-helix structure?

What is meant by complementary base
pairing, and why is it important?

If the sequence of one polynucleotide of a
DNA double helix is 5'-ATAGCAATGCAA-3’,
what is the sequence of the complementary
polynucleotide?

Thirty percent of the nucleotides in the DNA
of the locust are As. What are the percentage
values for: (@) T, (b) G+ C, (¢c) G, (d) C?

DNA from the fungus Neurospora crassa
has an AT content of 46%. What is the GC
content?

What are the main differences between the
A- and B-forms of DNA?

Describe how Z-DNA differs from the A- and
B-forms, and outline one possible function of
Z-DNA in living cells.

Explain how DNA provides the variability
needed by the genetic material.

Draw a diagram to illustrate the process
called template-dependent DNA synthesis.

2.16
2.17

2.19

2.20

2.21

pyrimidine

recombinant plasmid

sonication

template-dependent DNA synthesis
thymine

transforming principle

vector

X-ray diffraction pattern

Z-DNA

Explain why in the laboratory a long DNA
molecule is initially sequenced as a set of
shorter contigs.

Outline how a clone library is prepared.
Describe how a chain termination DNA
sequencing experiment is carried out.
Explain how a DNA sequence is read by
capillary gel electrophoresis.

Why did biologists originally think that
protein is the genetic material?

Outline the two experiments carried out in
the 1940s and 1950s that indicated that genes
are made of DNA.

To what extent is the statement “Genes are
made of DNA” consistent with the results of
the Avery and Hershey-Chase experiments?

Discussion Topics

2.22

2.23

2.24

2.25

Is the statement “Genes are made of DNA”
universally correct?

An A-T base pair is held together by two
hydrogen bonds and a G-C base pair by
three hydrogen bonds. In which parts of the
genome might you expect to find AT-rich
sequences?

Discuss why the double helix gained
immediate universal acceptance as the
correct structure for DNA.

The human genome has a GC content

of 40.3%. In other words, 40.3% of the
nucleotides in the genome are either G or

C. The GC contents for different organisms
vary over a wide range. The genome of the
malaria parasite, Plasmodium falciparum,
has a GC content of just 19.0%, whereas that
of the bacterium Streptomyces griseolus is
72.4%. Speculate on the reasons why the GC
contents for different species should be so
different.
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2.26  Explore the reasons why, in the early
twentieth century, some biologists thought
that genes were abstract entities invented
by geneticists to explain how biological
characteristics are passed from parents to

offspring.

2.27  InResearch Briefing 2.2, we noted that a
formal proof that human genes are made of
DNA was not obtained until 1979 when a
human DNA molecule was first transferred
into E. coli and shown to direct synthesis of

a human protein. What other experiments
could be carried out to demonstrate that DNA

is the genetic material in humans?
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Watson and Crick immediately after their
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be impossible in a living cell, especially for
the circular DNA molecules present in many
bacteria. Why was this?

2.29 A DNA polymerase builds up a new
polynucleotide by adding nucleotides one

by one to the 3’ end of the growing strand.
Enzymes that make DNA in the opposite
direction, by adding nucleotides to the

5’ end, are unknown. This fact complicates
the process by which a double-stranded DNA

molecule is replicated. Explain.
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In Chapter 2 we studied the structure of DNA and asked how this structure
enables genes to play their two roles in living cells, as units of biological
information and as units of inheritance. We learned that biological infor-
mation is encoded in the nucleotide sequence of a DNA molecule, and that
complementary base pairing enables DNA molecules to be replicated so
that copies can be passed from parents to offspring. Now we must focus
more closely on the genes themselves. Knowing that biological infor-
mation can be encoded in a nucleotide sequence is only the first step in
understanding how that information is used by the cell. To take the next
step forward we must examine the units of biological information that are
contained in individual genes.

The first question that we will address in this chapter is the most fundamen-
tal of all. What is the nature of the information contained in an individual
gene? We know that information is encoded in the form of a nucleotide
sequence, but what is this information for? Answering this question will
introduce us to gene expression, the process by which the information
contained in a gene is utilized by the cell.

The second question we address is one that puzzled the early geneticists
over a century ago. Why are the members of a species subtly different from
one another even though they all possess the same set of genes? Why,
for example, do some people have blue eyes when others have brown?
In answering this question we will discover that small alterations in the
nucleotide sequence can inactivate a gene or alter the precise nature of the
information that it contains.

Finally, we will ask why some genes are present in multiple copies. In
answering this question we will begin to understand how genes evolve.

3.1 THE NATURE OF THE INFORMATION CONTAINED
IN GENES

We know that the information contained in a gene is encoded in its nucle-
otide sequence. But what is the information for? Before we can begin to
answer this question we must take a closer look at the molecular structures
of individual genes.

Genes are segments of DNA molecules

There are many more genes in a cell than there are DNA molecules.
Humans, for example, have over 20,000 genes but only 25 different DNA
molecules. A single DNA molecule therefore carries a large number of
genes. In humans the number ranges from 37 for the shortest of the 25
DNA molecules to over 3000 for the longest. A gene is therefore a segment
of a DNA molecule.

The shortest genes are less than 100 base pairs (bp) in length, and the long-
est over 2,400,000 bp. To simplify these larger numbers we use the terms
kilobase pair (kb) for 1000 bp and megabase pair (Mb) for 1 million bp.
According to this notation the longest genes are over 2400 kb, or 2.4 Mb, in
length. But such huge genes are quite uncommon—in the human genome
the average gene length is 10 to 15 kb. The genes are separated from one
another within the DNA molecule by intergenic DNA (Figure 3.1). Again,
there is enormous variation in the actual distances between genes, but in
the human genome the average is 25 to 30 kb.

intergenic DNA

—m-—m—-“-
|

genes

FIGURE 3.1 Genes are separated from one
another by intergenic DNA.
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FIGURE 3.2 Exons and introns in a
discontinuous gene.
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FIGURE 3.3 The conventional
representation of gene expression as a
two-stage process.

Describing the range of gene lengths as between 100 bp and 2.4 Mb is
rather misleading when our focus is on the information content of individ-
ual genes. Merely stating the length difference might imply that the longest
genes contain 24,000 times as much information as the shortest, which
is not the case. This is because the lengths of many genes are inflated by
the presence within them of long tracts of DNA that do not contain any
biological information (Figure 3.2). In a discontinuous gene (also called
a split or mosaic gene) the sections containing biological information are
called exons and the intervening sequences are referred to as introns.
Discontinuous genes are common in higher organisms. More than 95% of
all human genes contain at least one intron, and the average number is
nine.

In most discontinuous genes, the introns are much longer than the exons.
In the longest genes, the introns added together make up over 90% of the
length of the gene. These genes therefore contain much less biological
information than suggested by their overall lengths. When just the exons
are considered, the longest “gene” that has so far been discovered is 103
kb, and the average length of “genes” in all organisms is about 1.2 kb. The
average unit of biological information can therefore be encoded in a nucle-
otide sequence just 1200 letters in length.

Genes contain instructions for making RNA and protein
molecules

Genes contain biological information, but on their own they are unable to
release that information to the cell. Its utilization requires the coordinated
activity of enzymes and other kinds of proteins, which participate in the
series of events that make up gene expression.

Gene expression is conventionally looked on as a two-stage process
(Figure 3.3). All genes undergo the first stage of gene expression, which is
called transcription and which results in synthesis of an RNA molecule.
Transcription is a simple copying reaction. RNA, like DNA, is a polynucle-
otide, the only chemical differences being that in RNA the sugar is ribose
rather than 2’-deoxyribose, and that the base thymine is replaced by the
base uracil (U), which, like thymine, base-pairs with adenine (Figure 3.4).
During transcription of a gene, one strand of the DNA double helix acts as

(A) a ribonucleotide

0- 0- 0-
| 1 1 5
o—t—ot—o—to—iy
il I_0
0 0 0 CH H (Ijl'
I
HHH
OH OH
(B) uracil 0
lcl
N NcH
| ]
04(\&,0"

FIGURE 3.4 The chemical differences between DNA and RNA.

(A) RNA contains ribonucleotides, in which the sugar is ribose
rather than 2’-deoxyribose. The difference is that a hydroxyl group
rather than a hydrogen atom is attached to the 2’ carbon. (B) RNA
contains the pyrimidine called uracil instead of thymine.
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FIGURE 3.5 Template-dependent RNA synthesis. The RNA molecule, DNA 3'EEETACCCAACGCAATTC I 5
shown in blue, is extended by adding nucleotides one by one to RNA AUGE—>

its 3"end. The process is very similar to template-dependent DNA > 3

synthesis, which was illustrated in Figure 2.15. l

3'ETACCCAACGCAATTC M '

'AUGGGUUG —>
a template for synthesis of an RNA molecule whose nucleotide sequence is 5 3

determined, by the base-pairing rules, by the DNA sequence (Figure 3.5).

For some genes the RNA transcript is itself the end product of gene expres-
sion. For others the transcript is a short-lived message that directs a second
stage of gene expression, called translation. During translation the RNA
molecule (called a messenger RNA or an mRNA) directs synthesis of a
protein. A protein is another type of polymeric molecule but quite different
from DNA and RNA. In a protein the monomers are called amino acids, and
there are 20 different ones, each with its own specific chemical properties.
When a protein is made by translation, its amino acid sequence is deter-
mined by the nucleotide sequence of the mRNA. Each triplet of adjacent
ribonucleotides specifies a single amino acid of the protein, the identity of
the amino acid corresponding to each triplet being set by the genetic code
(Figure 3.6).

Protein synthesis is the key to expression of biological
information

For all genes the endpoint of gene expression is synthesis of either an RNA
molecule or a protein molecule. How can this simple process enable the
information contained in the genes to specify the biological characteristics
of a living organism?

The answer lies with proteins. Proteins with different amino acid sequences
can have quite different chemical properties that enable them to play a
variety of roles (Table 3.1). Some amino acid sequences, for example,
result in fibrous proteins that give rigidity to the framework of an organism.
Collagen is an example of one of these structural proteins (Figure 3.7).
Collagen is found in the bones, tendons, and cartilage of vertebrates, mak-
ing up about 20% of the dry weight of the skeleton. Without their collagen
component, bones would be fragile and unable to support the body mass.
A second example is keratin, present in hair and feathers, and also a major
component of the exoskeleton of arthropods such as crabs. In contrast,
motor proteins have amino acid sequences that give them flexibility. They

TABLE 3.1 THE FUNCTIONAL DIVERSITY OF PROTEINS

Structural proteins Collagen, keratin

Motor proteins Myosin, dynein RNA 5'EEEAUGGGUUGCGUUAAG M 3
e

Catalytic proteins (enzymes) Hexokinase, DNA polymerase protein Met-Gly-Cys-Val-Lys —
Transport proteins Hemoglobin, serum albumin FIGURE 3.6 During translation, each
triplet of nucleotides in the RNA specifies
Storage proteins Ovalbumin, ferritin a particular amino acid, the identity of this
amino acid being set by the genetic code.
The amino acids indicated here by their
three-letter abbreviations are methionine,
glycine, cysteine, valine, and lysine.

Protective proteins Immunoglobulins, thrombin

Regulatory proteins Insulin, somatostatin, somatotrophin
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FIGURE 3.7 Part of a molecule of collagen, a structural protein. A collagen molecule is made up of three
protein polymers wrapped around each other in a triple helix. This helical arrangement gives the protein
a high tensile strength. (After D. S. Goodsell, Our Molecular Nature. New York: Springer-Verlag, 1996. With
permission from Springer Science and Business Media.)

are able to change their shape, enabling organisms to move around. The
muscle protein myosin is a motor protein, as is dynein in cilia and flagella
(Figure 3.8).

Other types of proteins have quite different functions. Enzymes are pro-
teins whose amino acid sequences enable them to catalyze the multitude
of cellular reactions that bring about the release and storage of energy and
the synthesis of new compounds (Figure 3.9). Other proteins have trans-
port functions and carry compounds around the body, the most important
in mammals being hemoglobin, which carries oxygen in the bloodstream
(Figure 3.10), and serum albumin, which transports fatty acids. Some pro-
teins help to store molecules for future use by the organism. These include
ovalbumin, which stores amino acids in egg white, and ferritin, which
stores iron in the liver. A vast range of proteins have protective functions
and guard against infectious agents and injury. Examples in mammals
are immunoglobulins and other antibodies, which form complexes with
foreign molecules (such as proteins on the surface of an invading virus),
and thrombin and other components of the blood clotting mechanism
(Figure 3.11).

There are also regulatory proteins that control cellular activities. These
include well-known hormones such as insulin, which regulates glucose
metabolism in vertebrates, and the two growth hormones somatostatin
and somatotrophin. Hormones are extracellular proteins. Although made
inside a cell they are released so they can travel around the body and con-
vey their regulatory messages to other cells (Figure 3.12). Sometimes the
message is that certain genes must be switched on and others switched
off. Proteins are therefore not just the products of gene expression. Some
of them also control the way in which biological information is released to
the cell.

Proteins can therefore provide organisms with their structure, their ability
to move, and their ability to carry out biochemical reactions. Proteins carry
compounds around the body, store those that are not immediately needed,
and protect the organism from disease. Proteins also control cellular
activities including the gene expression processes that determine which
proteins are synthesized. The units of biological information contained in

FIGURE 3.8 A single human sperm attempting to fertilize a female
egg cell. The sperm cell, shown in blue, has a long, thin flagellum,
which contains multiple copies of the motor protein called dynein.
By changing their shape, these dynein proteins generate a series of
waves that move along the flagellum from its base to its tip.

This wavelike motion propels the sperm forward, enabling it to
swim in search of the female cell. (Courtesy of Eye of Science/
Science Photo Library.)
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FIGURE 3.9 Outline of the metabolic pathways of a typical animal cell. Each dot represents
a different biochemical compound. The lines indicate the steps in the network, each of
these steps resulting in conversion of one compound into another. There are approximately
500 steps, each catalyzed by a different enzyme. The glycolysis pathway and the citric acid
cycle, which provide energy for metabolism, are shown in red. The pathways shown in black
provide substrates for energy generation or build up molecules such as amino acids and
nucleotides from smaller precursors. (Adapted from B. Alberts et al., Essential Cell Biology,
3rd ed. New York: Garland Science, 2010.)
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genes give rise to this multiplicity of function by encoding the amino acid
sequences of all the proteins that a cell is able to make. In this way, the
genes are able to specify the biological characteristics of a living organism.

The RNA molecules that are not translated into protein are also
important

FIGURE 3.10 Red blood cells, which contain
large amounts of hemoglobin and hence
are able to carry oxygen from one part of
the body to another, via the bloodstream.
(Courtesy of Power and Syred/Science

not translated into protein but instead play direct roles in the cell as RNA.  Photo Library.)

Only a small fraction of a cell’s RNA, usually no more than 4% of the total,
is messenger RNA. The vast bulk is noncoding RNA, molecules that are



CHAPTER 3: Genes

FIGURE 3.11 Representation of an
immunoglobulin protein, a type of antibody,
which forms part of the human body’s
defense against invading viruses, bacteria,
and other infectious agents.

(© http://visualscience.ru/en/, 2010.)

FIGURE 3.12 Electron micrograph showing
insulin being secreted by B-cells in the
human pancreas. (Courtesy of Lelio Orci,
University of Geneva.)

Clearly we must know what noncoding RNA does in order to fully under-
stand the nature of the biological information contained in genes.

There are relatively few genes that specify noncoding RNA, even though
noncoding RNA is much more abundant than mRNA. This is because non-
coding RNA comprises just a few types of molecule (Figure 3.13). The most
abundant of all is ribosomal RNA, or rRNA. There are only four different
rRNA molecules in humans, but together they can make up over 80% of the
total RNA in an actively dividing cell. These molecules are components of
ribosomes, the structures on which protein synthesis takes place. Transfer
RNAs, or tRNAs, are small molecules that are also involved in protein syn-
thesis, carrying amino acids to the ribosome and ensuring these are linked
together in the order specified by the nucleotide sequence of the mRNA that

extracellular space
* secretory vesicle plasma
containing insulin ~ membrane
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total RNA KEY FIGURE 3.13 The various types of RNA that are
found in living cells.

- all organisms

noncoding RNA B ot present in bacteria

coding RNA
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is being translated. Most organisms have genes for between 30 and 50 dif-
ferent tRNAs.

Ribosomal and transfer RNAs are present in all organisms. The other non-
coding RNA types are more limited in their distribution, and in particular are
absent in bacteria (see Figure 3.13). Some of these types of RNA are named
according to their locations in the cell. So, for example, there is a category
called small nuclear RNA (snRNA), which is found in the nucleus. There
are 15 to 20 different snRNAs, and most are involved in RNA splicing, the
process by which copies of introns are removed from mRNA molecules and
the exons, the parts containing biological information, are joined together.
Splicing is an essential part of the expression pathway for a discontinuous
gene because the exons have to be linked before the mRNA can be trans-
lated into a protein (Figure 3.14).

There are also small nucleolar RNAs (snoRNAs) found in the nucle-
oli, the parts of the nucleus in which rRNA is transcribed. Extra chemical
groups, such as methyl groups, must be added to rRNA molecules before
they can be assembled into ribosomes, and snoRNAs aid this process.
Finally, small cytoplasmic RNAs (scRNAs) are a diverse group includ-
ing molecules involved in the transport of secreted proteins out of the cell.

This list was thought to be complete until quite recently. Now we know
that there are two other categories of noncoding RNA whose existence
was not suspected until the 1990s. These are the microRNAs (miRNAs)
and small interfering RNAs (siRNAs). Both are involved in the control of
gene expression, and the more we find out about them the more important
they become. They cause certain mRNAs to be “silenced” so they cannot be
translated, possibly by attaching to these mRNAs through base pairing and
causing them to be degraded. We will learn more about this process, called
RNA interference, in Chapter 5.

3.2 VARIATIONS IN THE INFORMATION CONTENT OF exons
INDIVIDUAL GENES

|
N ——
It is a fundamental fact of life that not all the members of a species are iden- a
tical to one another. It is obvious to us that this is the case with humans, 1 transcription

and it is equally true for all species. initial
transcript ..-_-

How is it possible for individuals to have their own distinctive biological

characteristics when everybody has the same set of genes? Part of the dis- 1 splicing
tinctiveness might be due to environmental factors, dietary differences,
and the like, but this is only a small part of the answer. Biological charac- mRNA L

teristics are variable because the genes that code for these characteristicS  rrgURE 3.14 The mRNA of a discontinuous
are themselves variable. Our next task is to understand the molecular basis ~ gene must be spliced before it can be
of this variability. translated into protein.
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(A) round and wrinkled are the alleles of pea shape

(B) pea shape depends on sucrose content

Genetic variants are called alleles

Genetics began with systematic studies of the inheritance of variable
biological characteristics, carried out by Gregor Mendel and others from
the mid-nineteenth century onward. These early geneticists coined the
word allele to describe the variants of a biological characteristic. A good
example is the round versus wrinkled peas that Mendel studied. Here, the
biological characteristic is “pea shape,” and there are two alleles, “round”
and “wrinkled” (Figure 3.15A).

We now know that the round and wrinkled alleles are specified by two
variants of a gene involved in starch synthesis. The main biochemical dif-
ference between round and wrinkled peas is that the la tter have a higher
sucrose content, and as a consequence absorb more water while develop-
ing in the pod. When the pea reaches maturity some of this water is lost,
causing the pea to collapse and become wrinkled. Round peas, which have
less sucrose but more starch, do not take up so much water when they are
developing and so become less dehydrated when they mature. As a result
they stay round (Figure 3.15B).

The key difference between wrinkled and round peas therefore lies in
the relative amounts of sucrose and starch that they contain. This in turn
depends on the activities of a series of enzymes that in the “normal” (round)
pea convert the bulk of the sucrose into starch (Figure 3.15C). Each of these
enzymes is, of course, coded by a gene. One of these genes is called SBE!
and codes for starch branching enzyme type 1 (hence the name). In wrin-
kled peas this enzyme is absent. This means that less sucrose is converted
into starch and the pea collapses in the pod. Why is the enzyme absent?
Because in wrinkled peas an extra piece of DNA has become inserted into
the SBE! gene (Figure 3.15D). This extra piece of DNA interrupts the nucle-
otide sequence of the gene and prevents it from being expressed correctly.
As a result no starch branching enzyme type 1 is made.

FIGURE 3.15 The genetic basis of pea shape, as studied
by Mendel. (A) The two alleles of pea shape are “round”
and “wrinkled”. (B) The main biochemical difference
between round and wrinkled peas is that wrinkled
peas have a higher sucrose content. (C) The enzymes
responsible for converting sucrose into starch include
the starch branching enzymes, one of which is coded

by the SBET gene. (D) In wrinkled peas, this enzyme is
°o— Q0 — o - ° low sucrose - mature pea stays round y 9 P 4

absent because the SBET gene has become inactivated
by insertion of an extra piece of DNA.

3 N > high sucrose - mature pea loses
e o o ° water and becomes wrinkled

(C) enzymes are responsible for converting sucrose into starch

starch branching

oo oo starch synthases oo

enzymes
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sucrose linear starch branched starch
molecules molecules
(D) SBE1 gene is inactivated in wrinkled peas DNA insertion
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normal SBEI gene
- round peas

defective SBE1 gene
- wrinkled peas
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We therefore understand the molecular basis for the round and wrinkled
alleles of the pea shape characteristic. One allele, for round peas, is speci-
fied by the correct, functional copy of the gene, and the second allele, for
wrinkled peas, arises when that gene is nonfunctional. Strictly speaking,
the term “alleles” refers to the alternative forms of the biological character-
istic, not the gene variants. Scientists, like all others who use a specialized
nomenclature, sometimes tend to be lazy with commonly used terms, and
nowadays we also refer to the two versions of the gene as alleles.

There may be many variants of the same gene

Some genes come in a whole range of variant forms. To explore this added
complexity we will look at the human CFTR gene, which codes for the cystic
fibrosis transmembrane regulator protein. This is a membrane-bound pro-
tein involved in transport of chloride ions into and out of human cells. As
its name indicates, if this protein does not function correctly then the dis-
ease called cystic fibrosis might develop, characterized by inflammation
and mucus accumulation in the lungs.

The CFTR gene is 250 kb in length, but most of that size is due to 26 introns
(Figure 3.16A). If these are ignored, then the coding exons on their own
make up 4440 bp, specifying a protein that is 1480 amino acids in length—
remember that each amino acid in a protein is coded by a triplet of three
adjacent nucleotides. Three common variants of CFTR result in defective
proteins that may give rise to cystic fibrosis (Figure 3.16B). In the most
common variant three nucleotides are deleted from positions 1514, 1515,
and 1516 in the coding sequence. As a result the protein that is synthe-
sized is missing an amino acid. This small change prevents the protein
from attaching to the cell membrane, so that the protein cannot carry out
its function. Cystic fibrosis might result.

Now things become a little more complicated. There is another variant of
the CFTR gene in which the nucleotide at position 1624 is changed from a
G to a T. This is called a single nucleotide polymorphism, or SNP. The
SNP causes the mRNA to be degraded so no cystic fibrosis transmembrane
regulator protein is made. Once again the protein function is absent and
cystic fibrosis might result.

(A) structure of the human CFTR gene

-l- exons
95T oo
introns
(B) defective variants of CFTR
functional CFTR protein FIGURE 3.16 Variants of the human CFTR
gene. (A) The structure of the CFTR gene,
showing the positions of the exons and
T introns. There are 27 exons and 26 introns,

. one intron between each pair of adjacent
CFTR coding sequence exons. Some of the introns are very short

and are not clearly visible when the gene is
drawn at this scale. (B) The coding sequence

1514-1516 1624 SNP 1651 SNP of the CFTR gene—the gene minus its
deletion introns—is indicated by the blue line. The
/ \ \ normal gene gives rise to the functional
CFTR protein, as shown above the coding
+ sequence. The proteins produced by the

. N . . . three most common defective variants of
one amino acid missing - no protein is one amino acid changed - th illustrated below th di
protein does not bind made protein acts slowly € gene are lllustrated below the coding

to membrane sequence.
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Another CFTR variant has a SNP at position 1651, which does not affect the
length of the protein that is made, but changes one of the amino acids. This
alters the kinetic properties of the protein so that it now transports chloride
ions at only 4% of the rate displayed by the normal protein. Again, this can
lead to cystic fibrosis. Although the protein is still able to transport chloride
ions it does so at such a low rate that the physiological function of the pro-
tein is lost. In total, over 1400 variants of the CFTR gene that give rise to a
dysfunctional cystic fibrosis transmembrane regulator protein are known.

There are also other variants that do not affect the ability of the gene to
give rise to a functional protein. The nucleotide sequence changes present
in some of these variants result in no change in the amino acid sequence
of the protein, and in others they change it in a way that has no impact on
the protein’s function.

With a gene—protein system as complex as this, the use of the word “alle-
les” to describe the alternative forms of the biological characteristic and
the underlying gene variants can make things seem more complicated than
they are. Does the CFTR gene have two alleles (“healthy” and “cystic fibro-
sis”), or does it have 1400, the number of gene variants that can give rise to
the “cystic fibrosis” biological characteristic? Do we include the gene vari-
ants that do not affect the function of the protein, in which case there are
many more than 1400 “alleles”? To avoid these contradictions, geneticists
increasingly use the word haplotype to describe a sequence variant of a
gene. According to this nomenclature, the CFTR gene has more than 1400
haplotypes, some giving rise to the healthy allele and some to the cystic
fibrosis allele.

3.3 FAMILIES OF GENES

Since the earliest days of DNA sequencing it has been known that
multigene families—groups of genes of identical or similar sequence—
are common in many organisms. The members of these gene families
therefore encode identical or similar units of biological information. Why
do these families exist?

Multiple gene copies enable large amounts of RNA to be
synthesized rapidly

Families of identical genes are generally assumed to specify RNA mole-
cules or proteins that are needed in large quantities by the cell, continually
or at certain times, such as when the cell is dividing. Gene expression is
not an instantaneous process, and there is a limit to the rate at which the
product of an individual gene can be synthesized.

The identities of simple multigene families, ones in which all the genes
are the same, support this idea. In most organisms, there are multiple cop-
ies of the rRNA genes. The bacterium Escherichia coli, for example, has
seven copies of each of its three rRNA genes. Experiments have suggested
that five copies of each rRNA gene are needed to maintain the number of
ribosomes needed when the bacterium is dividing at its maximum rate in an
unchanging environment. Under these conditions, there may be as many
as 20,000 ribosomes in the cell. All seven gene copies are needed when the
bacterium is adapting to a new environment, presumably because adap-
tation requires the synthesis of many new proteins that were not needed
under the preexisting conditions.
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l gene duplication l gene amplification
identical genes

FIGURE 3.17 A tandem array. FIGURE 3.18 Gene duplication.

Higher organisms also have multiple copies of their rRNA genes. Inhumans,  FIGURE 3.19 Gene amplification. The new

there are about 280 copies of three of the rRNA genes, and over 2000 cop-  gene copies resulting from amplification

ies of the fourth. These copies are grouped into large clusters where many EX',St as independent molecules, rather than
o . . eing attached to one of the chromosomes.

genes are arranged head-to-tail in a tandem array (Figure 3.17). This

arrangement probably does not aid the rate at which the genes can be

transcribed, but is more a reflection of the process that led to the multiple

copies. Each cluster is thought to have evolved by multiple rounds of gene

duplication, individual genes being duplicated into two copies placed side

by side (Figure 3.18).

In some organisms, even these large numbers of gene copies are appar-
ently unable to meet the demand for ribosomes at certain times. In some
amphibians, the 450 or so copies of the rRNA genes in the genome are
increased to up to 16,000 copies by gene amplification. This involves
replication of the rRNA genes into multiple DNA copies which subsequently
exist as independent molecules not attached to the chromosomes (Figure
3.19). Gene amplification typically occurs in oocytes that are actively devel-
oping into mature egg cells.

In some multigene families the genes are active at different
stages in development

In complex multigene families, the individual gene members, although
having similar nucleotide sequences, are sufficiently different to code for
proteins with distinctive properties. These proteins are therefore able to
play slightly different roles. The flexibility provided by these families of
genes is sometimes exploited during development of the organism.

The mammalian globin genes are one of the best examples of this type of
multigene family. The globins are the blood proteins that combine to make
hemoglobin, each molecule of hemoglobin being made up of two a-type
and two B-type globin polypeptides. Both of these globin types, a and B,
exist as a family of related molecules differing from one another at just a
few amino acid positions.

In humans there are two a-like globins, a and ¢, and five B-like globins, B, ::g::‘:s ?:gggsetl:?::cﬁ'g?]i:i‘l)?z:‘:acﬁve

3, Ay, Gy, and e. These proteins are coded by two multigene families (Figure  _\ jiscarant sta ges in human development.
3.20). The genes were among the first to be sequenced, back in the late  The a; and «, genes are the only ones that
1970s. The sequence data showed that the genes in each family are similar ~ give rise to identical proteins.
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RESEARCH BRIEFING 3.1

Studying the expression profile of a gene

The human p-globin genes provide an excellent
example of differential gene expression.

A differentially expressed gene is switched on only
when the biological information that it contains is
needed. At all other times the gene is inactive. With
the B-globin genes, the differential expression pro-
file is linked to development, but other genes display
tissue specificity, being active in some cell types but
inactive in others. Identifying the expression profile
of a gene is important in many areas of genetics. In
particular, knowing in which tissues a newly discov-
ered gene is active often provides the first clue that
leads eventually to an understanding of the function
of that gene.

How can the expression profile of a gene be worked
out? The answer is to search for the presence of its
mRNA in different tissues or at different develop-
mental stages. If the gene is inactive, then it is not
transcribed into mRNA. The presence of a gene's
mRNA in a tissue sample therefore indicates that the
gene is being expressed in that tissue. We will explore
how this type of research is carried out.

A gene’s mRNA can be detected by
hybridization probing

Tissue extracts can be tested for the presence of
a particular mRNA by hybridization probing.
The basis of this technique is the ability of any two
complementary polynucleotides to form base pairs
with one another. This can occur not only between
single-stranded DNA molecules to form the DNA
double helix, but also between single-stranded RNA
molecules and between combinations of one DNA
and one RNA strand (Figure 1). The formation of
base pairs between any two polynucleotides is called
nucleic acid hybridization.

The first step in hybridization probing is to prepare
samples of RNA from the tissues being studied, and to
spot these samples onto a nylon membrane (Figure
2). The RNA in the samples becomes bound to the
membrane. To determine which samples contain a
particular mRNA, the membrane is probed with DNA
whose sequence matches that of the gene we are
interested in. This DNA could be the gene itself, or a
segment of it, purified by DNA cloning. Alternatively it
could be an oligonucleotide that has been synthesized

in the laboratory and whose sequence is the same as
a part of the gene. The probe will hybridize with any
tissue extracts that contain a complementary RNA
sequence, revealing the tissues that contain mRNA
copies of the gene.

The probe must be labeled so it can be
detected after hybridization

We need a way of being able to recognize those
samples on the membrane with which the probe
hybridizes. Before use, the probe DNA must therefore
be modified by attachment of a marker that emits a
signal that enables the bound probe to be located.
This is called labeling.

The traditional method of labeling a DNA probe is
to use radioactive phosphorus. Atoms of radioactive
phosphorus can be incorporated into the sugar-phos-
phate backbone of a DNA molecule, so that these
molecules in turn become radioactive. After being
applied to the membrane, the nonhybridized probe
molecules are washed away, leaving only those mole-
cules that are bound to RNA contained in the samples.
The location of the probe is then determined by
autoradiography, in which a sheet of X-ray-sensi-
tive film is placed over the membrane. The samples
that contain hybridized RNA are revealed as dark
spots on the film after it is developed (Figure 3).

DNA DNA RNA  RNA DNA

[ENRENNNNNN! §
>

FIGURE 1 Nucleic acid hybridization. Hybridization can occur
between any pair of complementary polynucleotides, such as two
complementary DNA molecules (left), two complementary RNAs
(center), or a gene and its mRNA (right).
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FIGURE 2 Preparing an RNA dot blot. This method is called “dot blotting” because a spot or
“dot” of RNA is “blotted” onto the membrane. After blotting, the RNA is bound tightly to the
membrane by exposure to ultraviolet radiation, which causes some of the nucleotide bases to
form covalent bonds with the membrane surface. The presence of these covalent bonds does
not affect the ability of the RNA molecules to hybridize to the probe.

The problem with radioactive labeling is that it
presents a health hazard to the experimenter, and
an environmental hazard when the waste material is
disposed. A number of methods for labeling DNA with
nonradioactive markers have therefore been devel-
oped. In one of these, molecules of the enzyme called
alkaline phosphatase are attached to the probe DNA.
After hybridization, the location of the enzyme on the
membrane is detected through its ability to degrade
a special substrate called luminol. Degradation of
luminol results in the emission of light, which can
be recorded on normal photographic film in a man-
ner similar to autoradiography. Fluorescent labels are
also popular and are used in methods such as DNA
sequencing (see Figure 2.21), but are less easy to use
with membrane-bound DNA.

Expression profiling was used to identify the
CFTR gene

In order to illustrate the importance of expression
profiling in research, we will examine how the tech-
nique was used to help identify the human CFTR gene.
This is the gene which, when defective, can give rise
to cystic fibrosis. The work was catrried out in 1989 by
geneticists at the Howard Hughes Medical Institute in
Maryland, at the University of Michigan, and at The
Hospital for Sick Children in Toronto. They had previ-
ously identified a candidate gene, one they thought
might be the one they were looking for. Expression
profiling was one of the tests that were carried out to
confirm that this was indeed the CFTR gene.

RNA extracts were prepared from various tissues from
autopsy specimens. These tissues were those of the
pancreas, lung, colon, brain, placenta, liver, adrenal
gland, testis, parotid gland, and kidney, and of nasal
polyps from the mucous membranes of the nose and
sinuses. A final RNA preparation was made from
cultured epithelial cells, which have a similar gene
expression profile to the sweat glands in the skin. The
extracts were probed with a clone of the candidate
gene, which had been radioactively labeled. When
the autoradiographs were developed, the radioactive
signals showed that the probe had hybridized mainly
with the RNA extracts from the pancreas and nasal
polyps, with weaker signals detected from the lung,
colon, cultured epithelial cells, placenta, liver, and
parotid gland. This expression profile matches the
one that we would expect for the gene that is respon-
sible for cystic fibrosis. Cystic fibrosis is usually looked
on as a lung disease because the buildup of mucus in
the lungs is the major symptom displayed by patients.
Most of this mucus is synthesized by the basal pol-
yps, and so we would expect the CFTR mRNA to be
present in nasal polyp extracts. Cystic fibrosis is also
associated with an increased secretion of mucus by
the pancreas, so again we expect the mRNA for the
CFTR gene to be present in this tissue. The expres-
sion profile therefore provided strong evidence that
the candidate gene was indeed the one responsible
for cystic fibrosis, enabling the research to begin to
focus on the possible defects that might occur in the
gene and give rise to the disease.

FIGURE 3 Typical example of an autoradiograph obtained when an RNA dot blot is probed with negative strong positive
radioactively labeled DNA. Dark spots on the autoradiograph indicate the positions of those RNA result result
samples that hybridize with the probe. These samples come from tissues that are expressing ‘

the gene contained in the probe and which therefore contain mRNA that has been transcribed &

from that gene. If the spot is very dark, then the sample contains a relatively large quantity &

of the mRNA and we can conclude that the gene is very active in that tissue. If the spot is less
dark, giving only a weak positive signal, then the conclusion is that smaller amounts of mRNA &
are present and that the gene, although active, is not being transcribed very rapidly. A negative

result is obtained when the spot contains no mRNA, showing that the gene is not switched on in

that particular tissue.

weak positive result
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FIGURE 3.21 Two genes resulting from a
recent duplication are likely to be more
similar to one another than two genes
from a more ancient duplication. The

two new genes resulting from the recent
gene duplication differ from their parent
gene at two and one nucleotide positions,
respectively. These nucleotides are shown
in orange. In contrast, the genes resulting
from the more ancient duplication differ
from their parent at five and four nucleotide
positions, respectively.

to one another, but by no means identical. In fact the nucleotide sequences
of the two most different genes in the B-type cluster, coding for the B-
and e-globins, display only 79.1% identity. Although this is similar enough
for both genes to specify a B-type globin, it is sufficiently different for the
proteins to have distinctive biochemical properties. Similar variations are
seen in the a-cluster.

Why are the members of the globin gene families so different from one
another? The answer was revealed when the expression patterns of the
individual genes were studied. It was discovered that the genes are active
at different stages in human development. For example, in the B-type clus-
ter, gene e is expressed in the early embryo, G, and A, (whose protein
products differ by just one amino acid) in the fetus, and 8 and B in the adult
(see Figure 3.20). The different biochemical properties of the resulting
globin proteins are thought to reflect slight changes in the physiological
role that hemoglobin plays during the course of human development.

The globin families reveal how genes evolve

Multigene families are thought to arise by gene duplication (see Figure
3.18). In a simple multigene family, the sequences of the gene copies stay
the same after duplication, so all the members are identical. Exactly how
this occurs is not completely understood, because our expectation is that
sequences of the individual members of a family should gradually change
over time. This is because DNA replication is not an entirely error-free
process, and because some chemicals and physical agents, such as ultra-
violet radiation, can cause DNA sequence alterations by the process called
mutation. A complex multigene family, in which the members have dif-
ferent but related sequences, is therefore the normal outcome of a series
of gene duplications.

Mutations and replication errors accumulate over time, so two members
of a gene family that have very similar sequences are likely to have arisen
from a duplication that occurred more recently than one giving rise to two
genes with less similar sequences (Figure 3.21). The pattern of gene dupli-
cations that gave rise to the genes we see today can therefore be deduced.
When we apply this logic to the B-globin family, we infer that G, and Ay are
the result of the most recent duplication, as these are the two most similar
genes in the cluster, and that g and 8 arose from the preceding duplication.

BN ATGTGCCGTAGCTGATGCT N

BN ATGTGGCGTAGCTGATACT BN ATGTGCCGTACCTGATGCT nmm

recent gene duplication

BN ATGTGCCGTAGCTGATGCT N

BN ATGAGCATTAGCTCATGCA mmmm BN ACCTGCGGTAGCAGATGCT

more ancient gene duplication
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(A) evolutionary relationships of the B-globin genes (B) evolutionary relationships within
the globin gene superfamily
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neuroglobin cytoglobin myoglobin a-globins B-globins

FIGURE 3.22 The evolutionary relationships between various human globin genes. (A) The relationships
within the B-globin family. (B) The relationships within the globin gene superfamily. MYr, million years ago.

We can take the analysis a little bit further. In Chapter 21 we will learn how
it is possible to work out the rate at which nucleotide sequence changes
accumulate in genes. This rate can be converted into a molecular clock
that enables dates to be assigned to gene duplication events. When we
apply the molecular clock to the B-globin genes we discover that the ini-
tial gene duplication that gave rise to the first two members of this family
occurred approximately 150 million years ago. The times of the subsequent
duplications can also be dated (Figure 3.22A).

If we compare not just the B-globins but the members of the o family as
well, then we can make further deductions. The first duplication giving rise
to the a-globins took place about 200 million years ago (Figure 3.22B). The
very first a- and B-globin genes appeared as a result of a duplication 450
million years ago. Even further back there were duplications that gave rise
to genes whose protein products are now synthesized in tissues other than
blood. These include neuroglobin, from the brain, myoglobin from mus-
cles, and cytoglobin, which is present in a number of tissues. Each of these
proteins is involved in oxygen binding in one way or another, similar to the
function of the a- and -globins in blood cells.

The globin gene clusters also tell us something else about the evolution of
genes. When we examine the o and B families, we see several genes whose
nucleotide sequences have changed to such an extent that they have lost
their function altogether. There are four such genes in the human o fam-
ily, called ¥ix1, Pa1, Yoz, and 6; and one, g, in the B cluster (Figure 3.23).
These are pseudogenes, a type of evolutionary relic. They are related to
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FIGURE 3.23 Pseudogenes in the human
globin gene clusters.

the other genes in their clusters and arose from them by duplication, but
since then they have acquired sequence changes that have resulted in their
loss of function. Interestingly, the 8 gene of the B cluster, which is an active
gene in humans, is a pseudogene in some other mammals, including mice
and rabbits. The gene clusters have therefore followed different evolution-
ary pathways in the lineages leading to these other species.

KEY CONCEPTS

e A gene is a segment of a DNA molecule. The shortest genes are less
than 100 bp in length, and the longest ones are over 2,400,000 bp.

e Some genes are discontinuous. The biological information that they
contain is split into sections called exons, separated by intervening
sequences called introns.

e Utilization of the biological information contained in a gene requires the
coordinated activity of enzymes and other proteins, in a series of events
referred to as gene expression.

e All genes undergo the first stage of gene expression, which is called
transcription and which results in synthesis of an RNA molecule.

e For some genes the RNA transcript is the end product of gene expres-
sion. For others the transcript is a short-lived message that directs the
second stage of gene expression, called translation, during which the
RNA molecule directs synthesis of a protein.

e Protein synthesis is the key to expression of biological information.
Proteins of different types have many different functions. By coding for
different proteins, genes are able to specify the biological characteristics
of a living organism.

e Many biological characteristics are variable because the genes that
code for these characteristics are themselves variable. The variants are
called alleles or haplotypes.

e Groups of genes of identical or similar sequence are common in many
organisms. These are called multigene families.

e In a simple multigene family all the genes are identical. Many of these
families specify RNA molecules or proteins that are needed in large
quantities by the cell. In a complex multigene family the genes have
similar sequences and code for related but slightly different proteins.
Often these genes are active at different developmental stages.

e Multigene families evolve by gene duplication. The series of gene dupli-
cations giving rise to a complex multigene family can be deduced by
making comparisons between the nucleotide sequences of the individ-
ual genes.
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QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

allele intron ribosomal RNA
autoradiography kilobase pair RNA interference
candidate gene labeling RNA splicing

complex multigene family
differential gene expression
discontinuous gene
enzyme

exon

gene amplification

gene expression

genetic code

megabase pair
messenger RNA
microRNA
molecular clock
motor protein
multigene family
mutation
noncoding RNA

simple multigene family

single nucleotide polymorphism
small cytoplasmic RNA

small interfering RNA

small nuclear RNA

small nucleolar RNA

structural protein

tandem array

haplotype nucleic acid hybridization transcription
hybridization probing pseudogene transfer RNA
intergenic DNA regulatory protein translation

Self-study Questions

3.1 What is a gene? 3.11 Give three examples of variants of the CFTR
. . gene that give rise to cystic fibrosis.

3.2 Distinguish between the terms base pair,
kilobase pair, and megabase pair. How many 3.12 Distinguish between the terms “allele” and
base pairs would there be in a gigabase pair? “haplotype.”

3.3 Why does a human gene that is 2.4 Mb in 3.13  What is the difference between a simple and
length not contain 24,000 times the amount a complex multigene family?
of information present in a gene 100 bp in ) ) )
length? 3.14 Give one example of a simple multigene

. . family in which the individual genes are

3.4 Whgt 1 t};e fdlfferenche bet.wc'een an ex}?n a}?d arranged in a tandem array. What is the
an intron If-a gene nas six Introns, then how biological purpose of this arrangement?
many exons would it have?

3.5 Outline the process by which the information 3.15  Give an example of gene amplification.
contained in a gene is used to direct synthesis ~ 3.16  Draw a diagram showing the organization of
of a protein. the human «- and B-globin gene families.

3.6 Write down the nucleotide sequences of the 3.17  Why are the members of the globin gene
messenger RNA molecules that would be families so different from one another?
transcribed from these two genes:
5'-TACCCATGATTTCCCGCGATATATATGCCTGCAATC-3' 3.18 What do comparisons between the DNA
5'-TACCCTTGGTTTCGCGCGATGTATATACCAGGAATC-3’ sequences of the human globin genes tell

. . us about the process by which these gene

3.7 Give examples of the various roles that . P yw §

) S : families evolved?
proteins play in living organisms.

3.8 What is the difference between coding and 3.19 Whiit,:ﬁethe_ Sl% el)i;alcﬁ:gf of the gene called
noncoding RNA? e B8 '

3.9 List the types of noncoding RNA found in 3.20 Sxplam hov\l/l hybrldlza'tlon pr(i)ill)mgf is used to
human cells and briefly describe the functions etermine the expression profile of a gene.
of each one. 3.21 Describe the various types of marker that can

3.10  Write a description of the molecular basis be used to label DNA molecules.
for the pea shape characteristic studied by 3.22 How was expression profiling used in

Mendel.

identification of the CFTR gene?



Discussion Topics

3.23  Discontinuous genes are common in higher
organisms but virtually absent in bacteria.

Discuss the possible reasons for this.

3.24 Eukaryotic cells expend a lot of energy in
removing introns from the transcripts of
discontinuous genes. Yet introns seem to play

no role of their own. Discuss.

3.25  What would be the implications for theories
of evolution if it were discovered that
information can flow from proteins to RNA

and thence to DNA?

3.26 There appears to be no biological reason
why a DNA polynucleotide could not be
directly translated into protein, without the
intermediary role played by mRNA. What
advantages do cells gain from the existence

of mRNA?

3.27  Scientists studying the origins of life have
proposed that RNA was the first type of
nucleic acid to evolve in the primordial soup,
with DNA appearing later. How does the

existence of mRNA fit in with this theory?
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3.28 Human cells are able to make at least 1000
different types of microRNA, and these
molecules play a central role in controlling
the expression of human genes. As there
are so many microRNAs and they are so
important, why was their existence not

suspected until the 1990s?

3.29  Expression of different versions of the a- and
B-globin genes at different developmental
stages is thought to reflect changes in the
physiological role played by hemoglobin
during human development. What are these
different physiological roles? Do you think

this theory can be defended?

3.30 In addition to expression profiling, what
methods might have been used to confirm
that the candidate CFTR gene was the

correct one?
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Transcription of DNA to RNA

In Chapter 3 we learned that the biological information contained in a gene
is encoded in its nucleotide sequence, and that this information is utilized
by the cell by the process called gene expression. The end product of gene
expression is either a noncoding RNA or a protein that has a specific func-
tion in the cell. Through synthesis of these end products the genes are able
to specify the biological characteristics of the organism.

The essential link between the biological information contained in the
genes and the characteristics of the living organism is therefore made by
the gene expression pathway. We must now turn our attention to this path-
way and examine exactly how DNA is transcribed into RNA and how mRNA
is translated into protein. As we are taking the modern, molecular approach
to genetics, we must acquire much more than a simple overview of this
process, and instead must look closely at the events that occur at each
step in gene expression. An important component of genetics research in
the twenty-first century is describing those events in greater detail—and
understanding in particular how the expression of individual genes is con-
trolled in healthy cells and how errors in the control processes might lead
to diseases such as cancer.

The details of the gene expression pathway and how it is controlled will
take up the next six chapters. The present chapter deals with the first step,
the transcription of DNA to RNA. First, however, we must look at gene
expression in outline and identify the key features of the pathway in differ-
ent types of organism.

4.1 GENE EXPRESSION IN DIFFERENT TYPES OF ORGANISM

A major challenge for a student of genetics is learning the variations in the
gene expression pathways found in different types of organism. In some
types, the pathway is much less complicated than in others. Those studying
genetics for the first time may feel a natural temptation to concentrate on
the simplest example of gene expression, as this is, obviously, the easiest
to remember. But then we would be ignoring substantial parts of the path-
way operating in humans, for example—and all other “higher” life forms,
for that matter. Genetics is not just about humans, but humans are such
important organisms, at least to us, that any serious course in genetics
must have a strong focus on humans. In this book we will not shy away
from the human complexities. To put these in context, we begin by compar-
ing the gene expression pathways for different types of organism.

There are three major groups of organisms

Traditionally, biologists have divided organisms into two groups, called
prokaryotes and eukaryotes. Prokaryotes and eukaryotes are distin-
guished by their fundamentally different cellular organization (Figure 4.1).
Prokaryotes, which include bacteria, lack an extensive cellular architecture,
and their DNA is not enclosed in a distinct structure. In contrast, the typical
eukaryotic cell is usually larger and more complex, having a membrane-
bound nucleus containing the chromosomes, and having other distinctive
membranous organelles such as mitochondria, vesicles, and Golgi bodies.

Most prokaryotes are unicellular, though in some species individual cells
can associate together to form larger structures, such as the chains of cells
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(A) prokaryotic cell
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FIGURE 4.1 The different cellular organizations of prokaryotes and
eukaryotes. (A) A typical bacterial cell. (B) An example of an animal
cell. (Adapted from B. Alberts et al., Essential Cell Biology, 3rd ed.
New York: Garland Science, 2010.)

formed by Anabaena (Figure 4.2). Eukaryotes can be unicellular or mul-
ticellular and comprise all the macroscopic forms of life such as plants,
animals, and fungi (Figure 4.3). Humans are therefore eukaryotes.

Until 1977 it was thought that all prokaryotes were more or less the same. It
was recognized that the group included a great diversity of organisms, but
the differences were thought to be variations on a theme. This assumption
has now been overturned, and it is accepted that the prokaryotes include
two distinct groups of organisms, the bacteria and the archaea. The bac-
teria comprise most of the prokaryotes that are familiar to us as people
and as scientists, such as the pathogens Mycobacterium tuberculosis, which
causes tuberculosis in humans, Vibrio cholerae, responsible for cholera, and
Escherichia coli, some strains of which can cause food poisoning but which
is more familiar to geneticists as a bacterium that is frequently studied in
the laboratory (Figure 4.4).
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FIGURE 4.2 Part of a chain of cells formed by the photosynthetic

bacterium Anabaena cylindrica. (Courtesy of David Adams,

University of Leeds.)
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FIGURE 4.3 Examples of multicellular eukaryotic species.

(A) A gray wolf, Canis lupus. (B) The Colorado potato beetle,
Leptinotarsa decemlineata. (C) Tulips. (D) Strophariaceae, a type of
fungus. (A, courtesy of U.S. Fish & Wildlife Service, John & Karen
Hollingsworth; B, courtesy of U.S. Department of Agriculture,
Scott Bauer.)

The archaea are less well known, partly because they are not widespread
in nature. They include methanogens, which live at the bottom of lakes
and other bodies of water and release methane, which they synthesize as
a metabolic by-product. Other types of archaea are confined to extreme
environments, such as hot springs where the temperature can be 60°C or
higher, brine pools and high-salt lakes such as the Dead Sea, and acidic

FIGURE 4.4 Micrograph of Escherichia coli, the species of bacteria
that is frequently studied in the laboratory. (Courtesy of Rocky
Mountain Laboratories, NIAID, NIH.)
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FIGURE 4.6 Gene expression described
as a two-step process. The first step is
synthesis of mRNA and noncoding RNA
by transcription, and the second step is
translation of the mRNA into protein.

FIGURE 4.5 An example of an extreme environment, likely to harbor
members of the archaea. The picture shows an acidic mine drainage
in Spain. (Courtesy of Carol Stoker, NASA Ames Research Center.)

streams emerging from old mining works (Figure 4.5). All of these environ-
ments are hostile to most other forms of life.

We now look on the eukaryotes, bacteria, and archaea as the three main
types of living organism, with each group displaying its own distinctive
genetic features. Of the three groups, the archaea are by far the least well
studied, and at present the gene expression pathway operating in these
organisms is not understood in detail. So we must focus our attention on
the differences in gene expression in bacteria and eukaryotes.

Gene expression is more than simply “DNA makes RNA
makes protein”

In its simplest form, gene expression can be looked on as a two-step proc-
ess, conveniently described as “DNA makes RNA makes protein.” The first
step, transcription, results in synthesis of mRNAs and noncoding RNAs,
and the second step, translation, uses the mRNAs to direct synthesis of
proteins (Figure 4.6).

genes

[ transcription 1

mRNA noncoding RNA
1 translation

protein
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For bacteria, “DNA makes RNA makes protein” is a reasonably accurate
description of the process as a whole. Its one weakness is that it implies
that the noncoding RNAs made during the first step are immediately able to
take up their functions in the cell. In reality, the primary transcripts of these
noncoding RNAs have to be cut into segments to release the functional
molecules, and additional chemical groups also have to be added to some
of them (Figure 4.7). These processing events are an important part of the
gene expression pathway for bacterial noncoding RNAs.

In eukaryotes, gene expression is much more than “DNA makes RNA
makes protein” (Figure 4.8). In eukaryotes, we place much greater empha-
sis on the start of the process, when a set of proteins, including the enzyme
that carries out transcription, is assembled on the DNA adjacent to the gene
that is going to be expressed. This preliminary step is more complicated in
eukaryotes compared with bacteria, largely because eukaryotes have more
sophisticated mechanisms for controlling the expression of individual
genes and because many of these control processes operate by regulating
the assembly of this transcription initiation complex. The same is true
for the initiation of translation, which is a second important control point
in eukaryotic gene expression, and hence is more complex than the equiv-
alent event in bacteria. This is not to suggest that gene expression is not
regulated in bacteria. It certainly is, and both transcription and translation
are controlled, but the regulatory processes in bacteria have not evolved

genes

A

initiation of
transcription

transcription initiation complex

l transcription l

mRNA noncoding RNA
1 initiation of

translation

translation
pre-initiation
complex

l translation
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FIGURE 4.7 Processing of the primary
transcripts of noncoding RNA genes.
Following transcription, the primary
transcript, or precursor RNA, is cut into
segments to release the mature, functional
RNAs. Some of these RNAs may also be
modified by addition of extra chemical
groups.

FIGURE 4.8 The more complex series of
events involved in gene expression in
eukaryotes.
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FIGURE 4.9 RNA and protein processing in
eukaryotes. On the right, we see the same
processing events for noncoding RNA as
occur in bacteria. On the left, the processing
of eukaryotic mRNAs and proteins is
illustrated. If the gene is discontinuous,
then the initial transcript is a precursor
mMRNA whose introns must be removed to
give the mature mRNA. After translation of
this mRNA, the initial protein product may
be cut into segments, and may undergo
chemical modification. Processing of mRNA
is common in eukaryotes, but virtually
unknown in bacteria because very few
bacterial genes contain introns. Protein
processing is also common in eukaryotes but
much less frequent in bacteria.

chem]cal modification

the degrees of complexity and sophistication that we see in eukaryotes.
This will become clear when we examine these regulatory mechanisms, in
both types of organism, in Chapter 9.

A second difference is that processing events are more extensive in eukary-
otes (Figure 4.9). In addition to the processing of the noncoding RNAs,
eukaryotic mRNAs must be processed to remove introns from the tran-
scripts of discontinuous genes. This is essential because the exons—the
coding segments—must be linked together before the mRNA can be trans-
lated. In eukaryotes, many proteins are also processed, some by cutting
into segments and some by post-translational chemical modification.
These modifications include addition of chemical groups ranging in size
from methyl residues (-CHaz) to large side chains made up of 5 to 10 sugar
units. As with noncoding RNA processing, these protein processing events
are an integral part of gene expression, because the end product, in this
case the protein, is not functional until after it has been processed.

Besides the synthesis of RNA and protein, we must also consider the deg-
radation, or turnover, of these molecules. Turnover is not simply a way
of getting rid of unwanted molecules. It plays an active role in controlling
gene expression by influencing the amount of an RNA or protein that is
present in the cell at any particular time.

4.2 ENZYMES FOR MAKING RNA

An enzyme that transcribes DNA into RNA is called a DNA-dependent
RNA polymerase. We can usually shorten this term to RNA polymerase
without worrying about ambiguity. There are also RNA-dependent RNA
polymerases, involved in replication of some viral RNAs, but it is usually
clear from the context which RNA polymerase is meant. RNA polymerases
are the central component of the transcription process, and before going
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any further we will therefore familiarize ourselves with the properties of holoenzyme core enzyme

these enzymes in both prokaryotes and eukaryotes. @@ e0
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The RNA polymerase of Escherichia coli comprises five subunits

Like many of the proteins involved in gene expression, an RNA polymer-
ase has to perform several tasks, as we will see when we study the events
occurring during transcription, later in this chapter. It is not surprising,
therefore, that the E. coli RNA polymerase is a large protein made up of
several different polypeptide subunits.

FIGURE 4.10 The E. coli RNA polymerase
holoenzyme and core enzyme.

Each E. coli cell contains about 7000 RNA polymerase molecules, between
2000 and 5000 of which may be actively involved in transcription at any
one time. The structure of the enzyme is described as ax3f'c, meaning that
each molecule is made up of two o subunits plus one each of §, the related
B’, and o (Figure 4.10). This version of the enzyme is called the holoen-
zyme and has a molecular mass of 480 kD. It is distinct from a second
form, the core enzyme (molecular mass 395 kD), which lacks the ¢ subu-
nit and is just axBR’. The two versions of the enzyme have different roles
during transcription, as will be described below.

Eukaryotes possess more complex RNA polymerases

All E. coli genes are transcribed by the same type of RNA polymerase
enzyme. In contrast, transcription of eukaryotic nuclear genes requires
three different RNA polymerases. These are called RNA polymerase I,
RNA polymerase II, and RNA polymerase III. The eukaryotic enzymes
are larger than the E. coli version, each being made up of 8 to 12 subunits
and having a total molecular mass in excess of 500 kD. Structurally, these
polymerases are related to one another, the three largest subunits being
similar in each enzyme and some of the smaller subunits being shared by
more than one enzyme. The three largest subunits appear to be equivalent
to the a, B, and B’ subunits of the E. coli enzyme. This has been deduced by
comparing the amino acid sequences of the subunits from E. coli and yeast
(which is a unicellular eukaryote) and by examining their exact roles dur-
ing transcription.

Although the three eukaryotic RNA polymerases have related structures,
their functions are quite distinct. Each works on a different set of genes,
with no interchangeability (Table 4.1). Most research attention has been
directed at RNA polymerase 1I, as this is the one that transcribes genes that
code for proteins and hence synthesizes mRNA. But this is not its only role
because RNA polymerase II also transcribes genes specifying the snRNAs
and miRNAs, two types of noncoding RNA.

The other two types of eukaryotic RNA polymerase synthesize only noncod-
ing RNA. RNA polymerase I transcribes a set of adjacent genes specifying
three of the four rRNA molecules present in eukaryotic ribosomes. The
fourth of these rRNAs is synthesized by RNA polymerase III, which also
transcribes genes for tRNAs, snoRNAs, and a single type of SnRNA.

TABLE 4.1 FUNCTIONS OF THE THREE EUKARYOTIC RNA POLYMERASES

RNA polymerase I 28S, 5.8S, and 18S rRNA genes
RNA polymerase II Protein-coding genes, most snRNA genes, miRNA genes

RNA polymerase IIT Genes for 5S rRNA, tRNAs, snoRNAs, U6-snRNA
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FIGURE 4.11 Two ways in which RNA
polymerases bind to their promoters.

(A) Direct attachment of the RNA polymerase
to the DNA molecule, as occurs in bacteria.
(B) Indirect attachment of the RNA
polymerase via a platform formed by a
DNA-binding protein, as occurs in

eukaryotes.
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FIGURE 4.12 The two components of an

E. coli promoter. The position at which
transcription starts is labeled “+1". The two
sequences are the consensus sequences of
the -35 box and -10 box.

4.3 RECOGNITION SEQUENCES FOR TRANSCRIPTION
INITIATION

It is essential that transcription occurs at the correct positions on a DNA
molecule. RNA polymerase enzymes must transcribe genes rather than
random pieces of DNA, and must begin transcription near the start of a
gene rather than in the middle. This means that the initial binding of an
RNA polymerase to a DNA molecule must occur at a specific position, just
in front (upstream) of the gene to be transcribed. Positions where tran-
scription should begin are therefore marked by target sequences that are
recognized either by the RNA polymerase itself or by a DNA-binding pro-
tein which, once attached to the DNA, forms a platform to which the RNA
polymerase binds (Figure 4.11).

Bacterial RNA polymerases bind to promoter sequences

In bacteria, the target sequence for RNA polymerase attachment is called
the promoter. A promoter is a short nucleotide sequence that is recog-
nized by the bacterial RNA polymerase as a point at which it should bind
to DNA in order to begin transcription. Promoters occur just upstream of
genes, and nowhere else.

The sequences that make up the E. coli promoter were first identified by
comparing the regions upstream of over 100 genes. It was assumed that
promoter sequences would be very similar for all genes and so should be
recognizable when the upstream regions were compared. These analyses
showed that the E. coli promoter is made up of two distinct components,
the -35 box and the -10 box (Figure 4.12). The latter is also called the
Pribnow box, after the scientist who first discovered it. The names refer
to the locations of the boxes on the DNA molecule relative to the position
at which transcription starts. The nucleotide at this point is labeled +1 and
is anywhere between 20 and 600 nucleotides upstream of the start of the
coding region of the gene. The spacing between the two boxes is impor-
tant, because it places the two motifs on the same face of the double helix,
facilitating their interaction with the DNA-binding component of the RNA
polymerase.

The sequence of the -35 box is described as 5'-TTGACA-3’, and that of
the -10 box as 5'-TATAAT-3'. These are consensus sequences and so
describe the “average” of all promoter sequences in E. coli. When we say
that the consensus of the -35 box is 5-TTGACA-3’, we mean that when
all known promoter sequences are examined, the first nucleotide is most
often a “T”, as is the second nucleotide, the third is most often a “G”, and so
on. This means that the actual sequence upstream of any particular gene
might be slightly different from the consensus (Table 4.2). These variations,

TABLE 4.2 SEQUENCES OF E. COLI PROMOTERS

Sequence
Promoter Er
Consensus 5'-TTGACA-3’ 5'-TATAAT-3'
Lactose promoter* 5-TTTACA-3’ 5-TATGTT-3’
Tryptophan promoter* 5"-TTGACA-3’ 5"-TTAACT-3’

*These are the promoters for the lactose and tryptophan operons, which we will study
in Chapter 9.
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FIGURE 4.13 The components of a typical promoter for a eukaryotic
RNA polymerase. The core promoter is the attachment point for

the complex of proteins containing the RNA polymerase. Most core
promoters are preceded by a series of upstream promoter elements
that play an ancillary role in initiation of transcription.

together with less well-defined sequence features around the transcription
start site and the following 50 or so nucleotides, affect the efficiency of
the promoter. Efficiency is defined as the number of productive initiations
that are promoted per second, a productive initiation being one that results
in the RNA polymerase leaving the promoter and beginning synthesis of
a full-length transcript. The exact way in which the sequence of the pro-
moter affects initiation is not known, but it is clear that different promoters
vary 1000-fold in their efficiencies. The most efficient promoters (called
strong promoters) direct 1000 times as many productive initiations as
the weakest promoters. We refer to these as differences in the basal rate
of transcript initiation.

Eukaryotic promoters are more complex

In eukaryotes, the term “promoter” is used to describe all the sequences
that are important in initiation of transcription of a gene. For some genes
these sequences can be numerous and diverse in their functions. They
include the core promoter, which is the site at which the initiation
complex containing the RNA polymerase is assembled, as well as one or
more short sequences found at positions upstream of the core promoter
(Figure 4.13). Assembly of the initiation complex on the core promoter
can usually occur in the absence of the upstream elements, but only in an
inefficient way.

Each of the three eukaryotic RNA polymerases recognizes a different type
of promoter sequence. Indeed, it is the difference between the promoters
that defines which genes are transcribed by which polymerase.

The promoters for RNA polymerase II, the enzyme that transcribes protein-
coding genes, are the most complicated, some stretching for several kb
upstream of the transcription start site (Figure 4.14). The RNA polymerase
II core promoter consists of two main segments. The first of these is the
-25 or TATA box, which has the consensus sequence 5'-TATAWAAR-3'. In

+1
= — = — -y 7 7]
...TATAWAAR... - .-YCANTYY...
50 bp TATA box Inr sequence

FIGURE 4.14 A typical promoter for a gene transcribed by RNA
polymerase II. The core promoter is made up of two segments, the
TATA box and Inr sequence. The consensus sequences of these two
segments are shown.
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(A) RNA polymerase I promoter
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FIGURE 4.15 Promoters for genes transcribed by RNA polymerases |
and Ill. (A) A typical promoter for RNA polymerase | consists of a core
promoter that spans the point where transcription will begin, and a
single upstream control element. (B) RNA polymerase Ill promoters
are variable. In this example, the core promoter is made up of two
segments located within the gene.

this sequence W indicates either A or T, either of which is equally likely to
occur at this position, and R is a purine, A or G. The second part of the core
promoter is the initiator (Inr) sequence, which is located around nucle-
otide +1. In mammals the consensus of the Inr sequence is 5'-YCANTYY-3’,
where Y is a pyrimidine, C or T, and where N is any of the four nucleotides.
Some genes transcribed by RNA polymerase 11 have only one of these two
components of the core promoter, and some, surprisingly, have neither. The
latter are called “null” genes. They are still transcribed, although the start
position for transcription is more variable than for a gene with a TATA and/
or an Inr sequence. Besides the components of the core promoter, genes
transcribed by RNA polymerase II also have various upstream sequence
elements to which regulatory proteins bind. These will be described when
we study the control of gene expression in Chapter 9.

The promoters for RNA polymerases I and III are not so complicated (Figure
4.15). RNA polymerase I promoters consist of a core promoter region span-
ning the transcription start point, between nucleotides -45 and +20, and
a sequence called an upstream control element about 100 bp further
upstream. RNA polymerase III promoters are variable, falling into at least
three categories. Two of these categories are unusual in that the important
sequences are located within the genes whose transcription they promote.
Usually these sequences span 50 to 100 bp and comprise two segments
whose sequences are similar in all promoters of a particular type, sepa-
rated by a variable region.

Some eukaryotic genes have more than one promoter

In eukaryotes, an additional level of complexity is seen with some pro-
tein-coding genes that have alternative promoters. This means that
transcription of the gene can begin at two or more different sites, giving
rise to mRNAs of different lengths.

An example is provided by the human dystrophin gene, which has been
extensively studied because defects in this gene result in the genetic dis-
ease called Duchenne muscular dystrophy. The dystrophin gene is one of
the largest known in the human genome, stretching over 2.4 Mb and con-
taining 78 introns. It has at least seven alternative promoters (Figure 4.16).
The different promoters are active in different parts of the body, such as the
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brain, muscle, and the retina, enabling different versions of the dystrophin
protein to be made in these various tissues. Presumably the biochemical
properties of these variants are matched to the needs of the cells in which
they are synthesized.

In addition to tissue-specific patterns of expression like that directed by
the alternative promoters of the dystrophin gene, alternative promoters
can also generate related versions of a protein at different stages in devel-
opment, and also can enable a single gene to direct synthesis of two or
more proteins at the same time in a single tissue. This last point indicates
that although they are usually referred to as alternative promoters, these
are, more correctly, multiple promoters, as more than one may be active
at a particular time. Indeed, this may be the normal situation for many
genes. For example, over 10,500 promoters have been shown to be active
in human fibroblast cells, but these promoters drive expression of fewer
than 8000 genes. A substantial number of genes in these cells are therefore
being expressed from two or more promoters.

4.4 INITIATION OF TRANSCRIPTION IN BACTERIA
AND EUKARYOTES

It is useful to divide the transcription process into three phases, referred to
as initiation, elongation, and termination. Of these, initiation is looked on
as the most important phase because it is a key control point in the gene
expression pathway. Regulation of transcript initiation often determines
whether or not a gene is active in a particular cell at a particular time.

In a general sense, initiation of transcription operates along the same lines
with any of the four types of RNA polymerase (Figure 4.17). The bacte-
rial polymerase and the three eukaryotic enzymes all begin by attaching,
directly or via accessory proteins, to their promoter or core promoter
sequences. Next, the resulting closed promoter complex is converted
into an open promoter complex by breakage of a limited number of base
pairs adjacent to the transcription initiation site. Finally, the RNA polymer-
ase moves away from the promoter. This last step is more complicated
than it might appear, because some attempts by the polymerase to leave

FIGURE 4.17 Generalized scheme for the events occurring

during initiation of transcription. The diagram shows initiation of
transcription by a bacterial RNA polymerase, but equivalent events
take place with each of the three eukaryotic enzymes. Attachment
of the RNA polymerase to the promoter (shown in green) is followed
by the breakage of base pairs adjacent to the transcription initiation
site (indicated by the red dot) to give the open promoter complex.
RNA synthesis then begins. Initiation of transcription is completed
by ‘promoter clearance; which occurs when the RNA polymerase has
made a stable attachment to the DNA and has begun to synthesize
a full-length transcript.

FIGURE 4.16 Alternative promoters. The
positions of seven alternative promoters
for the human dystrophin gene are shown.
Abbreviations indicate the tissue within
which each promoter is active: C, cortical
tissue; M, muscle; Ce, cerebellum; R, retinal
tissue (and also brain and cardiac tissue);
CNS, central nervous system (and also
kidney); S, Schwann cells; G, general (most
other tissues). The exons of the gene are
shown in yellow, and the introns in gray.
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FIGURE 4.18 Details of the initiation of
transcription in E. coli. The RNA polymerase
recognizes the -35 box. The breakage of
base pairs that converts the closed promoter
complex into the open complex is thought
to occur initially within the —10 box.
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the promoter region are unsuccessful and lead to truncated transcripts that
are degraded soon after they are synthesized. True completion of the initia-
tion stage of transcription therefore occurs when the RNA polymerase has
made a stable attachment to the DNA and has begun to synthesize a full-
length transcript.

Although the scheme shown in Figure 4.17 is correct in outline for all four
polymerases, the details are different for each one. We will begin with the
more straightforward events occurring in E. coli and other bacteria, and
then move on to the ramifications of initiation in eukaryotes.

The o subunit recognizes the bacterial promoter

In E. coli, a direct contact is formed between the promoter and the RNA
polymerase. The sequence specificity of the polymerase resides in its o sub-
unit. The “core enzyme,” which lacks this component, can make only loose
and nonspecific attachments to DNA.

Studies of E. coli promoters have shown that the ability of the RNA polymer-
ase to bind can be affected if changes are made to the -35 box, whereas
changes to the -10 box affect the conversion of the closed promoter com-
plex into the open form. These results have led to the model for E. coli
initiation shown in Figure 4.18, where recognition of the promoter occurs
through an interaction between the o subunit and the —35 box. This interac-
tion forms a closed promoter complex in which the RNA polymerase spans
some 80 bp of DNA, from upstream of the -35 box to downstream of the
-10 box. The closed promoter complex is converted to the open form by
the combined action of the B’ and o subunits, which break the base pairs
within the -10 box. The model is consistent with the fact that the -10 boxes
of different promoters are comprised mainly or entirely of A-T base pairs,
which are linked by just two hydrogen bonds and are therefore weaker
than G-C pairs, which have three hydrogen bonds (see Figure 2.7).

Opening up of the helix requires that contacts be made between the
polymerase and the nontranscribed strand of the gene, again with the o
subunit playing a central role. However, the o subunit is not all-important,
because it usually (but not always) dissociates soon after initiation is com-
plete, converting the holoenzyme to the core enzyme, which carries out the
elongation phase of transcription. Initially the core enzyme covers some
60 bp of the DNA, but soon after the start of elongation the polymerase
undergoes a second conformational change, reducing its footprint to just
30 to 40 bp.

Formation of the RNA polymerase II initiation complex

How does initiation of transcription in E. coli compare with the equiva-
lent processes in eukaryotes? Examining transcription by RNA polymerase
II will show us that eukaryotic initiation involves more proteins and has
added complexities.

As illustrated in Figure 4.11, an important difference between initiation of
transcription in E. coli and in eukaryotes is that eukaryotic polymerases
do not directly recognize their core promoter sequences. For genes tran-
scribed by RNA polymerase 1I, the initial contact is made by the protein
called transcription factor IID, or TFIID. This is another multisubunit
complex, made up of the TATA-binding protein (TBP) and at least twelve
TBP-associated factors, or TAFs. Structural studies of TBP show that it
has a saddlelike shape that wraps partially around the double helix, form-
ing a platform onto which the remainder of the initiation complex can be
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FIGURE 4.19 The role of the TATA-binding protein (TBP) in initiation
of transcription in eukaryotes. TBP is a dimer of two identical
subunits, shown here in brown. The protein attaches to the core
promoter, forming a platform onto which the initiation complex
can be assembled. The DNA is shown in silver—in this view we

are looking directly along the double helix. (Courtesy of Song Tan,
Pennsylvania State University.)

assembled (Figure 4.19). The TAFs assist in attachment of TBP to the TATA
box and, in conjunction with other proteins called TAF- and initiator-
dependent cofactors (TICs), possibly also participate in recognition of
the Inr sequence, especially at those promoters that lack a TATA box.

The next step results in attachment of RNA polymerase II to the complex
(Figure 4.20). This involves two more transcription factors. These are TFIIB,
which attaches to the DNA-bound TBP and forms the structure that RNA
polymerase II recognizes, and TFIIF, which binds to the RNA polymerase
and prevents it from attaching to the DNA at the wrong place. Finally, two
more transcription factors, TFIIE and TFIIH, are recruited to complete the TATA  Inr
initiation complex. TFIIH is particularly important, as it is a helicase, a type
of enzyme that is able to break the base pairs that hold the two strands of
the double helix together. This activity is needed to convert the closed pro-
moter complex into the open form.

The initiation complex must be activated before it will begin to transcribe  reryp recognizes
the DNA to which it is attached. Activation involves addition of phosphate the TATA box,
groups to the largest subunit of RNA polymerase 1I, specifically to a series ~ Possibl Inralso
of amino acids within the part of this protein referred to as the C-terminal
domain (CTD). Once these phosphates have been attached, the polymer-
ase is able to leave the initiation complex and begin synthesizing RNA. T

After departure of the polymerase, at least some of the transcription fac-

tors detach from the core promoter, but TFIID and TFIIH remain, enabling 1
re-initiation to occur without the need to rebuild the entire assembly from
the beginning. Re-initiation is therefore a more rapid process than primary
initiation, which means that once a gene is switched on, transcripts can be

initiated from its promoter with relative ease until such a time as a new set
of signals switches the gene off.

Initiation of transcription by RNA polymerases I and III

We know rather less about the way in which transcription is initiated at

RNA polymerase I and Ill promoters, but it is clear that in some respects the formation of the TFIIF/
events are similar to those seen with RNA polymerase II. One of the most initiatilon l/' RNA polymerase 1T
striking similarities is that TBP, first identified as the key promoter-locating comprex
E  TFIIE
H  TFIIH
FIGURE 4.20 Initiation of transcription by RNA polymerase Il. The
first step is attachment of transcription factor IID (TFIID) to the core
promoter. TFIID is made up of the TATA-binding protein (TBP) and
the TBP-associated factors (TAFs). TFIID recognizes the TATA box and
attaches to the DNA at that point. Additional proteins might also E H
enable the Inr sequence to be recognized as an attachment site. In

the second step, the initiation complex is completed by attachment TppiaRIiiiNaIInAM
of the RNA polymerase. This step involves at least four additional
transcription factors TFIIB, E, F, and H. Transcription begins when the
initiation complex is activated by attachment of phosphate groups
to the C-terminal domain (CTD) of the RNA polymerase. CTD of RNA polymerase 1T
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FIGURE 4.21 Initiation of transcription by (A) initiation of transcription by RNA polymerase I
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component of the RNA polymerase II initiation complex, is also involved
in initiation of transcription by the two other eukaryotic RNA polymerases.

The RNA polymerase I initiation complex is made up of the polymerase
and four additional multisubunit proteins, one of which contains TBP.
These proteins locate the core promoter and the upstream control ele-
ment and hence direct RNA polymerase I to its correct attachment point
(Figure 4.21A). Originally it was thought that the initiation complex was
built up in a stepwise fashion, but recent research suggests that RNA
polymerase I binds to its four protein partners before locating the promoter,
the entire assembly attaching to the DNA in a single step.

TBP is also a subunit of the transcription factor called TFIIIB, which is
involved in assembly of RNA polymerase III initiation complexes. The vari-
ability displayed by the promoters for this polymerase is reflected in the
processes used for assembly of the initiation complexes, a different set of
transcription factors being required for each category of promoter. TFIIIB
provides the common link by making the initial contact with the core com-
ponent of each promoter and, via its TBP subunit, providing the platform
onto which RNA polymerase Il is attached (Figure 4.21B).
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4.5 THE ELONGATION PHASE OF TRANSCRIPTION

Once successful initiation has been achieved, the RNA polymerase begins
to synthesize the transcript. Synthesis of an RNA molecule involves polym-
erization of ribonucleotide subunits (NTPs) and can be summarized as:

n(NTP) — RNA of length n nucleotides + (n - 1) (PP;)

The reaction is shown in detail in Figure 4.22. During each nucleotide addi-
tion, the B and vy phosphates are removed from the incoming nucleotide,
and the hydroxyl group is removed from the 3’ carbon of the nucleotide at

5'-P terminus
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0
0- 0- 0- i
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FIGURE 4.22 The polymerization reaction
that results in synthesis of an RNA
polynucleotide.
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FIGURE 4.23 Template-dependent RNA synthesis. The RNA
molecule, shown in blue, is extended by adding nucleotides one by
one to its 3'end.

the end of the chain. This results in loss of a pyrophosphate molecule (PPj)
for each bond formed. In transcription, the chemical reaction is modulated
by the presence of the DNA template, which directs the order in which
the individual ribonucleotides are polymerized into RNA, A base-pairing
with T or U, and G base-pairing with C (Figure 4.23). The RNA transcript
is therefore built up in a step-by-step fashion in the 5" — 3’ direction, new
ribonucleotides being added to the free 3’ end of the existing polymer.
Remember that in order to base-pair, complementary polynucleotides must
be antiparallel. This means that the transcribed strand of the gene must be
read in the 3’ — 5’ direction.

Bacterial transcripts are synthesized by the RNA polymerase
core enzyme

During the elongation stage of transcription, the bacterial RNA polymerase
is in its core enzyme form, denoted as axBR’. The ¢ subunit that has the
key role in initiation has usually left the complex at this stage. The RNA
polymerase covers about 30 to 40 bp of the template DNA, including the
transcription bubble of 12 to 14 bp, within which the growing transcript
is held to the transcribed strand of the DNA by approximately eight RNA-
DNA base pairs (Figure 4.24).

The RNA polymerase has to keep a tight grip on both the DNA template
and the RNA that it is making in order to prevent the transcription com-
plex from falling apart before the end of the gene is reached. However,
this grip must not be so tight as to prevent the polymerase from moving
along the DNA. Structural studies of actively transcribing RNA polymerase
enzymes have shown that the DNA molecule lies between the B and B’
subunits, within a trough on the enclosed surface of B’ (Figure 4.25). The
active site for RNA synthesis also lies between these two subunits, with the
nontranscribed strand of DNA looping away at this point. The RNA tran-
script extrudes from the polymerase via a channel formed partly by the B
and partly by the B’ subunit.

The polymerase does not synthesize its transcript at a constant rate.
Instead, synthesis is discontinuous, with periods of rapid elongation inter-
spersed with brief pauses during which the active site of the polymerase
undergoes a slight structural rearrangement. A pause rarely lasts longer
than 6 milliseconds, and might be accompanied by reverse movement of
the polymerase (backtracking) along the template. Pauses occur randomly
rather than being caused by any particular feature of the template DNA.
Pausing plays an important role in transcript termination, as described
below, but whether or not this is its only function is currently unknown.

All eukaryotic mRNAs have a modified 5’ end

The fundamental aspects of transcript elongation are the same in bacteria
and eukaryotes. The one major distinction concerns the precise structure

FIGURE 4.24 The E. coli transcription elongation complex. The
arrow indicates the direction in which the polymerase moves
along the DNA. In reality, the polymerase is larger than drawn here,
and covers 30-40 bp of the template DNA.
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B subunit

nontranscribed strand of DNA
loops away from the active site
RNA being synthesized

at the active site ’ "q
' L DNA leaving
the polymerase

B' subunit

SN

DNA entering RNA transcript
the polymerase leaving the polymerase

FIGURE 4.25 Synthesis of RNA within a bacterial RNA polymerase.
The B and B’ subunits of the RNA polymerase are depicted in gray,
the double helix is colored green, and the RNA transcript is blue.
The positions at which the DNA enters and leaves the complex
are marked, as is the exit point for the RNA transcript. Note how
the nontranscribed strand of the DNA molecule loops away from
the active site at which RNA is being synthesized. Compare this
depiction of the polymerase with the schematic drawing shown in
Figure 4.24.

of the 5’ end of a eukaryotic mRNA. There is usually a triphosphate group
at the 5’ end of a polynucleotide (see Figure 2.5). This applies both to DNA
polynucleotides and to the RNA molecules that are synthesized by tran-
scription. As a simple notation, we can describe the 5’ end as pppNpN ...,
where N is the sugar-base component of the nucleotide and p represents a
phosphate group.

The RNAs made by RNA polymerase II are exceptions to this rule. With
these molecules, the 5’ terminus has a more complex chemical structure
described as 7-MeGpppNpN ..., where 7-MeG is the nucleotide carrying the
modified base 7-methylguanosine. This is referred to as the cap structure,
and it is put in place soon after the RNA polymerase leaves the promoter,
before the mRNA reaches 30 nucleotides in length.

The first step in “capping” is addition of the extra guanosine to the extreme
5" end of the RNA. Rather than occurring by normal RNA polymerization,
capping involves a reaction between the 5’ triphosphate of the terminal
nucleotide and the triphosphate of a GTP nucleotide. The y phosphate of
the terminal nucleotide (the outermost phosphate) is removed, as are the 3
and y phosphates of the GTP, resulting in a 5'-5" bond (Figure 4.26A). The
reaction is carried out by the enzyme guanylyl transferase.

The second step of the capping reaction converts the new terminal gua-
nosine into 7-methylguanosine by attachment of a methyl group to
nitrogen number 7 of the purine ring, this modification catalyzed by guanine
methyltransferase. The two capping enzymes make attachments with
the RNA polymerase and it is possible that they are intrinsic components of
the transcription complex during the early stages of RNA synthesis.

The 7-methylguanosine structure is called a type 0 cap and is the most
common form in unicellular eukaryotes such as yeast. In higher eukary-
otes, including humans, additional modifications occur (Figure 4.26B).



FIGURE 4.26 The cap structure at the 5'end
of a eukaryotic mRNA. (A) Synthesis of the
type 0 cap. The nucleotide at the

5’end of the mRNA is depicted as “pppN”to
indicate that it has a terminal triphosphate.
The GTP molecule, in blue, is depicted
as“Gppp”, again indicating that it has a
triphosphate group. The type 0 cap is
synthesized in two steps. First the GTP is
attached to the terminal nucleotide, forming
a 5'-5'triphosphate linkage comprising

one phosphate from the GTP and two from
the terminal nucleotide of the mRNA. In

the second step a methyl group is added

to position 7 of the guanine base. (B) The
detailed structure of the type 0 cap. The red
stars indicate the positions where additional
methyl groups might be added to produce
the type 1 and type 2 cap structures.
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The most common of these affects what is now the second nucleotide in
the transcript, where the hydrogen of the 2'-OH group is replaced with a
methyl group. This results in a type 1 cap. If this second nucleotide is an
adenosine, then a methyl group might also be added to the NH; attached to
carbon number 6 of the purine. Finally, another 2'-OH methylation might
occur at the third nucleotide position, resulting in a type 2 cap.

All RNAs synthesized by RNA polymerase II are capped in one way or
another. This means that in addition to mRNAs, the snRNAs that are tran-
scribed by this enzyme are also capped (see Table 4.1). The cap may be
important for export of mRNAs and snRNAs from the nucleus, but its best-
defined role is in translation of mRNAs (Chapter 8).

Some eukaryotic mRNAs take hours to synthesize

The longest bacterial genes are only a few kb in length and can be tran-
scribed in a matter of minutes by the bacterial RNA polymerase, which has
a polymerization rate of several hundred nucleotides per minute. In con-
trast, RNA polymerase II can take hours to transcribe a single gene, even
though it can work at up to 2000 nucleotides per minute. This is because
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the presence of multiple introns in many eukaryotic genes means that con-
siderable lengths of DNA must be copied. For example, the transcript of the
human dystrophin gene is 2400 kb in length and takes about 20 hours to
synthesize.

The extreme length of eukaryotic genes places demands on the stability
of the transcription complex. RNA polymerase II on its own is not able
to meet these demands. When the purified enzyme is studied, its poly-
merization rate is found to be less than 300 nucleotides per minute and the
transcripts that it makes are relatively short. In the nucleus, the transcrip-
tion complex is stabilized by elongation factors, proteins that associate
with the polymerase after it has moved away from the promoter. Thirteen
elongation factors are currently known in mammalian cells. Their impor-
tance is shown by the effects of mutations that disrupt the activity of one or
another of the factors. Inactivation of the elongation factor called CSB, for
example, results in Cockayne syndrome, a disease characterized by devel-
opmental defects such as mental retardation. Disruption of a second factor,
ELL, causes acute myeloid leukemia.

4.6 TERMINATION OF TRANSCRIPTION

Current thinking views transcription as a discontinuous process, with the
polymerase pausing regularly and “making a choice” between continuing
elongation by adding more ribonucleotides to the transcript, or terminat-
ing by dissociating from the template. Which choice is selected depends on
which alternative is more favorable in thermodynamic terms. This means
that, in order for termination to occur, the polymerase has to reach a posi-
tion on the template where dissociation is more favorable than continued
RNA synthesis.

Hairpin loops in the RNA are involved in termination of
transcription in bacteria

Bacteria use two distinct strategies for transcription termination, but
a common feature of both is that the termination site is marked by an
inverted repeat in the DNA sequence. An inverted repeat is a segment
of DNA or RNA in which a sequence is followed by its reverse comple-
ment (Figure 4.27). If the two halves of the inverted repeat are separated
by a few intervening nucleotides, as is the case at a termination site, then

template strand
DNA " 51 el € (GG TAGG C bl CGCCTACC GG Ml 3
1 transcription

RNA 5" e qe—" 3'

FIGURE 4.27 An inverted repeat in a double-
stranded DNA molecule can give rise to

a hairpin loop in a single-stranded RNA
molecule.
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FIGURE 4.28 Termination at an intrinsic
terminator. (A) Synthesis of an intrinsic
terminator involves transcription of an
inverted repeat sequence followed by a
series of A nucleotides. (B) An intrinsic
terminator is thought to weaken the
DNA-RNA interaction because the presence
of the hairpin loop reduces the number of
contacts between the template DNA and the
transcript, and those contacts that are made
are via relatively weak A-U base pairs.

FIGURE 4.29 A model for termination of
transcription in bacteria. A flap structure on
the surface of the RNA polymerase could
mediate termination by responding to the
presence of the hairpin loop in the RNA that
is leaving the polymerase. Movement of the
flap might affect the positioning of amino
acids at the active site of the polymerase.
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intrastrand base pairing between the two sequence components can form
a hairpin loop in a single-stranded polynucleotide, in this case the RNA
transcript.

At about half the positions in E. coli at which transcription terminates, the
inverted repeat is followed by a run of deoxyadenosine nucleotides in the
nontranscribed strand (Figure 4.28). These are called intrinsic termina-
tors, and the hairpin loops that they specify are relatively stable, more so
than the DNA-RNA pairing that normally occurs within the transcription
bubble. This means that formation of the hairpin loop is favored, reduc-
ing the number of contacts between the template DNA and transcript, and
weakening the overall DNA-RNA interaction. The interaction is further
weakened when the run of As in the DNA is transcribed, because the result-
ing A-U base pairs have only two hydrogen bonds each, compared with
three for each G-C pair. The net result is that detachment of the transcript
is favored over continued elongation.

Structural studies suggest that it is also possible that the RNA hairpin makes
contact with a flap structure on the outer surface of the RNA polymerase 3
subunit, adjacent to the exit point of the channel through which the RNA
emerges from the complex (Figure 4.29). Movement of the flap could affect
the positioning of amino acids within the active site, possibly leading to
breakage of the DNA-RNA base pairs and termination of transcription.

The second type of bacterial termination signal is Rho-dependent. Signals
of this type usually include an inverted repeat as seen at intrinsic termina-
tors, although the hairpin that is formed is less stable and there is no run of

B subunit
\ < (, active site
l\\\' B' subunit flap structure

N

contact between the RNA
hairpin and flap structure
affects the active site
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Rho

RNA polymerase stalls
at a hairpin loop

Rho breaks the
RNA-DNA base pairs

FIGURE 4.30 Rho-dependent termination.
Rho follows the RNA polymerase along the
transcript. When the polymerase stalls at a
hairpin, Rho catches up and breaks the RNA-
DNA base pairs, releasing the transcript.

As in the transcribed strand of the DNA. Termination requires the activity
of a protein called Rho, which attaches to the transcript and moves along
the RNA toward the polymerase. If the polymerase continues to synthesize
RNA, then it keeps ahead of the pursuing Rho, but at the termination signal
the polymerase stalls (Figure 4.30). Exactly why has not been explained,
but presumably the hairpin loop that forms in the RNA is responsible in
some way. The result is that Rho is able to catch up. Rho is a helicase,
which means that it actively breaks base pairs, in this case between the
DNA and the transcript, resulting in termination of transcription.

Eukaryotes use diverse mechanisms for termination
of transcription

The three eukaryotic RNA polymerases each use different mechanisms
for transcript termination. With RNA polymerase I, termination involves a
DNA-binding protein that attaches to the DNA at a recognition sequence
located 12 to 20 bp downstream of the point at which transcription ter-
minates (Figure 4.31). Exactly how the bound protein causes termination
is not known, but a model in which the polymerase becomes stalled
because of its blocking effect has been proposed. Even less is known about
RNA polymerase III termination. A run of adenosines in the template is
implicated, but the process does not involve a hairpin loop and so is not
analogous to the intrinsic termination system in bacteria.

With RNA polymerase II, termination is accompanied by addition of a series
of adenosine nucleotides, called the poly(A) tail, to the 3’ end of the mRNA
that is being synthesized (Figure 4.32). These adenosines are not tran-
scribed from the DNA—there is no equivalent run of deoxythymidines in
the transcribed DNA strand—but instead are added by a DNA-independent
RNA polymerase called poly(A) polymerase. This polymerase does not
act at the extreme 3’ end of the transcript, but at an internal site which is
cleaved to create a new 3’ end to which the poly(A) tail is added. In mam-
mals, this polyadenylation site is located between 10 and 30 nucleotides

RNA polymerase I

DNA-binding
protein

polymerase is blocked by DNA-binding protein

FIGURE 4.31 A possible scheme for
termination of transcription by RNA
polymerase I. In this model, the polymerase
becomes stalled because its progress is
blocked by the presence of the
DNA-binding protein.

mRNA poly(A) tail
5' e A AAAAAAAAAAAA 3

FIGURE 4.32 A eukaryotic mRNA has a
poly(A) tail at its 3"end.
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FIGURE 4.33 Polyadenylation of a eukaryotic
mRNA. The mRNA is cut at a position
between 10 and 30 nucleotides downstream
of a signal sequence, and the poly(A) tail
added at this polyadenylation site.

signal sequence
mRNA }
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l mRNA is cut downstream of the signal sequence
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downstream of a signal sequence, almost always 5'-AAUAAA-3' (Figure
4.33). Most genes have more than one polyadenylation site, which means
that termination can occur at different positions, resulting in mRNAs
with identical coding properties but with distinctive 3’ ends. The differ-
ent polyadenylation sites appear to be used in different tissues, suggesting
that alternative polyadenylation could be an important mechanism for
establishing tissue-specific patterns of gene expression.

The signal sequence is the binding site for a multisubunit protein called
the cleavage and polyadenylation specificity factor (CPSF). CPSF
attaches to the polymerase complex during initiation of transcription, and
by riding along the template with RNA polymerase II it is able to bind to
the signal sequence as soon as it is transcribed, initiating the polyadenyla-
tion reaction. It has been suggested that the nature of the contact between
CPSF and the polymerase changes when the poly(A) signal sequence is
located, and that this change alters the properties of the elongation com-
plex so that termination becomes favored over continued RNA synthesis.
As a result, transcription stops soon after the poly(A) signal sequence has
been transcribed.

KEY CONCEPTS

e There are three main types of living organism. These are eukaryotes,
bacteria, and archaea.

e Gene expression is sometimes described as “DNA makes RNA makes
protein,” but in reality is more complicated than this, especially in
eukaryotes. Additional steps include the processing of the initial RNAs
and proteins into their functional forms, and the turnover of these
molecules.

e The enzymes that carry out transcription are called DNA-dependent
RNA polymerases. Bacteria have just one type of RNA polymer-
ase, but eukaryotes have three, each transcribing a different set of
genes. Protein-coding genes in eukaryotes are transcribed by RNA
polymerase II.

e Transcription must initiate at the correct positions on a DNA mole-
cule, so that genes are transcribed rather than random pieces of DNA.



QUESTIONS AND PROBLEMS

Positions where transcription should begin are marked by sequences
called promoters, which are recognized either by the RNA polymerase
itself or by a DNA-binding protein that forms a platform to which the
RNA polymerase binds.

e The promoters for RNA polymerase Il comprise a core element to which
the RNA polymerase attaches, and various upstream sequences that are
involved in regulation of transcription initiation.

e Initiation of transcription involves opening up a short stretch of the DNA
to form an open promoter complex, followed by the start of RNA syn-
thesis and movement of the RNA polymerase away from the promoter
region.

e AnRNA polymerase does not synthesize its transcript at a constant rate.
Instead, synthesis is discontinuous, with periods of rapid elongation
interspersed with brief pauses of 6 milliseconds or less.

e All transcripts that are made by RNA polymerase 1I have a chemical
modification called the cap structure at the 5’ end.

e In order for termination to occur, the RNA polymerase has to reach a
position on the template where dissociation is more favorable than con-
tinued RNA synthesis.

e Termination of transcription by RNA polymerase II is accompanied by

attachment of a poly(A) tail to the 3’ end of the transcript.

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

alternative polyadenylation

alternative promoter

archaea

backtracking

bacteria

basal rate of transcript initiation

C-terminal domain

cap structure

cleavage and polyadenylation
specificity factor

closed promoter complex

CoNnsensus sequence

core enzyme

core promoter

DNA-dependent RNA polymerase

elongation factor

eukaryote

guanine methyltransferase

guanylyl transferase

helicase

holoenzyme

initiator sequence

intrinsic terminator

inverted repeat

open promoter complex

poly(A) polymerase

poly(A) tail

polyadenylation site

post-translational chemical
modification

Pribnow box

processing

prokaryote

promoter

Rho-dependent terminator

RNA-dependent RNA polymerase

RNA polymerase

RNA polymerase I

RNA polymerase II

RNA polymerase III

strong promoter

TAF- and initiator-dependent
cofactors

TATA-binding protein

TATA box

TBP-associated factor

transcription bubble

transcription factor IID

transcription initiation complex

turnover

type 0 cap

type 1 cap

type 2 cap

upstream

upstream control element
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Self-study Questions

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.11

Describe the distinguishing features of
prokaryotic and eukaryotic cells. What are
the names given to the two distinct groups
of prokaryotes, and what are the differences
between them?

Why is “DNA makes RNA makes protein”
not a good description of gene expression in
eukaryotes?

What is the difference between a DNA- and
an RNA-dependent RNA polymerase? Which
type is involved in transcription?

Distinguish between the core and
holoenzyme versions of the E. coli RNA
polymerase. What are the roles of the two
versions in transcription?

What are the roles of the three eukaryotic
RNA polymerases?

Define the term “promoter.” Draw annotated
diagrams to illustrate the structures of the
promoters for the three eukaryotic RNA
polymerases and for the E. coli enzyme.

Propose a suitable consensus for the
following set of sequences:

ATAGACATA
ATAGCCATT
ATACACTTA
AGAGAGAAT
ATAGACATA
TTTGACATT
ATAAATATA

What is the link between the sequence of
an E. coli promoter and the basal rate of
transcription for the gene transcribed from
that promoter?

Give an example of a human gene that is
under the control of alternative promoters.

Explain the roles of the two components
of the E. coli promoter during initiation of
transcription. Be sure to make clear the
difference between the closed and open
versions of the promoter-RNA polymerase
complex.

What is the role of the o subunit during
promoter recognition in E. colr?

Write an essay on assembly of the RNA
polymerase II initiation complex. As part of
your essay, compile a table giving the names
of the main proteins or groups of proteins

4.16

4.17

4.18

4.19

4.20

involved in assembly of this complex, along
with a summary of the role of each one.

What is the importance of the C-terminal
domain of RNA polymerase 11?7

How does TATA-binding protein provide a
link between the initiation processes of all
three eukaryotic RNA polymerases?

Draw a detailed diagram of the chemical
reaction involved in the synthesis of RNA
from individual nucleotides.

Outline the important features of the
elongation phase of transcription in E. coli.

Describe the series of events that result in
capping of a eukaryotic mRNA.

What are the roles of the elongation factors
during eukaryotic transcription?

Explain what is meant by an “inverted
repeat.”

Which of the following RNA molecules would
be able to form a hairpin structure?

5’ -ACGUUUGGCAGUCCAAACU-3"
5’ -AGCUAGCUACAGCUAGCUUUGUGAGCUAGCUUGUG-3 "
5’ -GGCUAGGUCGAAACGACCUAGCC-3"

4.21

4.22

4.23

Distinguish between the events that are
thought to occur during transcription
termination at intrinsic and Rho-dependent
terminators.

Outline our current knowledge regarding
termination of transcription by RNA
polymerases I and I1I.

Draw a series of diagrams to illustrate how a
eukaryotic mRNA becomes polyadenylated.

Discussion Topics

4.24

4.25

4.26

Post-translational chemical modification
can alter the function of a protein. Does
this contravene the dogma that biological
information is encoded in genes?

Some species of bacteria possess more than
one o subunit. For instance, Bacillus subtilis
(a bacterium able to produce spores) has at
least four. What might be the role of these
additional o subunits?

With some types of virus, transcription of the
host’s genes ceases shortly after infection.
All the cell's RNA polymerase enzymes start
transcribing the virus genes instead. Suggest
events that might underlie this phenomenon.
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4.27  Construct a hypothesis to explain why

eukaryotes have three RNA polymerases. Can

your hypothesis be tested?

4.28  Speculate on the reasons why the TATA-
binding protein is involved in initiation of
transcription by each of the three eukaryotic
RNA polymerases.
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Types of RNA Molecule:
Messenger RNA

Transcription, as described in Chapter 4, results in synthesis of RNA mol-
ecules whose nucleotide sequences are set, according to the base-pairing
rules, by the sequences of the genes from which they are copied. These RNA
molecules can be grouped into two categories, messenger RNA (mRNA)
and noncoding RNA. Messenger RNA is transcribed from protein-coding
genes and so undergoes the second stage of gene expression, translation.
It therefore acts as the intermediate between a gene and its protein prod-
uct. Noncoding RNA includes a variety of transcripts that do not code for
proteins but instead play roles in the cell as RNA molecules. Now we must
look at these two types of RNA in more detail, mRNA in this chapter, and
noncoding RNA in the next.

Geneticists now use the word transcriptome to refer to the mRNA content
of a cell. This is a useful term that helps us to move away from think-
ing about the expression of individual genes and instead to consider the
coordinated activity of groups of genes. In particular, by studying transcrip-
tomes rather than individual mRNAs, researchers have been able to make
important discoveries about the way in which gene expression patterns
change when a cell becomes cancerous. Our initial objective in this chapter
will therefore be to understand how transcriptomes are studied.

We must also understand the processes that determine the composition
of a transcriptome. These involve more than simply the synthesis of new
mRNAs by transcription. The degradation of existing mRNAs is equally
important. This is an area of research that has moved rapidly forward over
the last few years thanks to the discovery in eukaryotes of new types of
noncoding RNA that participate in the breakdown of mRNAs that are no
longer needed.

The processes that influence the composition of a eukaryotic transcriptome
also include splicing, the mechanism by which introns are removed from
the transcripts of discontinuous genes and the exons “spliced” together.
Splicing was initially looked on as a necessary but not particularly exciting
process, but that view changed with the discovery that many genes can
follow alternative splicing pathways. These different pathways enable
a single primary transcript to give rise to different mRNAs containing dif-
ferent combinations of exons and, of course, specifying different proteins
(Figure 5.1). The particular splicing pathways that are operational in a cell
greatly influence the composition of that cell’s transcriptome. We must
therefore look at splicing in some detail.

Finally, the composition of a transcriptome can be influenced by processes
that change the nucleotide sequences of existing mRNAs. We will examine
these processes, which are called RNA editing, at the end of this chapter.
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FIGURE 5.1 Alternative splicing enables a
gene to specify more than one protein.
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FIGURE 5.2 Gliadin proteins accumulate
within the endosperm of a wheat seed.
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5.1 TRANSCRIPTOMES

Although some geneticists like to think of the transcriptome as all of the
RNA in a cell, including the noncoding component, the term was origi-
nally used in 1997 to describe just the mRNA, and this is the definition that
we will adopt. It is the most useful definition because the mRNA, although
making up less than 4% of the total RNA in most cells, is the most sig-
nificant component because it specifies the proteins that the cell is able to
synthesize. A transcriptome therefore provides the link between the genes
present in a cell and the proteins that the cell makes, which in turn deter-
mines the cell’s biochemical capabilities.

Even in the simplest organisms such as bacteria and yeast, many genes
are active at any one time. Transcriptomes can therefore contain copies of
hundreds, if not thousands, of different mRNAs. Usually, each mRNA makes
up only a small fraction of the transcriptome as a whole, with the most
common mMRNA in the transcriptome rarely contributing more than 1% of
the total. Exceptions are those cells that have highly specialized biochem-
istries, which are reflected by transcriptomes in which one or a few mRNAs
predominate. Wheat seeds are an example. The cells in the endosperm of
wheat seeds synthesize large amounts of the gliadin proteins, which accu-
mulate in the dormant grain and provide a source of amino acids for the
germinating seedling (Figure 5.2). Within the developing endosperm, the
gliadin mRNAs can make up as much as 30% of the transcriptomes of cer-
tain cells.

The important features of a transcriptome are therefore the identities of
the mRNAs that it contains, and their relative amounts. We will therefore
begin by examining how the mRNAs in a transcriptome can be identified
and quantified.

Transcriptomes are studied by microarray analysis

There are several ways of characterizing a transcriptome, but the most fre-
quently used method is called microarray analysis. A microarray is a small
slip of glass or silicon, typically 2 cm by 2 c¢cm, containing a large number
of different DNA molecules absorbed on to the surface in an ordered array
(Figure 5.3). These molecules are usually short oligonucleotides up to about
125 nucleotides in length, each of which has been chemically synthesized
at its appropriate position in the microarray. With the latest technology it is
possible to squeeze half a million sites onto a single microarray, each site
containing multiple copies of a particular oligonucleotide.

The sequences of the oligonucleotides in an array match the sequences of
the genes in the organism whose transcriptome is being studied. As most
genes are much longer than 125 bp, the oligonucleotides are clearly not
complete gene copies, but their sequences are designed so that each one
is unique to an individual gene. The sequence of the oligonucleotide is
present only in that one gene, and not in any others.

How does a microarray carrying gene-specific sequences help us to identify
and quantify the mRNAs in a transcriptome? The answer is quite simple.
Any two polynucleotides whose sequences are complementary will attach

FIGURE 5.3 A microarray. Each dot indicates a position at which a
different DNA molecule has been absorbed into the surface of this
glass or silicon chip.
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FIGURE 5.4 Nucleic acid hybridization. A
short oligonucleotide is shown hybridized to
a longer DNA or RNA molecule.

to one another by base pairing (Figure 5.4). This means that an mRNA can
hybridize to a copy of the gene from which it was transcribed, or to a short
oligonucleotide whose sequence matches a part of that gene. An mRNA
could therefore hybridize to the surface of a microarray, but only at a posi-
tion containing oligonucleotides whose sequences match the gene from
which it was transcribed.

Now that we understand the principle we can move on to some of the tech-
nical details. Messenger RNAs are easily degraded and so can be difficult
to handle in the laboratory. To avoid this problem, mRNA is rarely applied
directly to a microarray. Instead, DNA copies are made, using an RNA-
dependent DNA polymerase called reverse transcriptase (Figure 5.5).
This copying reaction is carried out in the test tube. The mRNA is extracted
from the cells and mixed with the enzyme and each of the four deoxynu-
cleotides. One of these nucleotides is chemically modified so that it emits a
fluorescent signal. This modification does not affect the ability of the nucle-
otide to be incorporated into the DNA molecules that are being made, but it
means that these molecules are labeled—they give off fluorescent signals.

The DNA copy of the transcriptome is now applied to the microarray. The
positions at which hybridization occurs can easily be located by scanning
with a fluorescence detector (Figure 5.6). These positions indicate which
genes hybridize to components of the transcriptome, and hence identify
the mRNAs in the transcriptome. The relative amounts of the different
mRNAs in the transcriptome can also be worked out, because abundant
MRNAs give rise to more intense fluorescent signals.

Transcriptome analysis has been important in cancer studies

Microarray analysis and other methods for studying transcriptomes have
been responsible for many advances in genetics over the last 10 years.
Perhaps the most important of these have been the new insights it has
given into the changes in gene expression that occur during cancer.

Cancer is a group of diseases characterized by uncontrolled cell division.
Cancers are often described according to the part of the body they affect,
and we are all familiar with terms such as “lung cancer” or “colon cancer.”
This classification hides the fact that a single tissue can be affected by differ-
ent types of cancer, and understanding which one is present in a patient is

FIGURE 5.6 Microarray analysis. The labels have been detected
on the microarray by confocal laser scanning and the intensity
converted into a pseudocolor spectrum, with red indicating the
greatest hybridization, followed by orange, yellow, green, blue,
indigo, and violet, the last representing the background level of
hybridization. (From T. Strachan, M. Abitbol, D. Davidson and
J.S. Beckman, Nat. Genet. 16: 126-132, 1997. With permission
from Macmillan Publishers Ltd.)
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FIGURE 5.5 Conversion of an mRNA into a
labeled DNA molecule. Reverse transcriptase
copies an RNA molecule into a single-
stranded DNA molecule. If one of the dNTPs
provided as substrates for DNA synthesis is
labeled, then the resulting DNA molecule
will also be labeled.
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RESEARCH BRIEFING 5.1
‘Omes

Since the 1990s, geneticists have increasingly
focused on the genome as a whole, rather than the
activity of individual genes. The genome is the entire
genetic complement of an organism, made up of one
or more lengthy DNA molecules, and comprising all
that organism’s genes and all of the DNA between
those genes. The shift of attention to genomes was
prompted by the need to understand complex physio-
logical processes such as the functioning of the brain
and the conversion of normal tissues into cancerous
ones. These processes involve the coordinated activ-
ities of many hundreds or thousands of genes, and
could not be addressed just by studying individual or
small groups of genes.

The shift from individual genes to the entire genome
has been accompanied by a similar advance in the
way we think about gene expression. The expres-
sion pathway for a single gene involves transcription
of that gene into an mRNA, followed by translation
of the mRNA into a protein (Figure 1A). Expression
of the genome as a whole is more complex. Now we
have a set of genes being transcribed into a collection
of mRNAs, possibly many thousand different ones,
which are translated into an equally large number of
different proteins. Two new terms, transcriptome
and proteome, were introduced by geneticists in the
1990s to describe these products of genome expres-
sion (Figure 1B).

(A) gene (B) genome
expression expression

gene genome

l transcription 1 transcription

mRNA transcriptome

l translation 1 translation

protein proteome

FIGURE 1 (A) Gene and (B) genome expression. The gene
expression pathway outlines how the biological information
contained in a single gene is used to direct synthesis of a single
protein molecule. The genome expression pathway describes the
process by which the entire complement of biological information
contained within the genome specifies the synthesis of the set of
proteins present in a particular cell at a particular time.

Geneticists and other biologists have become very
enthusiastic about what are loosely called 'omes,
and several new types of ‘ome, some of rather dubi-
ous usefulness, have been invented in recent years.
Understanding these jargon words can be quite dif-
ficult. We will examine exactly what we mean by
genome, transcriptome, and proteome, and then look
briefly at some of the other ‘omes that are becoming
important in modern genetics.

The genome is the entire complement of DNA
molecules in a cell

We have established that the genome is the entire
genetic complement of an organism, comprising all
that organism’s genes and all of the DNA between
those genes. In some organisms, the entire genome
is contained within a single DNA molecule. This is the
case with the bacterium Escherichia coli, whose 4377
genes are all located in a circular DNA molecule of
4639 kb.

In other organisms, the genome is divided into two or
more DNA molecules. The human genome, for exam-
ple, is made up of 24 linear DNA molecules with a
total length of approximately 3200 Mb and containing
about 20,000 genes, and a single circular molecule of
16.5 kb that carries another 37 genes. The 24 linear
molecules are contained in the chromosomes present
in the nucleus of a human cell (Figure 2). The 24 chro-
mosomes consist of the two sex chromosomes, X and
Y, and 22 others called autosomes. The vast majority
of human cells have a nucleus containing two copies
of each autosome plus a pair of sex chromosomes,
XX for females or XY for males.

The circular DNA molecule is not found in the
nucleus, but instead is located in the mitochondria,
the energy-generating organelles of human cells. This
mitochondrial genome is present in multiple copies,
about 8000 per cell, 10 or so in each mitochondrion.

Transcriptomes and proteomes

Now we will look at the RNA and protein equivalents
of the genome. The transcriptome, as we learned ear-
lier in this chapter, is sometimes defined as all of the
RNA in a cell, including the noncoding component,
but is more usefully looked on as just the mRNA. The
transcriptome is therefore the product of genome
expression, and is made up of the individual tran-
scripts of many different protein-coding genes.
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The proteome is the collection of proteins in a cell.
These are synthesized by translation of the mRNAs
present in the transcriptome and determine the cell’s
biochemical and physiological properties. We will
return to the proteome in Chapter 8 when we study
protein synthesis. In Research Briefing 8.1 we will
examine the methods used to identify the proteins in
a proteome and to make comparisons between the
proteomes of two different types of cell.

The genomic version of “DNA makes RNA makes pro-
tein” is “the genome makes the transcriptome makes
the proteome,” as summarized in Figure 1B. The
genome expression pathway therefore describes the
process by which the entire complement of biological
information contained within the genome specifies
the synthesis of the set of proteins present in a par-
ticular cell at a particular time.

Other ‘omes

What of the other ‘'omes that have proliferated in biol-
ogy since the start of the new millennium? There are
three of these that we should become familiar with.

The first is the metabolome, which is defined as the
complete collection of metabolites present in a cell
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FIGURE 2 The nuclear and mitochondrial components of the
human genome. The mitochondria are the energy-generating
organelles present in eukaryotic cells.

under a particular set of conditions. The metabolome
therefore reflects the biochemical activities occur-
ring in a cell. These activities are specified by the
proteome, so there is a clear link between genome
expression and the metabolome. Some geneticists go
so far as to look on the metabolome as the final prod-
uct of genome expression.

A metagenome is rather different. This is the collec-
tion of genomes present in an environmental sample
that contains many different organisms. The term
was first used by microbiologists, who realized that
there are many bacterial species in nature that have
never been identified because they cannot be grown
in laboratory cultures. Instead, these species have
been detected by bulk sequencing of DNA samples
prepared from different environments. One of the
first environments to be studied in this way was the
Sargasso Sea. Bacterial DNA was prepared from 1500
liters of surface water. The metagenome obtained
by sequencing this DNA contained segments of the
genomes of over 1800 species, of which 148 were
totally new. Metagenomics therefore enables us to
study the genomes of organisms that nobody has ever
seen.

Metagenomics leads us to the final ‘'ome that we will
consider. The microbiome is slightly more compli-
cated because the “-biome” part of the term comes
from ecology and refers to a community of organ-
isms occupying a single environment. A microbiome
is therefore any microbial community. It includes
the community of bacteria and other microbes that
live on the surface of and inside an animal such as a
human being. It has been estimated that the human
microbiome comprises some 10!4 bacteria and other
microbes, which is 10 times the number of the indi-
vidual's own cells in an adult body. Hundreds or
thousands of species make up the human microbiome,
and many of these species have not yet been identi-
fied. The composition of the microbiome is thought
to reflect the health status of a person. This is not just
because the presence of a pathogenic species might
lead to a gut disorder or other disease. The microbi-
ome also influences our ability to withstand infections
and to absorb certain nutrients from the food we eat.
Geneticists are attempting to use metagenomics
to characterize the human microbiome, in order to
understand how changes in the microbiome influence
our health and may be an indicator of disease.
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FIGURE 5.7 The use of microarray analysis to
identify different subtypes of breast cancer.
Close examination of these 5 microarrays
shows that the hybridization patterns are
different, indicating that the transcriptomes
for the 5 subtypes have different mRNA
compositions. The breast cancer tissue that
is being studied, whose mRNA has been
prepared and is contained in the test tube
at the top, gives the hybridization pattern
associated with the luminal A subtype.
Identification of the subtype enables

the appropriate treatment regime to be
designed for the patient.

primary tumor

cancer cells moving to
other parts of the body
via the bloodstream

FIGURE 5.8 Metastasis. Cancerous cells

from a primary tumor are shown entering
the bloodstream. They can therefore move
to other parts of the body where they may
initiate secondary tumors. (Adapted from

B. Alberts et al., Essential Cell Biology, 3rd ed.
New York: Garland Science, 2010.)

prepare mRNA from
breast cancer tissue

1 microarray analysis

basal HER2-positive luminal luminal normal-like
subtype subtype A subtype B subtype subtype

transcriptomes are diagnostic for five different breast cancer subtypes

one of the keys to treatment and possible recovery. Transcriptome analyses
have been particularly important in characterizing the different versions
of a cancer. Breast cancer, for example, can be divided into five subtypes,
each associated with different patterns of gene expression as revealed by
analysis of their transcriptomes (Figure 5.7).

Detailed examination of the breast cancer transcriptomes has also identi-
fied mRNAs that might throw light on the underlying causes of some of the
clinical features of the disease. An interesting example is the discovery that
the transcriptome of the most difficult subtype to treat contains mRNAs
more normally found in tissues that are recovering from trauma such as
wounding. These mRNAs have also been found in the more fatal types of
stomach and lung cancer. Researchers are now trying to understand how
expression of the genes for these wound response mRNAs is linked to the
aggressive nature of these particular types of cancer.

A critical factor in the potential recovery of a patient from cancer is the
avoidance of metastasis, which results in cells from one cancer spread-
ing to other places in the body and initiating new tumors (Figure 5.8). In
breast cancers, a high risk of metastasis has been associated with a specific
expression pattern for 186 genes, as revealed by examining transcriptomes
for the presence of and relative abundances of their mRNAs. Again, these
MRNA patterns are not unique to breast cancers. The same gene expres-
sion patterns are also seen in highly invasive types of lung and prostate
cancer. Other transcriptome profiles have been identified that help to pre-
dict the long-term prognosis for recovering breast cancer patients, enabling
women more likely to have a relapse to be identified at an early stage.

The composition of a transcriptome can change over time

Transcriptomes are not static. If they were then cells would not be able to
respond to changes in their environment or to signals from other cells, nor
would they be able to differentiate into specialized types during the devel-
opment of an organism. We must therefore examine how the composition
of a transcriptome can change.
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The most obvious way to change the composition of a transcriptome is to
switch on a new gene. Transcription of a gene that previously was silent
will add a new type of mRNA to the transcriptome. This is such an obvious
way of changing the mRNA content of a cell that we might imagine that it
is the key to the dynamism of transcriptomes. In fact, the ability to remove
mRNASs from the transcriptome is equally important. If mRNAs were stable,
never being degraded or being turned over only very slowly, then switch-
ing off the transcription of a gene would have no immediate effect on the
synthesis of the protein coded by that gene (Figure 5.9). The gene’s mRNA
would persist in the transcriptome even though the gene was no longer
being transcribed, and repeated rounds of translation of that mRNA would
maintain the levels of the protein coded by the gene. Turnover therefore
enables control processes that act on transcription to achieve both up- and
down-regulation of individual mRNAs.

The rate of degradation of an mRNA can be estimated by determining its
half-life in the cell. These estimates show that there are considerable
variations between and within organisms. Most bacterial mRNAs have a
half-life of only a few minutes and so are turned over very quickly. The
short half-life reflects the rapid changes in protein synthesis patterns that
are needed by an actively growing bacterium with a generation time of 20
minutes or so. Eukaryotic mRNAs are longer-lived, with half-lives of, on
average, 10 to 20 minutes for yeast and several hours for mammals.

Within individual cells the variations are almost equally striking. Some
yeast mRNAs have half-lives of only 1 minute whereas for others the figure
is more like 35 minutes. Examples of exceptionally long-lived mRNAs are
also known. For instance, globin mRNA in human reticulocytes is almost
fully stable. In these cells regulation of globin gene expression is not impor-
tant because the maximum rate of globin synthesis is required virtually all
the time. Other long-lived mRNAs are being discovered as different types of
specialized cell are studied.

There are various pathways for nonspecific mRNA turnover

Over the years, biochemists have identified a number of processes that
degrade mRNAs in bacteria or eukaryotes, but until recently all of these



(A) mode of action of a 3'=>5' exonuclease
5' I 3'

nucleotides progressively

exonuclease removes
from the 3" end

I ]
pa—

(B) degradation of a bacterial mRNA

termination hairpin

5' 3'
exonucleases cannot
get past the hairpin

endonuclease cuts
off the hairpin

—

]
—

exonucleases can now degrade the mRNA

FIGURE 5.11 The basis to mRNA surveillance.
If a transcript has been correctly synthesized
then its termination codon will be near the
3’end of the mRNA. The surveillance proteins
are able to identify if the termination codon
is in the wrong place, as might happen if the
MRNA has been incorrectly spliced. These
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FIGURE 5.10 Degradation of mRNAs in bacteria. (A) The enzymes
responsible for mRNA degradation are exonucleases that remove
nucleotides one by one from the 3’ end of the molecule.

(B) Most bacterial mRNAs have a hairpin structure near their 3'end,
which prevents progress of the exonuclease. The first step in mRNA
degradation is therefore removal of this hairpin by an endonuclease.

appeared to be nonspecific with regard to which mRNAs they targeted.
One of the most important developments in genetics over the last 10 years
has been the identification in eukaryotes of pathways that target individual
mRNAs. Through their ability to remove particular transcripts from a tran-
scriptome these pathways form a previously unrecognized mechanism for
control of gene expression. First we will look at the apparently nonspecific
pathways, and then we will focus on the newly discovered ones that target
individual mRNAs.

Studies of mutant bacteria whose mRNAs have extended half-lives have
identified a range of ribonucleases that are thought to be involved
in mRNA degradation. Most of these enzymes are exonucleases that
degrade mRNAs by removing nucleotides one by one from the 3’ end of
the molecule (Figure 5.10A). These exonucleases are unable to progress
past the hairpin structure, involved in termination of transcription, that is
present near the 3’ end of most bacterial mRNAs (see Figure 4.27), and
hence cannot gain access to the coding part of the transcript. The first step
in bacterial mRNA degradation is therefore thought to be removal of the 3’
terminal region, including the hairpin, by an endonuclease, an enzyme
able to cut internal phosphodiester bonds (Figure 5.10B). This internal cut
exposes a new 3’ end from which the exonucleases can enter the coding
region, destroying the functional activity of the mRNA.

In eukaryotes, the situation is more complicated, as several different mRNA
degradation pathways have been identified and their individual roles are not
yet fully understood. Eukaryotic mRNAs that have been incorrectly synthe-
sized, possibly because of an error during splicing, appear to be degraded
by a process called mRNA surveillance. The “surveillance” mechanism
involves a complex of proteins that scans the mRNA for the nucleotide
sequences that mark the position where translation of the mRNA should
stop. These are called termination codons, and we will look at them
more closely when we study the genetic code in Chapter 7. The termina-
tion codon should normally be near the 3’ end of the mRNA, within the
final exon if the transcript is from a discontinuous gene (Figure 5.11). If the
surveillance proteins find a termination codon in the wrong place, then the
cap structure is removed from the 5’ end of the mRNA and the molecule
degraded from this end by an exonuclease.
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FIGURE 5.12 The deadenylation-dependent decapping pathway for
degradation of an mRNA. The poly(A) tail and the cap structure are
removed and the mRNA is degraded from its 5’ end.

Eukaryotes are also able to degrade mRNAs that are no longer being
translated into protein. This system is called deadenylation-dependent
decapping. The first step is removal of the poly(A) tail, but the cap structure
is also removed and the mRNA is degraded from its 5’ end (Figure 5.12).
Whether or not a particular mRNA is degraded is probably determined by
the ability of the decapping enzyme to gain access to the cap structure,
which in turn depends on whether or not other proteins are bound to it.
Proteins are bound when an mRNA is being translated, so these “active”
mMRNAs are protected from decapping and degradation. When an mRNA
becomes inactive the binding proteins detach from the cap and the decap-
ping enzyme can gain access. This pathway is therefore able to remove
from the transcriptome those mRNAs whose translation products are no
longer needed by the cell.

Individual mRNAs in eukaryotes are degraded by the Dicer
protein

Now we turn our attention to the processes that result in the specific
degradation of individual mRNAs. These pathways were discovered by a
roundabout route. Some viruses have genomes that are made of double-
stranded RNA, or which replicate via a double-stranded RNA intermediate.
For several years it has been known that many eukaryotes possess RNA
degradation mechanisms that protect their cells from attack by these
viruses. The process is called RNA silencing or RNA interference, and
involves a ribonuclease called Dicer, which cuts the viral genomes into
short interfering RNAs (siRNAs) of 21 to 28 nucleotides in length (Figure
5.13A).

The action of Dicer inactivates the virus genome, but what if the virus
genes have already been transcribed? If this has occurred then the harm-
ful effects of the virus will already have been initiated and RNA silencing
would appear to have failed in its attempt to protect the cell from dam-
age. Remarkably, there is a second stage of the silencing process that is
directed specifically at the viral mRNAs. The siRNAs produced by cleavage
of the viral genome are separated into individual strands. One strand of
each siRNA then base-pairs to any viral mRNAs that are present in the cell.
The double-stranded regions that are formed are target sites for assembly
of the RNA-induced silencing complex (RISC), which cleaves and hence
silences the mRNAs (Figure 5.13B).

A link between silencing of viral RNAs and specific degradation of endog-
enous mRNAs was made when it was discovered that many eukaryotes
have more than one type of Dicer protein. The fruit fly, Drosophila mela-
nogaster, for example, has two Dicer enzymes. It turns out that the second
type of Dicer in Drosophila works not with viral RNAs, but with endogenous
molecules called foldback RNAs, which are coded by the fruit fly DNA and

FIGURE 5.13 RNA silencing. (A) The double-stranded RNA genome
of an invading virus is inactivated by the action of the Dicer
nuclease. (B) The single-stranded versions of the short interfering
RNAs produced by Dicer base-pair with viral mRNAs, producing
structures that are degraded by the RNA-induced silencing
complex (RISC).
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FIGURE 5.14 Synthesis of microRNAs in Drosophila.

synthesized by RNA polymerase II. The name “foldback” is given to these
RNAs because they can form intrastrand base pairs giving rise to a hairpin
structure (Figure 5.14). This hairpin can be cut by Dicer, releasing short
double-stranded molecules, each about 21 bp, called microRNAs. Each
microRNA is complementary to part of a cellular mRNA and hence base-
pairs with this target, stimulating assembly of an RISC. Attachment of the
microRNA therefore leads to cleavage and silencing of the mRNA.

Human cells are able to make up to 1000 different microRNAs. Many of
these are able to silence more than one type of mRNA, possibly because
those mRNAs all have identical target sequences, or possibly because a
precise match between microRNA and mRNA is not needed for induction
of the RISC. If a few mismatches are allowed—positions within the hybrid
where base pairs do not form (Figure 5.15)—then the range of sequences
that can be recognized by a single microRNA would be greatly increased.

Current thinking is that microRNAs silence sets of mRNAs that are no
longer needed when a cell’s environment changes or when the cell enters
a new phase of a differentiation pathway. The specific degradation of these
unwanted mRNAs, combined with the addition of new mRNAs by switch-
ing on of new genes, enables the composition of the transcriptome to be
altered to meet the new demands being placed on the cell.

5.2 REMOVAL OF INTRONS FROM EUKARYOTIC mRNAS

In bacteria the mRNA molecules that are translated are direct copies of the
genes from which they are transcribed. In eukaryotes the situation is differ-
ent, as many mRNAs are coded by discontinuous genes, ones that contain
introns (see Figure 3.2). Transcription produces a faithful copy of the gene,
so if the gene contains introns then the initial transcript includes copies
of these. These introns must be excised from the transcript and the exons
joined together in the correct order before the transcript can function as a
mature mRNA. This process is called splicing.

Splicing occurs in the nucleus. This is evident when the RNA fractions
present in the nucleus and cytoplasm are compared. The nucleus can be
divided into two regions, the nucleolus, in which ribosomal RNA genes
are transcribed, and the nucleoplasm, where other genes, including
those for mRNA, are transcribed. The nucleoplasmic RNA fraction is called
heterogeneous nuclear RNA or hnRNA, the name indicating that it is
made up of a complex mixture of RNA molecules, many over 20 kb in length.
The mRNA in the cytoplasm is also heterogeneous, but its average length
is only 2 kb. If the mRNA in the cytoplasm is derived from hnRNA, then evi-
dently the primary transcripts are being shortened before the mRNA leaves
the nucleus (Figure 5.16).

The existence of introns as noncoding segments within genes was not sus-
pected until 1977, when DNA sequencing was first used on a large scale.
Initially it was thought that hnRNA was converted to mRNA simply by trim-
ming the ends of the molecules. The discovery of introns prompted a great

FIGURE 5.15 Mismatches in the hybrid formed between a microRNA
and an mRNA.
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deal of research aimed at describing the splicing process, and although
this research continues, a fairly complete picture was available by 2000.
Another layer of complexity was then added with the realization that many
genes can follow alternative splicing pathways, enabling a single gene to
code for more than one protein product. Research since 2000 has focused
on mapping the alternative pathways for individual genes, and attempting
to understand how the choice is made between them.

We begin by examining how introns are removed from transcripts, and we
will then look at what is currently known about alternative splicing.

Intron-exon boundaries are marked by special sequences

When introns were first discovered, it was immediately realized that there
must be a very precise mechanism for recognizing the boundary between
an exon and an intron and cutting the RNA at this position. An error of one
nucleotide in either direction would make it impossible for the mRNA to
be translated into its correct protein product (Figure 5.17). Research was
therefore directed at understanding how splice sites are recognized.

As more and more genes were sequenced it became clear that in the
vast majority of cases, the first two nucleotides of the intron sequence
are 5'-GU-3’" and the last two 5'-AG-3’ (Figure 5.18). As intron sequences
started to accumulate in the databases it was further realized that the
GU-AG motifs are merely parts of longer consensus sequences that span
the 5’ and 3’ splice sites. These consensus sequences vary in different types
of eukaryote. In vertebrates they can be described as

5'-AGIGUAAGU-3’
5'-PyPyPyPyPyPyNCAGI -3’

In these designations, Py is one of the two pyrimidine nucleotides (U or
C), N is any nucleotide, and the arrow indicates the exon-intron boundary.

5’ splice site:

3’ splice site:

exon-intron boundary

5' I AGUAAGAGCUAUGAGGAGCUUAGGAUGAGGUAAGUAAUAGUGAGCAGCAGCAUGCAGCUC nummmmmn 3'

cut must be made here,
and not any other position

FIGURE 5.16 Size comparisons between
hnRNA and mRNA indicate that mRNA
molecules are shortened before leaving the
nucleus.

FIGURE 5.17 The importance of precision
when making a cut at an exon-intron
boundary. The cut must be made at precisely
the position shown. An error in either
direction would result in a change in the
sequence of the mature mRNA. An mRNA
that has been incorrectly spliced in this way
would no longer be able to direct synthesis
of its protein product.
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FIGURE 5.18 Conserved sequences in
vertebrate introns. Py, pyrimidine nucleotide
(UorC).

FIGURE 5.19 Splicing in outline. The first
step is cleavage at the donor site. The
resulting free 5’ end is then attached to an
internal branch site within the intron to form
a lariat structure. The acceptor site is then
cleaved and the two exons joined together.

5 exon intron exon 3
mRNA —_—_—
5'-GU-3' 5'-PyPyPyPyPy-3' 5'-AG-3'
5' splice site polypyrimidine tract | | 3' splice site

The consensus sequence for the 3’ splice site is therefore six pyrimidines
in a row, followed by any nucleotide, followed by a C and then the AG.
Remember that these are consensus sequences. The actual sequences
might be slightly different, although the GU and AG components are almost
always present.

The sequences around these two splice sites were originally thought to be
the only regions of nucleotide similarity. It was then discovered that in the
yeast Saccharomyces cerevisiae there is another conserved sequence, con-
sensus 5'-UACUAAC-3’, located between 18 and 140 nucleotides upstream
of the 3’ splice site. Other lower eukaryotes, such as fungi, have a similar
sequence, but the motif is not present in vertebrate introns. Vertebrates do,
however, have a polypyrimidine tract in the same general region, this
tract having no clear consensus sequence but, as its name suggests, usu-
ally made up mainly of pyrimidine nucleotides (see Figure 5.18). Although
located at similar positions, the polypyrimidine tract and the 5'-UACUAAC-3’
sequence are not functionally equivalent.

The splicing pathway

Once it was understood how the splice sites could be recognized, attention
became focused on the series of events that result in excision of an intron
and linking together of the two adjacent exons.

In outline, the splicing pathway involves three steps (Figure 5.19). The first
step is cleavage at the 5’ splice site, which, because it is the first to be cut, is
sometimes called the donor site. The resulting free 5’ end is then attached
to an internal branch site within the intron to form a lariat structure. In
yeast the branch site is the last A in the UACUAAC sequence. In verte-
brates the branch site is also an A, but as vertebrate introns do not have
UACUAAC boxes it is not clear how this A is selected. The lariat is formed
by creating a phosphodiester bond between the 5’ carbon of the first nucle-
otide of the intron (the G of the GU motif) and the 2’ carbon of the internal

donor branch acceptor
site site site
5 exon intron exon 3
i o - I I - I

l
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5 exon intron exon 3 FIGURE 5.20 The roles of the snRNPs during
-_—_- splicing. To begin the splicing process,
U1-snRNP binds to a donor site. U2-snRNP
then attaches to the branch site. U1- and
' U1-snRNP U2-snRNPs move toward one another,
bringing the donor site close to the branch
v point. U5-snRNP and U4/U6-snRNP then
-_Q‘_—- attach, forming the spliceosome. The donor
) and acceptor sites are now cleaved and the
two exons joined together. Other proteins
= U2-snRNP are also involved in the splicing process,
but their roles are less clear. These include
the U2AF3 protein, which attaches to the

L 4
/ lypyrimidine tract and helps direct
=~ po _
L b U2-snRNP to the branch site.

attraction between U1-snRNP
and U2-snRNP

L 4
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U4/U6-snRNP
U5-snRNP
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b—)snRNPs
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adenosine. The 3’ splice site—the acceptor site—is then cleaved and the
two exons joined together. The intron is released as the lariat structure,
which is subsequently converted back to linear RNA and degraded.

The splicing reaction is carried out by a set of RNA-protein complexes
called small nuclear ribonucleoproteins (snRNPs). Each of these con-
tains several proteins and one or two of the noncoding snRNAs. There are
a number of different snRNAs in vertebrate nuclei, not all of them involved
in splicing, the most abundant being the ones called U1, U2, U3, U4, U5,
and U6 . The U stands for “uracil-rich.” They are quite short, varying in size
from 106 nucleotides for U6 to 217 nucleotides for U3.

A splicing reaction initiates when Ul-snRNP binds to a donor site (Figure
5.20). This attachment is made, at least in part, by RNA-RNA base pairing,
as Ul-snRNA contains a sequence that is complementary to the consensus
for a donor site. U2-snRNP then attaches to the branch site, probably not
by base pairing but instead by an interaction between the branch site and
one of the proteins associated with the U2-snRNP. The Ul-and U2-snRNPs
have an affinity for each other, and this draws the donor site toward the
branch point. The other snRNPs involved in splicing (U5-snRNP and U4/
U6-snRNP) also attach themselves to the intron at this stage, resulting in a
large complex called the spliceosome. The cutting and joining reactions
that excise the intron and ligate the exons take place within the spliceo-
some. Once completed the spliceosome dissociates into its component
snRNPs and the spliced mRNA is released.
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FIGURE 5.21 Two aberrant forms of splicing.
(A) In exon skipping the aberrant splicing
results in an exon being lost from the mRNA.
(B) When a cryptic splice site is selected, part
of an exon might be lost from the mRNA, as
shown here, or if the cryptic site lies within
an intron then a segment of that intron will
be retained in the mRNA.
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It is still not clear how errors are avoided during splicing

In a chemical sense, RNA splicing is not a great challenge for the cell. It
simply involves two internal phosphodiester bonds being cut, and two new
ones being made. The difficulty lies with the topological problems. The first
of these is the substantial distance that might lie between splice sites, pos-
sibly a few tens of kb, representing 100 nm or more if the mRNA is in the
form of a linear chain. A means is therefore needed of bringing the splice
sites into proximity.

The second topological problem concerns selection of the correct splice
site. All splice sites are similar, so if a transcript contains two or more
introns then there is the possibility that the wrong splice sites could be
joined, resulting in exon skipping—the loss of an exon from the pro-
cessed mRNA (Figure 5.21A). Equally unfortunate would be selection of
a cryptic splice site, a site within an intron or exon that has sequence
similarity with the consensus motifs of real splice sites (Figure 5.21B).
Cryptic sites are present in most mRNAs and must be ignored by the
splicing apparatus.

The discovery of the GU and AG sequences at the two ends of an intron,
and the gradual piecing together of the role of snRNPs in the splicing path-
way, tell us how splicing occurs, but do not help us understand how the
necessary degree of precision is achieved so that cuts are made at exactly
the right places and nonadjacent exons are not joined together by mistake.
These aspects of splicing are still poorly understood, but it has become clear
that SR proteins are important in splice site selection. SR proteins were
first implicated in splicing when it was discovered that they are compo-
nents of the spliceosome. They appear to carry out several functions during
the earliest steps in formation of the spliceosome, the period when the cor-
rect exon-intron junctions are being identified. SR proteins also interact
with exonic splicing enhancers (ESEs), which are purine-rich sequences
located in the exon regions of a transcript. We are still at an early stage
in our understanding of ESEs and their counterparts, the exonic splicing
silencers (ESSs), but their importance in controlling splicing is clear from
the discovery that several human diseases, including one type of muscular
dystrophy, are caused by mutations in ESE sequences.

Alternative splicing is common in many eukaryotes

When introns were first discovered it was imagined that each gene would
always give rise to the same mRNA. This assumption was found to be
incorrect when it was shown that some genes can follow two or more
alternative splicing pathways, enabling the initial transcript to be proc-
essed into related but different mRNAs, these directing synthesis of related
but different proteins. In some organisms alternative splicing is uncom-
mon, only three examples being known in yeast, but in higher eukaryotes
it is much more prevalent. At least 80% of all the human genes undergo
alternative splicing.

For some genes there are just two or three alternative splicing pathways,
but others can give rise to many mRNAs. An example is provided by the
human slo gene. This gene codes for a membrane protein that regulates
the entry and exit of potassium ions into and out of cells. The gene has 35
exons, eight of which are optional and are involved in alternative splicing
(Figure 5.22). The alternative splicing pathways involve different combina-
tions of these eight optional exons, leading to over 500 distinct mRNAS,
each specifying a membrane protein with slightly different functional prop-
erties. The human slo genes are active in the inner ear and determine the
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auditory properties of the hair cells on the basilar membrane of the coch- ~ FIGURE 5.22 The human slo gene. The gene
lea. Different hair cells respond to different sound frequencies between 20 ~ comprises 35 exons, shown as boxes. The
and 20,000 Hz, their individual capabilities determined in part by the prop- f:;’ﬁ‘;’g;i:ﬁ"x: 'T”hfe":i’;?q‘: g:‘;giﬁg‘:s
erties of their Slo protgms. Alterna.tlve splicing of slo genes in cochlear hair . optional, and appear in different

cells therefore determines the auditory range of humans. combinations in different slo mRNAs. There

. L . . . are 8! = 40,320 possible splicing pathways,
Alternative splicing is also important in developmental processes in some -\ 40,320 possible mRNAs, but

organisms. We will work through an example to illustrate this and to under- o1y some 500 of these are thought to be
stand some of the strategies used to select alternative splice sites. The  synthesized in the human cochlea.
example is important because it is responsible for determining whether

Drosophila eggs develop into male or female fruit flies. The key protein that

determines sex in Drosophila is called DSX, which has a slightly different

structure in male and female fruit flies. DSX is an activator of transcription

initiation, and the male and female versions activate different sets of genes

(Figure 5.23). Those activated by the male DSX protein cause the egg to

differentiate into a male fly, and those activated by the female DSX protein

result in a female fly.

Whether the male or the female version of DSX is synthesized is deter-
mined by a three-step pathway (Figure 5.24A). The first step involves the
gene called sxI, whose transcript contains an optional exon (exon 3, in the
figure). This exon contains a stop signal for translation, so when the exon is
included in the mRNA a truncated protein is produced. In females, but not
males, the splicing pathway is such that this exon is skipped, so the mRNA
codes for a full-length, functional SXL protein.

The SXL protein, which is present and functional only in the female,
affects splicing of a second transcript, from the &ra gene of the fruit fly, by
blocking the acceptor site of that gene'’s first intron (Figure 5.24B). The
spliceosome is unable to locate this site and instead moves to a cryptic site
in exon 2. Part of this exon is therefore omitted from the female mRNA. In
this instance, cryptic site selection is not an error, but instead codes for a
functional TRA protein, which will be present only in the female.

In the final step in the pathway, the TRA protein—which is present in func-
tional form only in the female—affects splicing of the transcript of the dsx
gene (Figure 5.24C). In males, without the influence of TRA, exon 4 of this
transcript is skipped. In females, TRA stabilizes the attachment of SR pro-
teins to an ESE located within exon 4 so that this exon is retained in the
mMRNA. Exon 5 is lost in the female because the intron between exons 4
and 5 has no donor site, meaning that exon 5 cannot be ligated to the end
of exon 4. The male and female versions of the dsx mRNA therefore have

DSX protein
male ‘ fem;lle
version l version
m - m -
m - m -
m- m-
1 l FIGURE 5.23 The role of the male and female
genes that are switched on genes that are switched on versions of the DSX protein in specifying the

specify male characteristics specify female characteristics sex of a fruit fly.
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FIGURE 5.24 The series of alternative
splicing events involved in sex
determination in fruit flies. (A) The process
begins with sex-specific alternative splicing
of the sxl mRNA. In males all exons are
present in the mRNA, but this means that a
truncated protein is produced because exon
3 contains a termination codon. In females,
exon 3 is skipped, leading to a full-length,
functional SXL protein. (B) In females, SXL
blocks the acceptor site in the first intron of
the tra mRNA and directs splicing to a cryptic
splice site in exon 2. This results in an mMRNA
that codes for a functional TRA protein. In
males, there is no SXL so the acceptor site

is not blocked and a dysfunctional mRNA

is produced. (C) In males, exon 4 of the dsx
MRNA is skipped. The resulting mRNA codes
for a male-specific DSX protein. In females,
TRA stabilizes the attachment of SR proteins
to an exonic splicing enhancer located
within exon 4, so this exon is not skipped,
resulting in the mRNA that codes for the
female-specific DSX protein. The female dsx
mMRNA ends with exon 4 because the intron
between exons 4 and 5 has no donor site,
meaning that exon 5 cannot be ligated to
the end of exon 4.

(A) sex-specific alternative splicing of sxlt mRNA
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(B) SXL induces cryptic splice site selection in the tra mRNA

1 2
tra mRNA 8 N I

=
o -

[ males females
1 2 1
= = m -

N
cryptic
1 1 site
part of
1 2 1 2
s - s =

TRA not synthesized 1

@ TRA synthesized

(C) TRA induces alternative splicing of the dsx mRNA
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different compositions, the male version comprising exons 1, 2, 3, and 5,
and the female version being made up of exons 1, 2, 3, and 4. These mRNAs
specify the male and female versions of the DSX protein.

Trans-splicing links exons from different transcripts

In the examples of splicing that we have considered so far the two exons
that are joined together are both located within the same transcript. In a
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5' 3' 5' 3 FIGURE 5.25 Trans-splicing. The diagram
=l — I._— shows the SL RNA being trans-spliced onto
the 5'ends of three different target RNAs.

5' 3'
L s — o s—
SL RNA
= — 1N
target RNAs trans-spliced products

few organisms, splicing also takes place between exons that are contained
within different RNA molecules. This is called trans-splicing, and it occurs
with some genes in the nematode worm Caenorhabditis elegans, and in
trypanosomes, the protozoan parasites of vertebrates that cause sleeping
sickness in humans.

In trans-splicing, the same short segment becomes attached to the 5’
end of each member of a set of mMRNAs (Figure 5.25). The transcript that
donates this leader segment is called the spliced leader RNA (SL RNA).
In C. elegans there are two SL RNAs, SL1 and SL2, both approximately 100
nucleotides in length and each containing a 22-nucleotide sequence that is
attached to the 5’ end of the target mRNA. The splicing reaction proceeds
in a manner very similar to the standard scheme shown in Figure 5.19,
although as the splicing partners are different molecules a forked structure
is formed instead of the lariat.

The reasons for trans-splicing are mysterious. About 70% of all C. elegans
MRNASs become trans-spliced, most by the SL1 RNA, but in all cases trans-
splicing simply adds an extra segment to the leader region of the mRNA, in
front of the part that actually codes for the protein. So the protein specified
by the mRNA is unaffected by the splicing event. One possibility is that addi-
tion of the new segment is necessary before the mRNA can be translated, in
which case trans-splicing could be a means of controlling which mRNAs in
the C. elegans transcriptome can be translated at any particular time.

5.3 EDITING OF mRNAS

The final type of event that can affect the composition of a transcriptome
is RNA editing. This results in alteration of the nucleotide sequence of an
mMRNA by insertion of new nucleotides, or by deletion or changing of exist-
ing ones.

There are various types of RNA editing

RNA editing was discovered in 1986 during studies of genes located in the
mitochondria of the parasitic protozoan Trypanosoma brucei. It was real-
ized that many of these mRNAs are specified by cryptogenes—sequences
lacking some of the nucleotides present in the mature mRNAs. The initial
transcripts from these cryptogenes are processed by insertions of U nucle-
otides. The editing is quite extensive, with one or more Us being added at
a number of different positions to give rise to the functional mRNA (Figure
5.26). Specificity is controlled by guide RNAs, short RNA molecules that

5' WS GGGGAAAGAUAUUGAUGAAAAGGA mmmmm 3'

l insertion of Us

FIGURE 5.26 Editing of a Trypanosoma
5' s GUGGUGAAUUUAUUGUUUAUAUUGAUUGAUUAUAAGGUUA mmmm 3' cryptogene.
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FIGURE 5.27 The role of the guide RNAs in
cryptogene editing. A guide RNA base-pairs
to the mRNA in the region to be edited.
The A at the 3'end of the guide sequence

indicates where a U must be inserted into
the mRNA.
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FIGURE 5.28 Editing of the human
apolipoprotein-B mRNA.
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base-pair to the mRNA in the region to be edited (Figure 5.27). The guide
RNAs contain As at the positions where Us must be inserted into the mRNA
and so indicate the exact positions at which editing must take place. This
process, called pan-editing, appears to be unique to trypanosomes and
related protozoans.

Since its initial discovery, examples of mRNA editing have been found in
a variety of organisms, including humans and other mammals. The best
studied of these involves the human mRNA for apolipoprotein-B. In liver
cells this mRNA directs synthesis of a 4563-amino acid protein, called apo-
lipoprotein-B100, which is involved in lipid transport in the bloodstream.
Intestinal cells also make apolipoprotein-B, but in this case the protein is
the B48 version, which is shorter (only 2153 amino acids) and has slightly
different biochemical properties. At first it was thought that the B100 and
B48 versions were coded by different genes, but now we know that the
same gene specifies both types, the intestinal B48 protein arising by RNA
editing. What happens is that in intestinal cells a C within the mRNA is
deaminated, by removal of the -NH; group attached to carbon number 4,
converting it into uracil (Figure 5.28). This results in the triplet CAA chang-
ing into UAA, which is a signal for the termination of mRNA translation.
The consequence is that the protein coded by the edited intestinal mRNA is
shorter than that coded by the unedited mRNA present in the liver.

The cytidine deaminase enzyme that carries out the C — U transformation
locates the correct position on the mRNA by recognizing the nucleotide
sequence on either side of the editing site, specificity being ensured because
this 21-bp recognition sequence does not occur elsewhere in the apolipo-
protein-B mRNA. Equally important, the sequence appears to be absent in
other human mRNAS, so the deaminase does not edit the wrong mRNA by
mistake.

KEY CONCEPTS

e The mRNA content of the cell is referred to as the transcriptome. The
important features of a transcriptome are the identities of the mRNAs
that it contains, and their relative amounts.

e Transcriptomes contain copies of hundreds or thousands of different
mRNAs. Usually, each mRNA makes up only a small fraction of the
transcriptome. Exceptions are those cells that have highly specialized
biochemistries, which are reflected by transcriptomes in which one or a
few mRNAs predominate.

e The composition of a transcriptome can change over time. Transcription
of a gene that previously was silent will add a new type of mRNA to the
transcriptome. Turnover of mRNAs means that when a gene is switched
off its mRNA will disappear from the transcriptome.

e Most of the processes for mRNA degradation appear to be nonspecific
with regard to which mRNAs they target. An exception is the silencing
of specific eukaryotic mRNAs by a degradation pathway mediated by
microRNAs.

e Transcription produces a faithful copy of a gene, so if the gene contains
introns then the initial transcript includes copies of these. These introns
must be excised from the transcript and the exons joined together in the
correct order before the transcript can function as a mature mRNA.

e Introns are removed from mRNAs by a three-step pathway carried out by
a set of RNA-protein complexes called small nuclear ribonucleoproteins.



QUESTIONS AND PROBLEMS

e Many genes can follow two or more alternative splicing pathways,
enabling the initial transcript to be processed into related but different
mMRNAS, these directing synthesis of related but different proteins.

e The nucleotide sequence of an mRNA can be altered by RNA editing,
which involves the insertion of new nucleotides, or the deletion or alter-
ation of existing ones.

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

acceptor site

heterogeneous nuclear RNA

alternative splicing metabolome

autosome metagenome

cryptic splice site metastasis

cryptogene microRNA

deadenylation-dependent microarray analysis
decapping microbiome

Dicer mismatch

donor site mitochondrial genome

endonuclease MRNA surveillance

exon skipping

nucleic acid hybridization

exonic splicing enhancer nucleolus

exonic splicing silencer nucleoplasm
exonuclease ‘ome

foldback RNA pan-editing

guide RNA polypyrimidine tract
half-life proteome

Self-study Questions

5.1

5.2

5.3

5.4

5.5

5.6

5.7

Define the term “transcriptome.” How are a
cell’s proteome and metabolome related to its
transcriptome?

Describe how microarray analysis is used to
characterize a transcriptome. Why is mRNA
not directly applied to the microarray?

Write a short essay on the applications of
microarray analysis in studies of cancer.

Why is mRNA degradation an essential part of
the processes that enable transcriptomes to
change over time?

Describe the differences in half-life that are
seen when bacterial and eukaryotic mRNAs
are compared. What variations in half-life are
seen in individual cells and organisms?

What is the difference between an
exonuclease and an endonuclease?

Why is an exonuclease that degrades RNA
in the 3’ — 5’ direction unable to degrade a
bacterial mRNA?

5.8

5.9

5.10
5.11

5.12

reverse transcriptase
ribonuclease

RNA editing

RNA-induced silencing complex
RNA interference

RNA silencing

short interfering RNA

small nuclear ribonucleoprotein
spliced leader RNA

spliceosome

splicing

SR protein

termination codon
transcriptome

trans-splicing

Explain how termination codons are involved
in the eukaryotic RNA degradation process
called mRNA surveillance.

Describe the deadenylation-dependent
decapping pathway for degradation of
eukaryotic RNA.

What is Dicer, and what does it do?

What is the relationship between a foldback
RNA and a microRNA?

Why is it necessary to remove introns from an
MRNA before translation occurs?

Explain why geneticists were able to conclude
that splicing occurs in the nucleus.

Describe the key sequence features of intron—
exon boundaries. What additional sequences
within an intron are important in the splicing
pathway?

Give a detailed description of the series of
events involved in the RNA splicing pathway.



Your answer should explain why the donor
and acceptor sites are given those names,
and should also make a clear distinction
between the roles of different SnRNPs.

5.16  What processes are thought to ensure that
the correct splice sites are selected during
splicing?

5.17  Give an example of alternative splicing in
human cells.

5.18  Draw a detailed series of diagrams that
illustrate the role of alternative splicing in sex
determination in Drosophila.

5.19 Explain, with an example, what is meant by
“trans-splicing.”

5.20  Describe the role of the guide RNAs in

pan-editing.

5.21 Explain how RNA editing leads to synthesis
of two different versions of human
apolipoprotein-B.
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Discussion Topics

5.22  The transcriptome and proteome are looked
on as, respectively, an intermediate and the
end-product of genome expression. Evaluate
the strengths and limitations of these terms

for our understanding of genome expression.

5.23  To what extent can transcriptome studies

identify the functions of genes?

5.24  How might the length of the poly(A) tail

influence the half-life of a eukaryotic mRNA?

In addition to the GU-AG introns described in
this chapter, some eukaryotic genes include
AU-AC introns. Obtain some information

on these AU-AC introns and discuss the
similarities they display with the GU-AG
versions and how they have been used in
studies of the splicing pathway.

5.25

5.26  Discuss the questions raised by the discovery

of RNA editing.
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Types of RNA Molecule:
Noncoding RNA

Only a small fraction of a cell’'s RNA, usually no more than 4% of the total,
comprises messenger RNA. The vast bulk is made up of noncoding RNA,
molecules that are not translated into protein but instead play their roles
in the cell as RNA. A typical bacterium contains 0.05 to 0.10 pg of noncod-
ing RNA, making up about 6% of its total weight. A mammalian cell, being
much larger, contains more noncoding RNA, 20 to 30 pg in all, but this rep-
resents only 1% of the cell as a whole.

We have already met three types of noncoding RNA—siRNA, microRNA,
and snRNA—in Chapter 5, where we looked at the roles of these molecules
in mRNA degradation and RNA splicing. In this chapter our attention will be
on two additional types of noncoding RNA, called ribosomal and transfer
RNA, both of which play central roles in translation of mRNAs into pro-
tein. We will study those roles in detail in Chapters 7 and 8. First, we must
become familiar with the structures of rRNA and tRNA molecules, and we
must understand how the initial transcripts of rRNA and tRNA genes are
converted into the functional versions of these RNAs.

6.1 RIBOSOMAL RNA

Ribosomal RNA molecules are components of ribosomes, which are large,
multimolecular structures that act as factories for protein synthesis. During
this second stage in gene expression, ribosomes attach to mRNA molecules
and migrate along them, synthesizing proteins as they go (Figure 6.1).

Ribosomes are made up of rRNA molecules and proteins, and are extremely
numerous in most cells. An actively growing bacterium may contain over
20,000 ribosomes, comprising about 80% of the total cell RNA and 10% of
the total protein. Originally, ribosomes were looked on as passive partners
in protein synthesis, merely the structures on which translation occurs.
This view has changed over the years, and ribosomes are now considered
to play an active role, with one of the rRNAs catalyzing the synthesis of
bonds between amino acids, the central chemical reaction occurring dur-
ing translation.

Our understanding of ribosome structure has gradually developed over the
last 50 years as more and more powerful techniques have been applied
to the problem. We will follow through this research to see what it has
revealed.

Ribosomes and their components were first studied by density
gradient centrifugation

Originally called “microsomes,” ribosomes were first observed in the
early decades of the twentieth century as tiny particles almost beyond
the resolving power of light microscopy. In the 1940s and 1950s, the first
electron micrographs showed that bacterial ribosomes are oval-shaped,
with dimensions of 29 nm x 21 nm. Eukaryotic ribosomes are slightly
larger, varying a little in size depending on species but averaging about

FIGURE 6.1 A ribosome attaches to an mRNA molecule and
translates it into a protein.

~

ribosome
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FIGURE 6.2 Electron micrograph showing
ribosomes inside an animal cell. The
ribosomes appear as black dots, indicated
by the red arrows. Some occur free in the
cytoplasm, and others are attached to
membranes. (Courtesy of the late Professor
George Palade.)

FIGURE 6.3 Density gradient centrifugation.
A sucrose solution is layered into a
centrifuge tube in such a way that a density
gradient is formed, the solution being more
concentrated toward the bottom of the
tube. The cell extract is placed on the top

of the gradient and the tube centrifuged

at a very high speed. The rate of migration
of a cell component through the gradient
depends on its sedimentation coefficient.

32 nm x 22 nm (Figure 6.2). In the mid-1950s, the discovery that ribosomes
are the sites of protein synthesis stimulated attempts to define the struc-
tures of these particles in greater detail.

The initial progress in understanding the detailed structure of the ribosome
was made by analyzing the particles by density gradient centrifugation
(Figure 6.3). In this procedure, a cell extract is not centrifuged in a normal
aqueous solution, but instead a sucrose solution is layered into the tube in
such a way that a density gradient is formed, the solution being more con-
centrated and hence denser toward the bottom of the tube. The cell extract
is placed on the top of the gradient and the tube centrifuged at a very high
speed, at least 500,000 x g for several hours. Under these conditions, the
rate of migration of a cell component through the gradient depends on its
sedimentation coefficient. The sedimentation coefficient is expressed as
a svedberg (S) value, after the Swedish chemist The Svedberg, who built
the first ultracentrifuge in the early 1920s. The S value is dependent on sev-
eral factors, notably molecular mass and shape.

The centrifugation studies showed that eukaryotic ribosomes have a sed-
imentation coefficient of 80S, and bacterial ribosomes, reflecting their
smaller size, are 70S (Figure 6.4). Each type of ribosome is made up of two
subunits. In eukaryotes these subunits are 60S and 40S, and in bacteria
they are 50S and 30S. There are no mistakes here! Sedimentation coeffi-
cients are not additive because they depend on shape as well as mass, so it
is perfectly acceptable for the intact ribosome to have an S value less than
the sum of its two subunits.

In eukaryotes, the large subunit contains three rRNA molecules, called the
28S, 5.8S, and 5S rRNAs. The bacterial large subunit has just two rRNAs,
of 23S and 5S. This is because in bacteria the equivalent of the eukaryotic

cell extract

. . layer cell L0 centrifuge
ncreasing extract on 500,000 x g
sucrose top of for several < cell components
concentration gradient hours «~ . form bands )
depending on their
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eukaryotes bacteria
80S 70S
60S 50S

PENVENE (2904 nucleotides)
SNGOLN (120 nucleotides)

SN (4718 nucleotides)
SRS (160 nucleotides)
5S rRNA (120 nucleotides)

. + .
40S 30S
(NN (1874 nucleotides) NS (1541 nucleotides)
33 proteins 21 proteins

5.8S rRNA is contained within the 23S molecule. The small subunit con-
tains just a single rRNA in both eukaryotes and bacteria, 18S in eukaryotes
and 16S in bacteria. Both subunits contain a variety of ribosomal pro-
teins, the numbers detailed in Figure 6.4. The ribosomal proteins of the
small subunit are called S1, S2, etc., and those of the large subunit are L1,
L2, etc. There is just one of each protein per ribosome, except for L7 and
L12, which are present as dimers.

Understanding the fine structure of the ribosome

The traditional view of ribosome structure is that the rRNA molecules act as
a scaffolding onto which the proteins, which provide the functional activity
of the ribosome, are attached. To fulfill this role the rRNA molecules must
be able to take up a stable three-dimensional structure. This is achieved
by inter- and intramolecular base pairs, with different rRNAs of a subunit
base-pairing in an ordered fashion with each other, and also, more impor-
tant, with different parts of themselves.

A two-dimensional representation of the base-paired structure of the
Escherichia coli 16S rRNA, the component of the small subunit of the bac-
terial ribosome, is shown in Figure 6.5. This model has been developed
by a combination of computational and experimental approaches. First,
the nucleotide sequence of the E. coli 16S rRNA was examined using
computer programs designed to identify the regions that could form base
pairs with one another. Comparisons were also made between the E. coli
sequence and the slightly different sequences of the equivalent rRNAs of
other bacteria, as it would be expected that the regions of base pairing
in the E. coli molecule would also be present in other bacteria. The com-
puter predictions were then compared with the results of experiments in

FIGURE 6.5 The base-paired structure of the Escherichia coli 16S
rRNA. The rRNA is a single continuous molecule, but the base-paired
structure is looked on as comprising four domains, as shown by

the different colors. Besides the standard base pairs (G-C, A-U),
nonstandard base pairs (e.g., G-U) can also form in double-stranded
regions of an RNA molecule, usually at the edge of a non-base-
paired region. These nonstandard pairs are shown as dots.

FIGURE 6.4 The composition of eukaryotic
and bacterial ribosomes. The details refer

to a“typical” eukaryotic ribosome and the
Escherichia coli ribosome. Variations between
different species mainly concern the
numbers of ribosomal proteins.
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single-stranded region

base-paired region

[Nty

regions with a

digest single-stranded
nuclease

Nl A

determine the sequences of the base-paired
fragments that remain

(A) nuclease treatment of “naked” RNA

FIGURE 6.6 Using a single-strand-specific ribonuclease to identify
the base-paired regions in an rRNA molecule.

which the base-paired rRNA was treated with ribonucleases that act on sin-
gle-stranded RNA but have no effect on base-paired regions (Figure 6.6).
The double-stranded regions remaining after treatment with these ribo-
nucleases were examined to see whether they corresponded with those
predicted by the computer model.

Additional experiments have located those regions of the 16S rRNA to which
the protein components of the E. coli small subunit attach. One important
technique here is nuclease protection, which identifies regions of an
IRNA protected from attack by a ribonuclease enzyme. A complex between
an rRNA and an individual ribosomal protein is treated with a nonspecific
ribonuclease, one that digests both single- and double-stranded RNA. If
no protein is present then the rRNA is completely degraded into mononu-
cleotides, because every phosphodiester bond in the molecule is open to
attack (Figure 6.7A). When the protein is bound this does not happen. The
ribonuclease cannot gain access to all the phosphodiester bonds, because
some are shielded (“protected”) by the bound protein. After digestion the
ribonuclease is inactivated and the bound protein removed, revealing two
or more intact segments of rRNA whose sequences indicate the parts of the
rRNA to which the protein was attached (Figure 6.7B).

Electron microscopy and X-ray crystallography have revealed
the three-dimensional structure of the ribosome

The base-paired structures illustrated by Figure 6.5 are two-dimensional
representations that tell us little about the real three-dimensional struc-
ture of the ribosome. For many years progress in moving from two- to

(B) nuclease treatment of partly protected RNA

bound protein

-] ]
1 nuclease treatment 1 nuclease treatment
|
- EE =Em - - | |
- - - - - ] -
|
i - - am = -

rRNA degraded into mononucleotides

l remove the bound protein

- protected fragment is undegraded

FIGURE 6.7 The principle behind the nuclease protection technique for identifying protein binding sites on an RNA molecule. (A) If no protein
is present, the nuclease can attack every phosphodiester bond, and the rRNA is completely degraded into mononucleotides. (B) When a protein
is bound to the RNA, the ribonuclease cannot gain access to all the phosphodiester bonds, because some are protected by the protein.
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three-dimensional representation of ribosomes was slow, but over the last
10 years there have been remarkable advances due to the application of
modern electron microscopy and X-ray diffraction techniques.

Ribosomes are so small that they are close to the resolution limit of the elec-
tron microscope, and in the early days of this technique the best that could
be achieved were approximate three-dimensional reconstructions built up
by analyzing the fuzzy ribosome images that were obtained. As electron
microscopy gradually became more sophisticated, the overall structure of
the ribosome could be resolved in greater detail, and the development of
innovations such as immunoelectron microscopy provided important
new information. Before examination by immunoelectron microscopy,
ribosomes are first mixed with antibodies that bind specifically to individual
ribosomal proteins (Figure 6.8). The antibodies, which are themselves pro-
teins, are labeled with an electron-dense material such as gold particles so
that they stand out strongly in the resulting images, enabling the positions
of the ribosomal proteins to be located on the ribosome surface.

The most exciting insights into ribosome structure have resulted from
X-ray diffraction analysis. With an object as large as a ribosome, the dif-
fraction patterns that are obtained are very complex and the data analysis
is a huge task, but modern techniques have proved to be up to the chal-
lenge. Structures have now been deduced for entire ribosomes, including
ones attached to mRNA and tRNAs (Figure 6.9), greatly increasing our
understanding of how protein synthesis works, as we will see in Chapter 8.

ribosome

antibody is

® labeled with an
electron-dense
material

add antibody for a
ribosomal protein

position of the ribosomal protein is revealed

FIGURE 6.8 Identifying the position of a
protein on a ribosome by immunoelectron
microscopy.

FIGURE 6.9 The bacterial ribosome. The
picture shows the ribosome of the bacterium
Thermus thermophilus. The small subunit is at
the top, with the 165 rRNA in light blue and
the small subunit ribosomal proteins in dark
blue. The large subunit rRNAs are in gray and
the proteins in purple. The gold area is the

A site—the point at which tRNAs enter the
ribosome during protein synthesis.

(From M. B. Mathews and T. Pe'ery, Trends
Biochem. Sci. 26: 585-587, 2001. With
permission from Elsevier.)
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FIGURE 6.10 The cloverleaf structure of
a tRNA. Invariant nucleotides (A, C, G, T,
U, and ¥, where ¥ = pseudouridine) and
semi-invariant nucleotides (R, purine;

Y, pyrimidine) are indicated. Optional
nucleotides not present in all tRNAs are
shown as smaller dots.

dihydrouridine pseudouridine
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FIGURE 6.11 The structures of two modified
nucleotides found in tRNAs. Both are
modified versions of uridine, the standard

U nucleotide found in RNA. The differences
from the structure of uridine are indicated
in brown.

0060,

Ll

acceptor arm

TWC arm

o0,

%.QZIIII.O Ionmo 0®

1999999

arm

anticodon arm variable loop

19899

y .69
¥
S .90

6.2 TRANSFER RNA

Transfer RNA molecules are also involved in protein synthesis, but the
part they play is completely different from that of rRNA. They form the link
between the mRNA that is being translated and the protein that is being
synthesized. We will learn exactly how tRNA carries out its function in
Chapters 7 and 8 when we deal with the genetic code and the mechanism
of protein synthesis. First, in this chapter, we will look at the structures of
tRNA molecules.

All tRNAs have a similar structure

Transfer RNA molecules are relatively small, most between 74 and 95
nucleotides in length. Each organism synthesizes a number of different
tRNAs, each in multiple copies. However, virtually every tRNA molecule in
every organism can be folded into a similar base-paired structure referred
to as the cloverleaf (Figure 6.10).

The cloverleaf structure has five components. The first is the acceptor
arm, which is formed by seven base pairs between the 5’ and 3’ ends of
the molecule. During protein synthesis an amino acid is attached to the 3’
end of the acceptor arm of the tRNA, to the adenosine of the invariant CCA
terminal sequence.

The second part of the cloverleaf structure is the D arm, named after the
modified nucleotide dihydrouridine (Figure 6.11), which is always present
in this structure. Next is the anticodon arm. “Anticodon” is an annoying
jargon term, but its meaning will become clear in Chapter 7 when we look
at the role of this part of the tRNA in protein synthesis.

Following the anticodon arm is the extra (or optional, or variable) loop,
which may be a loop of just three to five nucleotides or a much larger hair-
pin structure of 13 to 21 nucleotides with up to five base pairs in the stem.
Types of tRNA with the smaller loop are called class I, and make up 75%
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of all tRNAs. Those with the larger loop are class II. The final part of the ~ T¥C loop
tRNA is the TPC arm, named after the sequence thymidine-pseudourid-
ine-cytosine, which is always present. Pseudouridine is another modified
nucleotide (Figure 6.11).

The cloverleaf structure can be formed by virtually all tRNAs. In addition
to having this common secondary structure, different tRNAs also display a
certain amount of nucleotide sequence conservation. Some positions are
invariant and in all tRNAs they are occupied by the same nucleotide. Others
are semi-invariant and always contain the same type of nucleotide, either
one of the pyrimidine nucleotides or one of the purine nucleotides. The
invariant and semi-invariant positions are shown in Figure 6.10.

acceptor arm

You should keep in mind that although the cloverleafis a convenient way to
draw the structure of a tRNA, it is only a representation. In the cell, tRNAs
have a different three-dimensional structure. This structure has been deter-
mined by X-ray diffraction analysis and is shown in Figure 6.12. The base
pairs in the arms of the cloverleaf are still present in the three-dimensional  FIGURE 6.12 The three-dimensional
structure, but several additional base pairs form between nucleotides in  structure of a tRNA. Additional base pairs,
the D and T¥C loops, which appear widely separated in the cloverleaf. ~ showninblackand mainly between the D
These additional base pairs cause the molecule to be folded into a compact and T loops, fold the cloverleaf structure
. - R . into this L-shaped configuration. The color
L-shaped conformation. Many of the nucleotides involved in these extra  scheme is the same as in Figure 6.10.
base pairs are the invariant or semi-invariant ones that are the same in
different tRNAs. Note that the three-dimensional conformation places the
acceptor arm and the anticodon loop at opposite ends of the molecule.

anticodon

6.3 PROCESSING OF PRECURSOR rRNA AND tRNA
MOLECULES

The rRNAs and tRNAs that play active roles in protein synthesis are quite
different from the RNA molecules that are initially transcribed from the
rRNA and tRNA genes. These initial transcripts are precursor molecules,
longer than the mature RNAs and often containing more than one rRNA
and/or tRNA sequence (Figure 6.13). These precursors must therefore be
cut into smaller pieces to release the rRNAs and tRNAs. Most rRNAs and
tRNAs also contain unusual nucleotides that are not present in the initial
transcripts. We have already discovered that two unusual nucleotides—
dihydrouridine and pseudouridine—are present in important regions of the
tRNA cloverleaf structure (see Figure 6.11), and there are others in tRNA
molecules and some in rRNAs also. These unusual nucleotides are pro-
duced by chemical modification of the initial transcripts.

All of these processing reactions must be carried out with precision. The
cuts must be made at exactly the right positions in the precursor molecules,
because if they are not then the rRNA and tRNA molecules that are released
will have extra sequences, or may lack segments, and in either event might
not be able to carry out their functions in the cell. The chemical modifica-
tions must be equally precise. The reasons for many of these modifications

precursor RNA 1 NN e ) s B o

1 cutting events FIGURE 6.13 The initial transcripts of rRNA

and tRNA genes are precursor molecules
that must be cut into smaller pieces to

mawre RNAs [ NN BN release the mature RNAS.
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are unknown, but we assume they have important roles because each copy
of a particular type of tRNA or rRNA is modified at exactly the same nucle-
otide positions.

We must therefore examine the processing of precursor rRNA and tRNA
molecules, not just the events themselves but also the mechanisms that
enable the necessary precision to be achieved.

Ribosomal RNAs are transcribed as long precursor molecules

Each ribosome contains one copy of each of the different rRNA molecules,
three rRNAs for the bacterial ribosome or four for the eukaryotic version.
The most efficient system would be for the cell to synthesize equal num-
bers of each of these molecules. Of course the cell could make different
amounts of each one, but this would be wasteful because some copies
would be left over when the least abundant rRNA was all used up.

Synthesis of an equal number of each rRNA molecule is assured by having
an entire complement of rRNA molecules transcribed together as a sin-
gle unit. The product of transcription, the primary transcript, is therefore a
long RNA precursor, the pre-rRNA, containing each rRNA separated from
the next by a short spacer. In bacteria all three rRNAs are transcribed into
a single pre-rRNA with a sedimentation coefficient of 30S, containing the
mature molecules in the order 16S-23S-5S (Figure 6.14A). Cutting events
are therefore needed to release the mature rRNAs. The same is true for
eukaryotic TRNA, with the exception that only the 28S, 18S, and 5.8S genes
are transcribed together (Figure 6.14B). The 5S genes occur elsewhere
on the eukaryotic chromosomes and are transcribed independently of the

main unit.
(A) E. coli 165 rRNA 235 rRNA 55 rRNA
gene gene gene
onA e ) s ) s N o
promoter terminator

l transcription

30 pre-rRNA o Y s N s Y

l initial cleavages
N N .
pre-16S pre-23S pre-5S

l final processing

mature rRNAS B S .
16S 23S 55

(B) mammals 185 rRNA 5.85 rRNA 285 rRNA
gene gene gene
oA s [ o N e
promoter terminator

l transcription

455 pre-rRNA o N s N N o

l cleavage and processing events

FIGURE 6.14 Processing of pre-rRNA in mature rRNAs _ - _

(A) E. coli and (B) mammals. 18S 5.8S 28S
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A variety of ribonucleases are involved in cutting the pre-rRNA molecules
so that the mature rRNAs are released. Most of these are double-strand-
specific. They cut the pre-rRNA by digesting short segments of
double-stranded RNA formed by base pairing between different parts of the
precursor (Figure 6.15). The base pairing, which of course is determined by
the sequence of the pre-rRNA, therefore ensures that these cuts are made
at the correct positions.

Cells not only need equal numbers of each rRNA, most cells need lots
of them. An actively growing E. coli cell contains 20,000 ribosomes and
divides once every 20 minutes or so. Therefore, every 20 minutes it needs
to synthesize 20,000 new ribosomes, an entire complement for one of the
two daughter cells. This necessitates a considerable amount of rRNA tran-
scription, to such an extent that a single transcription unit would not be
able to meet the demand. In fact, the E. coli chromosome contains seven
copies of the rRNA transcription unit. In eukaryotes there can be an even
greater demand for rRNA synthesis, and 50 to 5000 identical copies of the
IRNA transcription unit are present depending on species. In eukaryotes
these units are usually arranged into multigene families, with large num-
bers of copies following one after the other, separated by nontranscribed
spacers (Figure 6.16).

Under certain circumstances, the demand for rRNA synthesis is so great
that the transcriptional abilities of the existing genes in a genome are out-
stripped. In some eukaryotic cells (for example, amphibian oocytes) an
additional strategy known as gene amplification may be called upon. This
involves replication of rRNA genes into multiple DNA copies which subse-

rRNA transcription unit

quently exist as independent molecules not attached to the chromosomes l gene amplification
(Figure 6.17). Transcription of the amplified copies then produces addi-
tional rRNA molecules. Gene amplification is not restricted to rRNA genes -
but also occurs with a few other genes whose transcription is required at a -
greatly enhanced rate in certain situations. -
ml-
multiple rRNA transcription units ---

.-n-"---------------- multiple copies of the transcription unit

nontranscribed spacers FIGURE 6.17 Production of multiple copies

of rRNA genes by gene amplification. The
FIGURE 6.16 A tandem array of rRNA transcription units. Each green amplified DNA copies exist as independent
box is a transcription unit comprising one set of 18S, 5.8S, and 28S molecules and are not attached to any of the
rRNA genes. chromosomes.



FIGURE 6.18 Processing of a pre-tRNA. The
nucleotides of the mature tRNA are shown as
closed circles, and those of the remainder of
the precursor molecule as open circles. The
tRNA has adopted its base-paired structure,
and two additional hairpins have formed

in the pre-tRNA, one on either side of the
cloverleaf. Ribonuclease E or F makes a cut
adjacent to one of these hairpins, forming

a new 3’end. Ribonuclease D then removes
seven nucleotides from this new 3’end.
Ribonuclease P makes a cut at the start of
the cloverleaf, forming the 5’ end of the
mature tRNA. Ribonuclease D then removes
two more nucleotides, creating the 3’end
of the mature molecule. In this example, the
trinucleotide 5'-CCA-3'is present in the pre-
tRNA, and is not removed from the 3’end of
the mature tRNA. If this sequence is absent or
removed during processing, then it is added
by tRNA nucleotidyltransferase.
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Transfer RNAs are also cut out of longer transcription units

With tRNAs, unlike rRNA, there is no obvious reason why the cell would
need equal amounts of the different types that it can make. Nonetheless, in
both bacteria and eukaryotes tRNAs are transcribed initially as precursor
tRNA, which is subsequently processed to release the mature molecules. In
E. coli there are several separate tRNA transcription units, some containing
just one tRNA gene and some with as many as seven different tRNA genes
in a cluster. In some bacteria, tRNA genes also occur as infiltrators in the
rRNA transcription units. This is the case with E. coli, which has either one
or two tRNA genes between the 16S and 23S genes in each of its seven
rRNA transcription units (see Figure 6.14A).

All pre-tRNAs are processed in a similar though not identical way (Figure
6.18). The tRNA sequence within the precursor molecule adopts its base-
paired cloverleaf structure, and two additional hairpin structures form,
one on either side of the tRNA. Processing begins with a cut by ribonu-
clease E or F, forming a new 3’ end just upstream of one of the hairpins.
Ribonuclease D, which is an exonuclease, trims seven nucleotides from this
new 3’ end and then pauses while ribonuclease P makes a cut at the start of
the cloverleaf, forming the 5’ end of the mature tRNA. Ribonuclease D then
removes two more nucleotides, creating the 3’ end of the mature molecule.

All mature tRNAs must end with the trinucleotide 5-CCA-3’. With some
tRNAs the terminal CCA is present in the pre-RNA and is not removed by
ribonuclease D, but with some other pre-tRNAs this sequence is absent, or
is removed by the processing ribonucleases. If the CCA is absent or removed
during processing, it has to be added by one or more template-independent
RNA polymerases such as tRNA nucleotidyltransferase.

Transfer RNAs display a diverse range of chemical modifications

Besides being cut out of their pre-RNAs, tRNAs are also processed by
chemical modification. This involves conversion of certain nucleotides
into unusual forms by alteration of their chemical structures. The reasons
for many of these modifications are unknown, although roles have been
assigned to some specific cases. Some modifications in the D and T¥C
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arms are recognized by the enzymes that attach an amino acid to the tRNA.  FIGURE 6.19 Examples of chemical
These modifications therefore provide some of the specificity that ensures ~ modifications occurring with nucleotides
that the correct amino acid is attached to the correct tRNA. Some modifica- 'r:ct’g'i\#ﬁz Ril‘:'ofi?ézrs‘caf dbtit:lch?1;2$;Znes
tions in the anticodon arm are critical for the correct reading of the genetic ¢ \which they are derived are shown in
code, as we will see in Chapter 7. brown.

A number of different types of chemical modification are known in tRNAs

(Figure 6.19). One of the most common is methylation, which involves

the addition of one or more methyl groups (-CHz) to the base or sugar

component of the nucleotide. Examples include the conversion of gua-

nosine to 7-methylguanosine. Some modifications involve removal of

groups from the original nucleotide, such as deamination, which is the

removal of an amino group (-NHy), as in the conversion of adenosine

into inosine. Replacement of an oxygen atom with a sulfur gives a thio-

substituted nucleotide, an example being 4-thiouridine, obtained by sulfur

substitution of uridine.

More complex modifications include base rearrangements, which result in
the positions of atoms in the purine or pyrimidine ring becoming changed,
as in the conversion of uridine to pseudouridine. Another type of rearrange-
ment is double-bond saturation, which involves conversion of a double
bond in the base to a single bond. An example is the modification of urid-
ine to give dihydrouridine. A few modifications involve replacement of an
entire base with a different, more complex one. The nucleotide called que-
osine is produced in this way from guanosine.

Over 50 types of chemical modification have been discovered so far in
tRNAs. The enzymes that carry out these modifications are thought to rec-
ognize particular nucleotide sequences or base-paired structures in the
tRNA, or possibly a combination of both, and so modify only the appropri-
ate nucleotides.

Ribosomal RNAs are also modified, but less extensively

Chemical modification is not simply a feature of tRNAs. Ribosomal RNAs
are also modified, though not to such a great extent.

In eukaryotic rRNAs the two most common types of modification are
2’-O-methylation, in which the hydrogen of the -OH group attached to
the 2’ carbon is replaced by a methyl group (Figure 6.20), and the conver-
sion of uridine to pseudouridine. Modification by 2’-O-methylation occurs
at just over 100 positions in each set of mature human rRNAs—in other  FIGURE 6.20 2'-O-methylation of a
words, at about one in every 70 nucleotides. These modified positions are,  nucleotide.
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to a certain extent, the same in different species, and some similarities
in modification patterns are even seen when bacteria and eukaryotes are
compared, although bacterial rRNAs are less heavily modified than eukary-
otic ones. The functions of such modifications have not been identified,
although most occur within those parts of rRNAs thought to be most critical
to the activity of these molecules in ribosomes. Modified nucleotides might,
for example, be involved in rRNA-catalyzed reactions such as synthesis of
peptide bonds.

In bacteria, rRNAs are modified by enzymes that directly recognize the
sequence and/or structure of the regions of RNA that contain the nucle-
otides to be modified. Often two or more nucleotides in the same region
are modified at once. In eukaryotes a more complex machinery exists for
ensuring that the modifications are made at the correct positions. The
nucleolus (the part of the eukaryotic nucleus where rRNA transcription
and processing occur) contains short RNAs, between 70 and 100 nucle-
otides in length, called small nucleolar RNAs (snoRNAs), that are involved
in the modification process. By base pairing to the relevant region,
snoRNAs pinpoint positions at which the pre-rRNA must be methylated. The
base pairing involves only a few nucleotides, not the entire length of the
snoRNA, but these nucleotides are always located immediately upstream of
a sequence called the D box, which is present in all SnoRNAs (Figure 6.21).
The base pair involving the nucleotide that will be modified is five positions
away from the D box.

The first snoRNAs to be discovered were all involved in methylation. It was
then realized that a different family of snoRNAs carries out the same guid-
ing role in conversion of uridines to pseudouridines. These SnoRNAs do not
have D boxes but still have conserved motifs that can be recognized by the
modifying enzyme, and each is able to form a specific base-paired interac-
tion with its target site, indicating the nucleotide to be modified.

There is a different snoRNA for each modified position in a pre-rRNA, except
possibly for a few sites that are close enough together to be dealt with by
a single snoRNA. This means that there must be a few hundred snoRNAs
per cell. At one time this seemed unlikely because very few snoRNA genes
could be located. Now it appears that only a fraction of all the snoRNAs are
transcribed from standard genes, most being specified by sequences within
the introns of other genes and released by cutting up the intron after splic-
ing (Figure 6.22).

6.4 REMOVAL OF INTRONS FROM PRE-rRNAS AND
PRE-tRNAS

Introns are found not only in genes that are transcribed into mRNA, but
also in some eukaryotic rRNA and tRNA genes. These introns are not the
same as those found in mRNA. They lack the characteristic consensus
sequences, such as GU and AG at the splice sites, and they are not asso-
ciated with spliceosomes. The mechanisms by which they are spliced are
therefore different from the process that we studied in Chapter 5.

FIGURE 6.22 Most snoRNAs are specified by sequences within the
introns of other genes. This example shows synthesis of the human
U16-snoRNA by processing of the intron spliced from the mRNA
from ribosomal protein L1.



REMOVAL OF INTRONS FROM PRE-rRNAS AND PRE-tRNAS

Splicing of pre-rRNAs and pre-tRNAs appears simply to be a part of the
series of processing events needed to produce the mature molecules. There
is no equivalent of alternative splicing with rRNA and tRNA transcripts.
But these introns are still interesting, especially the ones in rRNAs, as their
discovery forced scientists to reappraise one of the fundamental notions of
biology.

Some rRNA introns are enzymes

The fundamental notion that was overturned by rRNA introns was the
assumption that only proteins can have enzymatic activity and hence cata-
lyze biochemical reactions. This is because the introns present in some
pre-rRNAs are enzymes. The biochemical reaction that they catalyze is
their own splicing.

Introns are not common in rRNA genes but are found in certain protozoa,
notably the ciliate Tetrahymena. The introns of these organisms are able to
fold up by intramolecular base pairing into a complex structure in which
the two splice sites are brought close together (Figure 6.23). The intron is
then cut out and the two exons joined together in the complete absence
of any protein molecules. The intron catalyzes the reaction by acting as
an RNA enzyme, or ribozyme. The Tetrahymena self-splicing intron was
the first known example of a ribozyme and caused quite a stir when it was
discovered in 1982, as many biochemists at that time were unwilling to
believe that RNA could have enzymatic activity.
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anticodon arm
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l @-8-® cx0n sequences
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===3 endonuclease
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FIGURE 6.24 Removal of an intron from a pre-tRNA. In the top drawing, the tRNA has

folded into its cloverleaf structure, but with an extra stem-loop, formed by the intron, in

the anticodon arm. The nucleotides of the mature tRNA are shown in blue, and those of the
intron in black. Cuts are made by endonucleases at the exon-intron boundaries, indicated
by red arrows. The unusual structures that are left at the cut sites are shown in the boxes.
These are converted to standard 3'-OH and 5'-P termini, which are ligated to one another to
complete the splicing process.



KEY CONCEPTS

The self-splicing intron is a member of the “Group I” class of introns. Group
Iintrons are also found in the rRNA genes of other protozoa and in genes in
the mitochondrial DNA of fungi and yeast. They are characterized by their
ability to take up the base-paired structure displayed by the Tetrahymena
intron, but only the Tetrahymena intron has been shown to splice efficiently
in the absence of proteins. This does not mean that the other Group I
introns are not ribozymes. The splicing reaction might still be catalyzed by
the intron itself, with the proteins that are required in the cell acting only to
stabilize the base-paired structure.

Some eukaryotic pre-tRNAs contain introns

Transfer RNA introns are relatively common in lower eukaryotes but less
frequent in vertebrates—introns are present in only 6% of all human tRNA
genes. Introns in eukaryotic pre-tRNAs are 14 to 60 nucleotides in length
and are usually found at the same position in the transcript, within the
anticodon arm. The intron sequence is variable, but includes a short region
complementary to part of the anticodon arm. Base pairing between the
complementary sequences forms a short stem between two loops in the
unspliced pre-tRNA (Figure 6.24).

Unlike the mRNA and Group I introns, removal of pre-tRNA introns involves
an endonuclease. This enzyme contains four nonidentical subunits, one of
which uses the structure of the base-paired intron as a guide to identify the
correct positions at which the RNA should be cut. The upstream and down-
stream cuts are then made by two of the other enzyme subunits. Cleavage
leaves an unusual cyclic phosphate structure attached to the 3’ end of the
upstream exon, and a hydroxyl group at the 5’ end of the downstream exon.
Before the ends can be joined, the cyclic phosphate must be converted to a
3'-OH end, and the 5'-OH terminus to 5-P. The two ends are held in prox-
imity by the natural base pairing adopted by the tRNA sequence, and are
ligated together. The enzymatic activities needed to convert the ends and
join them together are all provided by a single protein.

KEY CONCEPTS

e Most of the RNA in a cell is noncoding. Noncoding RNAs are molecules
that are not translated into protein but instead play their roles in the cell
as RNA.

e Ribosomal RNA is the most abundant type of noncoding RNA. Ribosomal
RNA molecules are components of ribosomes, which are large, multi-
molecular structures that act as factories for protein synthesis.

e Transfer RNA molecules are also involved in protein synthesis, but the
part they play is completely different from that of rRNA. Transfer RNAs
form the link between the mRNA that is being translated and the protein
that is being synthesized.

e Almost all tRNAs can adopt a base-paired two-dimensional structure
called the cloverleaf. In the cell, the cloverleaf folds into a compact
L-shaped conformation.

e The rRNAs and tRNAs that play active roles in protein synthesis are ini-
tially transcribed as precursor molecules. The precursors are processed
by cutting events, which might include RNA splicing, and chemical
modification of certain nucleotides.

e The precursor rRNA molecules contain copies of three or more types of
rRNA. This ensures that equal amounts of each rRNA are synthesized.
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e Chemical modification of tRNA and bacterial rRNA is carried out by
enzymes that recognize the sequence and/or structure of the regions of
RNA that contain the nucleotides to be modified. Modification of eukary-
otic rRNA is aided by snoRNAs, which bind to the rRNA and guide the
modifying enzyme to the correct nucleotide.

e Some rRNAs contain introns that are self-splicing. These were the first
types of ribozyme to be discovered and forced a reappraisal of the
notion that enzymes are always made of protein.

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

acceptor arm gene amplification ribosome

anticodon arm immunoelectron microscopy ribozyme

cloverleaf noncoding RNA sedimentation coefficient

D arm nuclease protection tRNA nucleotidyltransferase
density gradient centrifugation pre-rRNA T¥C arm

extra (or optional, or variable) loop

Self-study Questions

6.1
6.2

6.3

6.4

6.5

6.6

ribosomal protein

What was the base-paired structure of the
original molecule?

What is the definition of noncoding RNA? 6.7 A second RNA molecule has the following

Explain how density gradient centrifugation is
used to measure the sizes of cell components.
How does the structure of a cell component
influence its sedimentation coefficient?

What are the sizes of typical bacterial and
eukaryotic ribosomes?

Construct two tables giving details of the
RNA and protein components of bacterial and
eukaryotic ribosomes.

Describe how methods that make use of
nucleases have been used to study the
structure of the ribosome.

sequence

5’ -CUCCUCAAAUGAUUCAGUGCAUCUAACCC
UAUUUAAACGCACUAGCUCAUGAGAGGAG-3 '

After digestion with the same enzyme, the
following are obtained:

5’-UAA-3’ 5'-AUGA-3’' 5’'-AGUGC-3’

3’-AUU-5' 3'-UACU-5' 3'-UCACG-5'
5’-CUCCUC-3"

3’ -GAGGAG-5"
Draw the structure of the original molecule.

An RNA molecule has the sequence: 6.8 Describe the methods that have been used
and are being used to study the three-

5/ _AUUAGCAUGUAAAUGCUAUCUGGCAAC-3 ’ dimensional structure of the ribosome. What
are the applications and limitations of each

After digestion with a single-strand-specific technique?

rlbonuclezflse, th? following base-paired 6.9 Draw and annotate the cloverleaf structure of

molecule is obtained:
tRNA.

5'-AGCAU-3"’ 6.10 To what extent is the cloverleaf a true

[1]]] representation of the actual structure of
3'—UCGUA—5’ tRNA?



FURTHER READING

6.11 Here is the sequence of the yeast alanine

tRNA:

5’ -GGGCGUGUGGCGUAGUCGGUAGCGC
GCUCCCUUIGCIUGGGAGAGGUCUC
CGGUUCGAUUCCGGACUCGUCCACCA-3"

Make a fully annotated drawing of a possible
cloverleaf structure for this tRNA.

6.12  Give one possible reason why the pre-rRNAs

contain copies of more than one gene.

Describe the cutting events involved in
processing of pre-rRNA.

Why do cells require large amounts of rRNA?
How are these demands met?

Describe how a tRNA molecule is cut out of
its primary transcript.

6.16  List six types of chemical modification that
occur with nucleotides in tRNA. In each
case, draw the structure of an example of a

nucleotide resulting from the modification.

6.17 What are the possible roles of the chemical

modifications found in tRNAs?

What types of chemical modification are
found in eukaryotic rRNA?

6.19  Describe how rRNAs are chemically modified

in bacteria.

6.20 How does chemical modification of rRNA in
eukaryotes differ from the process occurring

in bacteria?

6.21 Why is the Tetrahymena rRNA intron referred

to as “self-splicing”?

FURTHER READING

Bjork GR, Ericson JU, Gustafsson C et al. (1987) Transfer RNA
modification. Annu. Rev. Biochem. 56, 263-287. Information on modified
nucleotides in tRNAs.

Cech TR (1990) Self-splicing of group | introns. Annu. Rev. Biochem.
|59, 543-568. Review of self-splicing introns.

Chndramouli P, Topf M, Ménétret J-F et al. (2008) Structure of the
mammalian ribosome at 8.7A resolution. Structure 16, 535-548.
A recent detailed study of ribosome structure.

Clark BFC (2001) The crystallization and structural determination of
tRNA. Trends Biochem. Sci. 26, 511-514. Determination of the three-
dimensional structure of a tRNA.

Holley RW, Apgar J, Everett GA et al. (1965) Structure of a ribonucleic
acid. Science 147, 1462-1465. The first complete sequence of a tRNA and
discovery of the cloverleaf structure.

6.22 Describe how introns are removed from pre-

tRNA molecules.

Discussion Topics

6.23  To what extent have studies of ribosome
structure been of value in understanding
the detailed process by which proteins are

synthesized?

6.24 Ribosomal and transfer RNA molecules are
relatively long-lived in the cell. In contrast,
MRNAs are subject to quite rapid turnover

rates. Discuss the possible reasons and

consequences.

6.25 In eukaryotes, the 28S, 18S, and 5.8S genes
are transcribed together, but the 5S genes
are transcribed separately. What implications
does this have for the hypothesis that

the most efficient system is for the cell to
synthesize equal numbers of each of its

rRNAS?

6.26 What are the possible reasons for the
observation that virtually all tRNA molecules
in all organisms adopt a similar base-paired

structure?

6.27  Discuss the reasons why tRNA and rRNA

molecules are chemically modified.

6.28  The existence of ribozymes is looked on as
evidence that RNA evolved before proteins
and therefore at one time, during the earliest
stages of evolution, all enzymes were made
of RNA. Assuming that this hypothesis is
correct, explain why some ribozymes persist

to the present day.

Hopper AK, Pai DA & Engelke DR (2010) Cellular dynamics of tRNAs
and their genes. FEBS Lett. 584, 310-317. Review of tRNA processing
including splicing.

Kruger K, Grabowski PJ, Zaug AJ et al. (1982) Self-splicing RNA:
autoexcision and autocyclization of the ribosomal RNA intervening
sequence of Tetrahymena. Cell 31, 147-157. The first indication that the
Tetrahymena intron is a ribozyme.

Tollervey D (1996) Small nucleolar RNAs guide ribosomal RNA
methylation. Science 273, 1056-1057.

Venema J & Tollervey D (1999) Ribosome synthesis in Saccharomyces
cerevisiae. Annu. Rev. Genet. 33, 261-311. Extensive details on rRNA
processing.

Yusupov MM, Yusupova GZ, Baucom A et al. (2001) Crystal structure
of the ribosome at 5.5A resolution. Science 292, 883-896. An early and
important X-ray crystallography study of ribosome structure.






The Genetic Code

The three major types of RNA molecule that are produced by transcription—
messenger, ribosomal, and transfer RNA—work together to synthesize
proteins by the process called translation. The key feature of translation is
that the sequence of amino acids in the protein being synthesized is speci-
fied by the sequence of nucleotides in the mRNA molecule that is being
translated (Figure 7.1).

We will study the mechanism by which proteins are synthesized in Chapter
8. Before doing that we must cover two underlying aspects of transla-
tion, both of which are vital to our understanding of the molecular basis
of genetics. First, we must look more closely at proteins. We established in
Chapter 3 that proteins with different amino acid sequences can have quite
different chemical properties and that this enables them to play a variety of
roles in the cell. The link between a protein’s amino acid sequence and its
function is therefore a vital part of the process by which the biological in-
formation contained in a gene is expressed and made use of by the cell. To
understand how a protein functions, we must understand the nature of this
link. The first part of this chapter is therefore devoted to a short overview
of protein structure.

The second underlying aspect of translation that we must examine is the
genetic code. The genetic code is the set of rules that determines which
sequence of nucleotides specifies which sequence of amino acids. It is
therefore central to the translation of mRNA into protein and demands our
detailed attention. Not only must we be aware of the features of the genetic
code, we must also understand how the rules of the genetic code are en-
forced during the translation of an individual mRNA. That enforcement is
the role of tRNA, whose function in protein synthesis we will look at in the
last part of this chapter.

7.1 PROTEIN STRUCTURE

A protein, like a DNA molecule, is a linear unbranched polymer. In proteins
the monomeric subunits are called amino acids, and the resulting poly-
mers, or polypeptides, are rarely more than 2000 units in length.

As with DNA, the key features of protein structure were determined in the
first half of the twentieth century, this phase of protein biochemistry cul-
minating in the 1940s and early 1950s with the elucidation of the major
conformations or secondary structures taken up by polypeptides. In
recent years, interest has focused on how these secondary structures com-
bine to produce the complex three-dimensional shapes of proteins.

Amino acids are linked by peptide bonds

Twenty different amino acids are found in protein molecules (Table 7.1).
Each has the general structure shown in Figure 7.2, comprising a central
a carbon atom to which four groups are attached. These are a hydro-
gen atom, a carboxyl group (-COO7), an amino group (-NHz*), and an
R group, which is different for each amino acid (Figure 7.3).

The R groups vary considerably in chemical complexity. For glycine the
R group is simply a hydrogen atom, whereas for tyrosine, phenylalanine,
and tryptophan the R groups are complex aromatic side chains. The ma-
jority of R groups are uncharged, though two amino acids have negatively

mRNA

5' I AUGGGUUGCGUUUUG I 3'
] )

Met-Gly-Cys-Val-Leu—>

protein

FIGURE 7.1 During translation, each
triplet of nucleotides in the RNA specifies
a particular amino acid, the identity of this
amino acid being set by the genetic code.
The amino acids indicated here by their
three-letter abbreviations are methionine,
glycine, cysteine, valine, and leucine.

TABLE 7.1 THE 20 AMINO ACIDS
FOUND IN PROTEINS

Amino acid
Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Abbreviation

Three-
letter

Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Ile

Lys
Met
Phe
Pro
Ser
Thr

Trp

Val

One-
letter

<-<§—|U1'U-n37<l—»—t:|:mornﬁcz7o>.
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FIGURE 7.2 The general structure of
an amino acid. The four bonds have a

tetrahedral arrangement around the central
carbon, so the amino group and hydrogen
atom are, in effect, above the plane of the
paper, and the carboxyl and R groups are

below it.
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charged R groups (aspartic acid and glutamic acid) and three have posi-
tively charged R groups (lysine, arginine, and histidine). Some R groups
are polar (such as those of serine and threonine) and are attracted to an
aqueous environment, because of the polarity of the water molecule. Other
R groups are nonpolar (such as those of alanine, valine, and leucine) and
lack an affinity for water. These differences mean that although all amino
acids are closely related, each has its own specific chemical properties.

The 20 amino acids whose R groups are shown in Figure 7.3 are the ones
that are conventionally looked on as being specified by the genetic code.
They are therefore the amino acids that are linked together when mRNA
molecules are translated into proteins. However, these 20 amino acids do
not on their own represent the limit of the chemical diversity of proteins. At
least two additional amino acids—selenocysteine and pyrrolysine (Figure
7.4)—can be inserted into a polypeptide chain during protein synthesis,
their insertion directed by a modified reading of the genetic code. Also,
after a protein has been synthesized, some amino acids might be modified
by the addition of new chemical groups, for example, by phosphorylation,
or by attachment of large side chains made up of sugar units.

FIGURE 7.3 The structures of amino acid R groups. These 20 amino
acids are the ones that are conventionally looked upon as being
specified by the genetic code. Note that the entire structure of
proline is shown, not just its R group. The central a carbon is labeled.
The entire structure is shown because the R group of proline forms

a bond not just to the « carbon but also with the amino group
attached to this carbon.
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N\ N/ HN — CH
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| | W | |
SH CH; CH; N—~C CH:
I I I Ho
CI‘IZ (iI'IZ CI‘Iz CI"IZ H CI'Iz ch— CH
aspartic acid cysteine glutamic acid glutamine glycine histidine isoleucine
OH
H,C—CH
7\ HN
NG A2 o e Ne=c
N I I H:C.  CHs
VAR \ 7/
H coo- CH; HO=—CH CH; CH; CH
phenylalanine proline serine threonine tryptophan tyrosine valine



PROTEIN STRUCTURE

FIGURE 7.4 The structures of the R groups of selenocysteine and H
pyrrolysine. The parts shown in brown indicate the differences //C_ c{|2
between these amino acids and cysteine and lysine, respectively. N C— CHs
N . “H
CH
-
rlm
The polymeric structure of a polypeptide is built by linking a series of amino CH,
acids by peptide bonds, formed by condensation between the carboxyl cIH
group of one amino acid and the amino group of a second amino acid | :
(Figure 7.5A). The structure of a tripeptide, comprising three amino acids, SeH CH,
is shown in Figure 7.5B. Note that, as with a polynucleotide, the two ends | |
of the polypeptide are chemically distinct. One has a free amino group and CH CH
is called the amino, NH> , or N terminus, and the other has a free carboxyl | |
group and is called the carboxyl, COOH, or C terminus. The direction of  selenocysteine pyrrolysine

the polypeptide can therefore be expressed as either N — C (left to right in
Figure 7.5B) or C — N (right to left in Figure 7.5B).

There are four levels of protein structure

Proteins are traditionally looked on as having four distinct levels of struc-
ture. These levels are hierarchical, the protein being built up stage by stage,
with each level of structure depending on the one below it.

The first of these structural levels, called the primary structure, is the
linear sequence of amino acids. The next level, the secondary structure,
refers to the different conformations that can be taken up by the polypep-
tide. The two main types of secondary structure are the a helix and the
3 sheet (Figure 7.6). These are stabilized mainly by hydrogen bonds that
form between different amino acids in the polypeptide. Usually different
regions of a polypeptide take up different secondary structures, so that the
whole is made up of a number of « helices and B sheets, together with less
organized regions.

(A) formation of a peptide bond between (B) structure of a tripeptide
two amino acids
R, ||!2
| +
H,;N—C—C00" = H;N—C—C00"
| | OH
H H |
CH,4 H CH, H CH,
b Ha0 N N
HN=C=C=N=—=(C=—=(C=—=N=—C=—C00"
[ [ | |
Ilil H R, H 0 H o0 H
HN = C = C — N = C — (00~
amino | ! | carboxyl
terminus  H 0 H  terminus

| I

peptide bond

FIGURE 7.5 Amino acids are linked together by peptide bonds.

(A) The chemical reaction that results in two amino acids becoming
linked together by a peptide bond. (B) The structure of a tripeptide
with the sequence alanine-phenylalanine-serine.
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C terminus

N terminus
-
——a helices

A\

connecting loop

o helix P sheet
H bond
0... H
0
H
H--0
0--H
0
H
0--H

FIGURE 7.6 The two main secondary structural units found in
proteins: the a helix, and the 3 sheet. The polypeptide chains are
shown in outline. Hydrogen bonds are shown by dotted lines. The
R groups have been omitted for clarity. The B sheet conformation
that is shown is antiparallel, the two chains running in opposite
directions. Parallel 8 sheets also occur.

The tertiary structure results from folding of the secondary structural
components of the polypeptide into a three-dimensional configuration
(Figure 7.7). The tertiary structure is stabilized by various chemical forces,
notably hydrogen bonding between individual amino acids, electrostatic
interactions between the R groups of charged amino acids, and hydropho-
bic forces. The hydrophobic forces dictate that amino acids with nonpolar
side groups must be shielded from water by embedding within the internal
regions of the protein. There may also be covalent linkages called disulfide
bridges between cysteine amino acids at various places in the polypeptide
(Figure 7.8).

Finally, the quaternary structure involves the association of two or more
polypeptides, each folded into its tertiary structure, into a multisubunit
protein. Not all proteins form quaternary structures, but it is a feature of
many proteins with complex functions, including many involved in gene
expression. Some quaternary structures are held together by disulfide
bridges between the different polypeptides, resulting in stable multisubunit
proteins that cannot easily be broken down into their component parts.
Other quaternary structures comprise looser associations of subunits sta-
bilized by hydrogen bonding and hydrophobic effects, which means that
these proteins can revert to their component polypeptides, or change
their subunit composition, according to the functional requirements. The

FIGURE 7.7 The tertiary structure of a protein. This imaginary
protein structure comprises three « helices, shown as coils, and a
four-stranded B sheet, indicated by the arrows.



FIGURE 7.8 Disulfide bridges. The upper drawing shows the
chemical structure of a disulfide bridge. Below is the effect that
formation of a disulfide bridge can have on the structure

of a polypeptide.

quaternary structure may involve several molecules of the same polypep-
tide or may comprise different polypeptides. An example of the latter is
the bacterial RNA polymerase, whose subunit composition is described as
axf3B’c (see Figure 4.10). In some cases the quaternary structure is built
up from a very large number of polypeptide subunits, to give a complex
array. The best examples are the protein coats of viruses, such as that of
tobacco mosaic virus, which is made up of 2130 identical protein subunits
(Figure 7.9).

The amino acid sequence is the key to protein structure

Each of the higher levels of protein structure—secondary, tertiary, and qua-
ternary—is specified by the primary structure, the amino acid sequence
itself. This is most clearly understood at the secondary level, where it is
recognized that certain amino acids, because of the chemical and physical
properties of their R groups, stimulate the formation of an « helix, whereas
others promote formation of a 8 sheet. Conversely, certain amino acids
more frequently occur outside regular structures and may act to determine
the endpoint of a helix or sheet. These factors are now so well understood
that rules to predict the secondary structures taken up by amino acid se-
quences have been developed.

Although less well characterized, it is nonetheless clear that the tertiary and
quaternary structures of a protein also depend on the amino acid sequence.

individual
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FIGURE 7.9 The tobacco mosaic virus coat, which is made up of
2130 identical protein subunits.
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FIGURE 7.10 A denatured protein can regain
its tertiary structure after removal of the

denaturant. add remove
denaturant denaturant

nonorganized conformation

The interactions between individual amino acids at these levels are so com-
plex that predictive rules, although attempted, are still unreliable. However,
it has been established for some years that if a protein is denatured, for
instance, by mild heat treatment or adding a chemical denaturant such as
urea, so that it loses its higher levels of structure and takes up a nonor-
ganized conformation, it still retains the innate ability upon renaturation
(by cooling down again, for example) to re-form spontaneously the correct
tertiary structure (Figure 7.10). Once the tertiary structure has formed, sub-
unit assembly into a multimeric protein again occurs spontaneously. This
shows that the instructions for the tertiary and quaternary structures must
reside in the amino acid sequence.

Amino acid sequence also determines protein function

The amino acid sequence does not only determine the secondary, tertiary,
and quaternary structures of a protein. Through these it also specifies the
protein’s function. This is because a protein, in order to perform its func-
tion, must interact with other molecules, and the precise nature of these
interactions is set by the overall shape of the protein and the distribution of
chemical groups on its surface.

Understanding the interactions of proteins with other molecules (includ-
ing other proteins) is a complex area of modern biochemistry, but the basic
principle that amino acid sequence determines function is easily illustrated.
Let us consider one of the many proteins that must attach themselves to
a DNA molecule in order to perform their function. These DNA-binding
proteins form a large and diverse group that includes, for instance, RNA
polymerase and the repressors and activators that regulate initiation of
transcription. An example is Cro, a regulatory protein that controls expres-
sion of a number of genes of the bacteriophage called \. Bacteriophages
are viruses that infect bacteria, E. coli in the case of \.

. Cro is an example of the helix-turn-helix family of DNA-binding proteins,

[s3
‘ the name indicating that the binding motif is made up of two « helices sep-
o arated by a turn (Figure 7.11). The latter is not a random conformation but
1

a specific structure, referred to as a § turn, made up of four amino acids,

one subunit
(\ a the second of which is usually glycine. This turn, in conjunction with the
-00C first « helix, positions the second «a helix on the surface of the protein in an
HsN —8 orientation that enables it to fit inside the major groove of a DNA molecule.

This second a helix is therefore called the recognition helix, because it
makes the vital contacts with the DNA.

- The active form of the Cro protein is a dimer. The two recognition heli-
__c00- ces, one from each polypeptide in the dimer, are exactly 3.4 nm apart and

FIGURE 7.11 Structure of the Cro protein. The protein is a dimer.
Each subunit has three a helices. The helix-turn-helix structure
o, comprises the helices labeled a; and as. The recognition helix,
42

2 which makes the important contacts with the DNA, is a.



FIGURE 7.12 The two recognition helices of a Cro dimer fit perfectly
into two adjacent sections of the major groove of a DNA double
helix. Only the recognition helices are shown, the rest of the dimeric
protein being left out for clarity. The two drawings show two
different views of the helix, rotated 90°.

therefore fit into two adjacent sections of the major groove of a DNA mol-
ecule (Figure 7.12). Hence the shape of the protein is critical to its function.
If either recognition helix were absent or if the helices were oriented incor-
rectly on the surface of the protein, then Cro would not be able to bind to
DNA. But this is only part of the story. Cro does not attach randomly to the
N DNA molecule. Like the vast majority of regulatory proteins it binds to
specific sequences adjacent to the genes whose expression it controls. This
requires that precise contacts be made between chemical groups in the
recognition helices of the Cro protein and the bases in the DNA sequence
to which Cro binds. If the helices have the wrong chemical groups, or if the
groups are positioned incorrectly, then the binding sequence will not be
recognized.

The function of Cro therefore depends on its amino acid sequence in three
ways. First, the recognition structure is present because the amino acid
sequence of that particular part of the Cro polypeptide promotes forma-
tion of an a helix. Second, the amino acid sequence of the protein as a
whole specifies a quaternary structure in which the two recognition helices
of the dimeric protein are oriented in precisely the correct way. And finally,
the amino acid sequence of each recognition helix provides the particular
combination of R groups that enables the protein to recognize its specific
binding sequence. There is therefore a precise link between the amino acid
sequence of the Cro polypeptide and the function of the dimeric Cro protein.

7.2 THE GENETIC CODE

Now that we have a clear grasp of the link between a protein’s amino acid
sequence and its function, we can turn our attention to the rules that gov-
ern the order in which amino acids are joined together during translation
of an mRNA. These rules are called the genetic code.

Understanding the genetic code was the main preoccupation of geneticists
in the years immediately after it was realized that genes are made of DNA
and that biological information is contained in the nucleotide sequences
of DNA molecules. The culmination of this work came in 1966 when the
genetic code operating in the bacterium Escherichia coli was completely
solved. Since then the code itself has been studied less intensively, but im-
portant new discoveries have still been made, including variations of the
code that operate in some species, including humans. We will first review
the key features of the genetic code and then examine the coding varia-
tions that are known.

There is a colinear relationship between a gene and its protein

When research into the genetic code began in the 1950s, it was more or
less assumed that there is a colinear relationship between a gene and its
protein. By “colinear” we mean that the order of nucleotides in the gene
correlates directly with the order of amino acids in the corresponding pro-
tein (Figure 7.13). This is clearly the most straightforward way in which
genes could code for proteins.

THE GENETIC CODE

gene

e N
LWILLLLLLLLLL

protein

FIGURE 7.13 The relationship between a
gene and its protein is colinear. The order of
nucleotides in the gene correlates directly
with the order of amino acids in the protein.
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FIGURE 7.14 An experimental strategy for
testing whether a gene is colinear with its
protein.
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FIGURE 7.15 A gene that contains an intron
is not, strictly speaking, colinear with its
protein.

Assumptions are dangerous in science and must always be tested by exper-
iments. The easiest way to test the hypothesis that genes and proteins are
colinear would be to alter the nucleotide sequence of a gene at a specific
point and see whether the resulting change in the amino acid sequence of
the corresponding protein occurs at the same relative position or elsewhere
(Figure 7.14). This type of experiment was first carried out with the E. coli
gene coding for one of the two subunits—subunit A—of the enzyme called
tryptophan synthetase. As its name implies, this enzyme catalyzes the final
step in the biochemical pathway that results in synthesis of tryptophan. The
experiments confirmed that a change in the subunit A nucleotide sequence
gives rise to an amino acid alteration at the equivalent position in the subu-
nit A protein. The results showed that the subunit A gene is colinear with
the subunit A protein, with the amino terminus of the protein correspond-
ing to the 5’ end of the gene.

Establishing that genes and proteins are colinear was an important step
forward in understanding the genetic code. It is fortunate that these experi-
ments were done with bacteria and not with a eukaryote. The presence of
introns means that a discontinuous eukaryotic gene is not, strictly speak-
ing, colinear with its protein. The relationship is only linear, because two
nucleotide changes on either side of an intron, which could be several kb
apart, will result in amino acid alterations that are much closer in the corre-
sponding protein (Figure 7.15). The relationship is even more complicated
with genes that have alternative splicing pathways. Assumptions are in-
deed dangerous in science.

Each codeword is a triplet of nucleotides

A second fundamental question about the genetic code is the size of the
codeword, or codon, the group of nucleotides that code for a single amino
acid. Codons cannot be just single nucleotides (A, T, G, or C) because that
would allow only four different codewords when 20 are required, one for
each of the 20 amino acids found in proteins. Similarly, a doublet code (co-
dons such as AT, TA, TT, GC, etc.) seems unlikely as this would contain only
42 = 16 different codons. However, the next stage up, a triplet code (codons
AAA, AAT, TAT, GCA, etc.), would be feasible as this would yield 43 = 64
codewords, which would be more than enough.

As with colinearity, the hypothesis that codons are triplets of nucleotides
was first tested by experiments with E. coli. These experiments made
use of proflavin, one of the acridine dyes, a group of chemicals that
cause base-pair deletions or additions in double-stranded DNA molecules
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DNA molecule FIGURE 7.16 An acridine dye such as

_._._“_’_‘_‘_ proflavin can cause an insertion or a deletion
in a double-stranded DNA molecule.

I proflavin

00000000 000000
00000000 000000

insertion deletion

(Figure 7.16). The rationale was as follows. Some proteins contain seg-
ments where the amino acid sequence can be changed without altering
the function of the protein. What if a series of insertions and/or deletions
are introduced into the region of a gene coding for one of these tolerant
segments of a protein? If each codeword is a triplet of nucleotides, then
a single insertion or deletion would give rise to a nonfunctional protein,
because all the codewords downstream of the insertion or deletion would
be altered, including those in the nontolerant segment following the toler-
ant region (Figure 7.17). Two insertions or deletions (although not one of
each) would have the same effect. But three insertions or deletions in the
tolerant region would maintain the correct reading frame in the nontoler-
ant region and would be predicted to have no effect on the function of the
protein.

An elegant experiment of this kind was first carried out successfully with
a gene from the E. coli bacteriophage called T4. This work established the
triplet nature of the code, and although assumptions are still dangerous,
this particular one holds for all organisms.

The genetic code is degenerate and includes punctuation
codons

Now that we have established the principles of (co)linearity and triplet co-
dons, we can focus on the central question of which codons specify which
amino acids. With 64 possible codons and just 20 amino acids one expec-
tation might be that the genetic code is degenerate, which in this context
means that some amino acids are specified by more than one codon. We

tolerant segment

normal sequence of codons

insert one nucleotide -
all the following codons are changed FIGURE 7.17 The rationale behind an

experiment to test whether codons are
triplets of nucleotides. A series of codons are
shown, each in a different color. Insertion of
a single nucleotide changes all the following
codons, as does an insertion of two

insert three nucleotides — nucleotides. Insertion of three nucleotides
reading frame is maintained leaves the reading frame intact.

insert two nucleotides -
all the following codons are changed

i
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DNA gene

mRNA 5" [

I I

initiation codon termination codon

FIGURE 7.19 The genetic code.

FIGURE 7.18 The positions of the punctuation codons in an mRNA.

might also anticipate that—as turned out to be the case—the code will in-
clude punctuation codons, special ones that indicate the start and end of
the nucleotide sequence that must be translated into protein (Figure 7.18).

The work that led to elucidation of the genetic code was carried out dur-
ing 1961-1966, and at that time was the most exciting and talked-about
research in all of biology (Research Briefing 7.1). The first codon to be as-
signed a meaning was 5'-UUU-3’, which specifies phenylalanine. This was
worked out by showing that poly(U), an RNA molecule that contains just
U nucleotides, directs synthesis of polyphenylalanine. Equivalent experi-
ments enabled 5’-AAA-3’ to be assigned to lysine and 5’-CCC-3’ to proline.
For unexplained reasons poly(G) gave no protein product. Gradually, more
sophisticated approaches were developed, and eventually the code shown
in Figure 7.19 was built up.

As predicted, the code is degenerate. All amino acids except methionine
and tryptophan are specified by more than one codon, so that all the pos-
sible triplets have a meaning, despite there being 64 triplets and only 20
amino acids. Most synonymous codons are grouped into families. For ex-
ample, 5'-GGA-3’, 5'-GGU-3’, 5'-GGG-3’, and 5'-GGC-3' all code for glycine.
This similarity between synonymous codons is relevant to the way the code
is deciphered during protein synthesis, as we will see when we examine
the role of tRNA later in this chapter.

The genetic code also contains punctuation codons. The triplet 5’-AUG-3’
occurs at the start of most genes and marks the position where translation
should begin. This triplet is therefore the initiation codon, and because
it codes for methionine, most newly synthesized polypeptides have this
amino acid at the amino terminus, though the methionine may subse-
quently be removed after the protein has been made. Note that 5'-AUG-3’
is the only codon for methionine, so AUGs that are not initiation codons
may be found in the internal region of a gene. With a few genes a different
triplet such as 5’-GUG-3’ or 5’-UUG-3’ is used as the initiation codon.

uuu “ ucu UAU UGU -
uuc ucc UAC UGC

UUA Len UCA UAA n UGA
UuG UCG UAG UGG Trp
cuu ccu CAU “ CGU

cuc Leu ccc CAC CGC

CUA CCA CAA CGA

CUG cCG CAG “ CGG

AUU ACU AAU “ AGU n
AUC ACC AAC AGC

AUA ACA AAA AGA “
AUG I AcCG AAG AGG

GUU GCU GAU “ GGU

GUC GCC GAC GGC

GUA GCA GAA n GGA

GUG GCG GAG GGG
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TABLE 7.2 NONSTANDARD CODONS IN HUMAN MITOCHONDRIAL DNA

Codon Should code for Actually codes for

UGA Stop Tryptophan
AGA, AGG Arginine Stop
AUA Isoleucine Methionine

Three triplets, 5'-UAA-3’, 5’-UAG-3’, and 5’-UGA-3’, do not code for amino
acids and instead act as termination codons. One of these three always
occurs at the end of a gene at the point where translation must stop.

The genetic code is not universal

It was originally thought that the genetic code must be the same in all or-
ganisms. The argument was that, once established, it would be impossible
for the code to change because giving a new meaning to any single codon
would result in widespread disruption of the amino acid sequences of an
organism'’s proteins.

This reasoning seems sound, so it is surprising that, in reality, the genetic
code is not universal. The code shown in Figure 7.19 holds for the vast
majority of genes in the vast majority of organisms, but deviations are
widespread. In particular, genes present in mitochondrial DNA often use a
nonstandard code (Table 7.2). This was discovered when DNA sequencing
was first applied to human mitochondrial DNA. It was shown that several
human mitochondrial genes contain the sequence 5'-UGA-3’, which nor-
mally codes for termination, at internal positions where protein synthesis
is not expected to stop. Comparison with the amino acid sequences of the
proteins coded by these genes showed that 5’-UGA-3' is a tryptophan codon
in human mitochondria, and that this is just one of four code deviations
in this particular genetic system. Mitochondrial genes in other organisms
also display code deviations, although at least one of these—the use of
5'-CGG-3' as a tryptophan codon in plant mitochondria—is probably
corrected by RNA editing before translation occurs.

Nonstandard codes are also known in the nuclear genes of lower eukary-
otes. Often a modification is restricted to just a small group of organisms
and frequently it involves reassignment of the termination codons (Table
7.3). Modifications are less common among bacteria.

A second type of code variation is context-dependent codon reassign-
ment, which occurs when the protein to be synthesized contains either
selenocysteine or pyrrolysine. Proteins containing pyrrolysine are rare, and
are probably present only in some archaea and a very small number of
bacteria, but proteins containing selenocysteine are widespread in many

TABLE 7.3 EXAMPLES OF NONSTANDARD CODONS IN NUCLEAR GENOMES

Codon Should code | Actually codes
for for

Several protozoa UAA, UAG Stop Glutamine

Candida rugosa (yeast) CUG Leucine Serine

Euplotes spp. (ciliated protozoan) UGA Stop Cysteine
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RESEARCH BRIEFING 7.1
The genetic code

The elucidation of the genetic code—working out
which codons specify which amino acids—was the
greatest challenge for biological research in the early
1960s. Although identification of the meaning of in-
dividual codons was initially looked on as an almost
intractable problem, the entire code operating in
Escherichia coli was worked out in the years 1961-
1966. This rapid advance was made possible by two
new techniques that were developed in response to
the need to find ways of studying the genetic code.

The first of these innovations was the development
of methods for chemical synthesis of RNA molecules.
The rationale was that if protein synthesis could be
directed by an RNA molecule of known nucleotide se-
quence, then it would be possible to assign individual
codons by looking at the amino acid sequence of the
protein that was synthesized. To do this it would be
necessary to make artificial RNA molecules of known
or predictable sequence. This became possible with
the discovery by Severo Ochoa of polynucleotide
phosphorylase, an enzyme that degrades RNA in
the cell, but which, in the test tube, will catalyze the
reverse reaction and synthesize RNA. This reaction
does not require a DNA template and is unrelated to
transcription.

The second innovation was the development of cell-
free protein synthesis systems. To use an artificial
RNA molecule as a message for translation, a cell ex-
tract able to synthesize proteins is needed. Such a
cell-free, or in vitro, system must contain all the cel-
lular components necessary for protein synthesis,
including ribosomes, tRNAs, amino acids, and the
like. It must, however, lack endogenous mRNA so
that protein synthesis occurs only when the artificial
message is added.

Cell-free protein synthesis with
homopolymers identified the first codons

Marshall Nirenberg and Heinrich Matthaei at the
National Institutes of Health Laboratories in the
United States eventually perfected a cell-free system,
prepared from E. coli, able to synthesize proteins spe-
cific to an added artificial RNA message. According to
scientific legend, Matthaei worked through the night
of Friday, May 26, 1961, and around 6:00 the follow-
ing morning discovered that when a homopolymer
made up entirely of uridine nucleotides—poly(U)—
was added to the cell-free system, polyphenylalanine
was synthesized. The first codon could be assigned:
UUU for phenylalanine (Figure 1).

5 .
uuuuuuuuuuuuuuuu
poly(U) message

cell-free protein-
/ synthesizing system
g

H,N-PhePhePhePhePhe-C00-

FIGURE 1 Cell-free translation of poly(U) gives polyphenylalanine.

Poly(U) was used in this first experiment be-
cause homopolymer RNAs are relatively simple to
synthesize. If the reaction mixture from which poly-
nucleotide phosphorylase builds up an RNA molecule
contains only U nucleotides, then the only possible
RNA that can be made is poly(U). The three other RNA
homopolymers were also synthesized, and added in-
dividually to samples of the cell-free system. From
these experiments, Matthaei discovered that AAA
codes for lysine and CCC for proline. For reasons that
have never been entirely clear, poly(G) would not
work and so the amino acid coded by GGG could not
at this stage be identified.

Random heteropolymers enabled more
codons to be identified

The next step was to construct heteropolymers, arti-
ficial RNA molecules containing more than just one
nucleotide. This can be achieved by polymerizing
mixtures of nucleotides with polynucleotide phos-
phorylase. The problem is that the random nature of
the polymerization means that the actual sequence
of the resulting RNA molecule is not known. For ex-
ample, a random heteropolymer of A and C contains
eight different codons—AAA, AAC, ACA, CAA, ACC,
CCA, CAC, CCC—but these can occur in any order in
the RNA molecule. When used in the cell-free system
this poly(A,C) heteropolymer directed synthesis of a
protein that contained six amino acids—proline, his-
tidine, threonine, asparagine, glutamine, and lysine.
Clearly these six amino acids are coded by the eight
possible codons, but which is coded by which?

An answer can be obtained, at least partially, by using
different amounts of each nucleotide in the reaction
mixture for RNA synthesis. If the ratio of C to A is 5:1,
then the probability of a CCC codon occurring is much
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higher than the probability of an AAA. In fact, the fre-
quencies of each of the eight possible codons can be
worked out and compared with the amounts of each
amino acid in the resulting polypeptide (Figure 2).
The codon allocations provided by this method are
not definite but are statistically probable and can be
cross-checked by changing the composition of the
heteropolymer. These techniques allowed Nirenberg,
Matthaei, and Ochoa to propose meanings for many
of the 64 codons of the genetic code.

Completion of the code required additional
innovations

Although homopolymers and random heteropoly-
mers allowed much of the genetic code to be worked
out, unambiguous identification of each codon re-
quired three additional types of experiment.

The first of these made use of ordered heteropolymers,
which were first synthesized by H. Gobind Khorana.
These are made by polymerizing not mononucle-
otides, but known dinucleotides such as AC. This
would give poly(AC), whose sequence is ACACACAC,
and which contains two codons, ACA and CAC.
Trinucleotides such as UGU could also be polymer-
ized, giving the sequence UGUUGUUGU, with the
codons UGU, GUU, and UUG. The proteins produced
by these messages allowed the meaning of several of
the more difficult codons to be determined.

The next breakthrough was the development, by
Nirenberg and Philip Leder in 1964, of a modification

random heteropolymer comprising 5C:1A

probability of C being included in a triplet = 5/6
probability of A being included in a triplet = 1/6

possible triplets probability

ccc (5/6)> = 57.9%
CCA, CAC, ACC (1/6)(5/6)> = 11.6%
CAA, ACA, AAC  (1/6)%(5/6) = 2.3%
AAA (1/6)? = 0.4%

results of cell-free protein synthesis

amino acid amount in interpretation
polypeptide

proline 69% CCC + one of CCA, CAC, ACC
threonine 14% one of CCA, CAC, ACC + one of CAA, ACA, AAC
histidine 12% one of CCA, CAC, ACC

1 0y
SRSEIe 2% one of CAA, ACA, AAC for each
glutamine 2%
lysine 1% AAA

FIGURE 2 Analysis of the results of a typical experiment with a
random heteropolymer.

of the cell-free protein-synthesizing system called the
triplet binding assay. It was discovered that purified
ribosomes can attach to an mRNA molecule of only
three nucleotides, and having done so will then bind
the amino acid-tRNA molecule that is specified by
that particular codon (Figure 3). As triplets of known
sequence could be synthesized in the laboratory, it
was possible with this binding assay to check the pre-
viously assigned codons and to allocate virtually all of
the remaining ones.

The final remaining ambiguity concerned the termi-
nation codons. It was suspected that these were UAA,
UAG, and UGA, because no aminoacyl-tRNA would
attach to these codons when they were used in the
triplet binding assay. Confirmation that these are in-
deed the termination codons was provided by Sydney
Brenner and coworkers at Cambridge, UK, through
the study of “suppression”, which results in one or
another of the termination codons being recognized
as a codon for an amino acid. We will look more
closely at suppression in Chapter 16.

triplets (ACU)

ACU . AcCU
. lACU, ..
tRNAs ACU. . .ACU ribosomes
. ACU
ol}
li
lmix together J

N
. O only
. l l threonine-tRNA

l b_it|)1ds to ‘ched
T ribosome an

triplet

FIGURE 3 The triplet binding assay. The assay
was based on the discovery that a purified
ribosome will attach to a triplet RNA molecule
and then bind a tRNA that carries the amino
acid specified by that triplet. In this example,
the triplet is ACU and the tRNA that is bound
carries threonine, the amino acid coded by ACU.
The assay is performed with a series of amino
acid-tRNA mixtures, tested one after the other,
each mixture containing one amino acid that is
radioactively labeled. A positive result is signaled
by the ribosomes becoming radioactive. This
indicates that the labeled amino acid in that
particular mixture is the one specified by the
triplet being tested.
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TABLE 7.4 EXAMPLES OF PROTEINS
THAT CONTAIN SELENOCYSTEINE

Mammals Glutathione peroxidase
Thioredoxin reductase

Iodothyronine
deiodinase

Bacteria Formate dehydrogenase
Glycine reductase
Proline reductase
Archaea Hydrogenase

Formyl-methanofuran
dehydrogenase

tRNA

L_L_L L L polypeptide
d

mRNA

‘ glycine amino acid

tRNA®Y

I GG A codon for glycine

mMRNA I U G A UGA mmm

selenocysteine codon termination codon

FIGURE 7.20 A 5-UGA-3' codon that specifies selenocysteine is
distinguished from a termination codon by the presence of a hairpin
loop in the mRNA. This drawing shows a bacterial mRNA, in which
the hairpin is adjacent to the selenocysteine codon.

organisms (Table 7.4). One example is the enzyme glutathione peroxi-
dase, which helps protect the cells of humans and other mammals against
oxidative damage. Selenocysteine is coded by 5-UGA-3’, which therefore
has a dual meaning because it is still used as a termination codon in the
organisms concerned. A 5-UGA-3’ codon that specifies selenocysteine is
distinguished from true termination codons by the presence of a hairpin
loop structure in the mRNA, positioned just downstream of the seleno-
cysteine codon in prokaryotes and in the 3’ untranslated region (i.e., the
part of the mRNA after the termination codon) in eukaryotes (Figure 7.20).
Recognition of the selenocysteine codon requires interaction between the
hairpin and a special protein that is involved in translation of these mRNAs.
A similar system probably operates with pyrrolysine, which is specified by a
second termination codon, 5’-UAG-3'.

7.3 THE ROLE OF tRNAS IN PROTEIN SYNTHESIS

Transfer RNAs perform the key role of ensuring that the rules laid down by
the genetic code are followed when an mRNA is translated into a protein.
To do this, tRNAs form a physical link between the mRNA and the pro-
tein that is being synthesized, binding to both the mRNA and the growing
protein (Figure 7.21). To understand the role of tRNAs we must therefore
examine aminoacylation, the process by which the correct amino acid is
attached to each tRNA, and codon-anticodon recognition, the interac-
tion between tRNA and mRNA.

Aminoacyl-tRNA synthetases attach amino acids to tRNAs

Bacteria contain 30 to 45 different tRNAs, and eukaryotes have up to 50. As
only 20 amino acids are designated by the genetic code, this means that all
organisms have at least some isoaccepting tRNAs, different tRNAs that
are specific for the same amino acid. The terminology used when describ-
ing tRNAs is to indicate the amino acid specificity by a superscript suffix,
with the numbers 1, 2, etc., distinguishing different isoacceptors. According
to this notation, two tRNAs specific for glycine would be written as tRNAGY!
and tRNASY2,

FIGURE 7.21 The role of tRNA in translation. The top drawing shows
two tRNAs forming an attachment between the polypeptide and
the mRNA. The lower drawing shows that the amino acid that is
attached to the tRNA is the one specified by the codon that the
tRNA recognizes.
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FIGURE 7.22 Aminoacylation, or charging, of a tRNA. The result of NH
aminoacylation by a class Il aminoacyl-tRNA synthetase is shown, I :
the amino acid being attached via its -COOH group to the 3'-OH ) ) H—C—R
of the terminal nucleotide of the tRNA. A class | aminoacyl-tRNA amino acid I
synthetase attaches the amino acid to the 2'-OH group. 0=¢c

) (I) OH

Each tRNA molecule forms a covalent linkage with its specific amino acid
by a process called aminoacylation or charging. The amino acid becomes
attached to the end of the acceptor arm of the tRNA cloverleaf. The linkage CH,
forms between the carboxyl group of the amino acid and the 2’-OH or 3’-OH |
group of the terminal nucleotide of the tRNA (Figure 7.22). Remember that tRNA 0
this terminal nucleotide is always A, because all tRNAs have the sequence ll

I

0

adenine

5'-CCA-3' at their 3’ ends (see Figure 6.10).

Aminoacylation is catalyzed by a group of enzymes called the amino-
acyl-tRNA synthetases. In most cells there is a single aminoacyl-tRNA
synthetase for each amino acid, meaning that one enzyme can charge each
member of a series of isoaccepting tRNAs. Although aminoacyl-tRNA syn-
thetases are a fairly heterogeneous group of enzymes, each catalyzes the
same reaction (Figure 7.23). The energy required to attach the amino acid
to the tRNA is provided by cleavage of ATP to adenosine monophosphate
(AMP) and pyrophosphate. The reaction takes place in two distinct steps,
the first resulting in an activated amino acid intermediate in which the car-
boxyl group has formed a link with AMP. This intermediate remains bound
to the enzyme until the AMP is replaced in the second stage of the reaction
by the tRNA molecule, producing aminoacyl-tRNA and free AMP.

Aminoacylation must be carried out accurately. The correct amino acid
must be attached to the correct tRNA if the rules of the genetic code are
to be followed during protein synthesis. Each aminoacyl-tRNA synthetase
forms an extensive interaction with its tRNA, with contacts made to the ac-
ceptor arm and anticodon loop as well as to individual nucleotides in the
D and TyC arms. These interactions enable the enzyme to distinguish the
specific sequence features of different tRNAs and hence to recognize the
correct one. The interaction between enzyme and amino acid is, of ne-
cessity, less extensive, amino acids being much smaller than tRNAs, and
presents a greater problem with regard to specificity because several pairs
of amino acids are structurally similar. Errors do therefore occur, at a very
low rate for most amino acids but possibly as frequently as one amino-
acylation in 80 for difficult pairs such as isoleucine and valine. Most of
these errors are corrected by the aminoacyl-tRNA synthetase before the
charged tRNA is released.

Unusual types of aminoacylation

In most organisms, aminoacylation is carried out by the process just de-
scribed, but a few unusual events have been documented. These include
a number of instances where the aminoacyl-tRNA synthetase attaches ATP
the incorrect amino acid to a tRNA, this amino acid subsequently being

. . : hosphat
transformed into the correct one by a second, separate chemical reaction. pyrophosphate

amino acid-AMP

FIGURE 7.23 The two-step reaction catalyzed by an aminoacyl- ERNA

tRNA synthetase. The first step results in an activated amino acid AMP
intermediate whose carboxyl group has formed a link with AMP. In

the second stage of the reaction, the AMP is replaced by the tRNA . L-tRNA
molecule, producing aminoacyl-tRNA and free AMP. aminoacy’-
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FIGURE 7.24 Unusual types of
aminoacylation. (A) In some bacteria,
tRNAGIN is aminoacylated with glutamic
acid, which is then converted to glutamine
by an aminotransferase enzyme.

(B) The special tRNA used in initiation of
translation in bacteria is aminoacylated
with methionine, which is then converted
to N-formylmethionine. (C) tRNAS€YS in
various organisms is initially aminoacylated
with serine.

This unusual type of aminoacylation was first discovered in the bacterium
Bacillus megaterium, which lacks an aminoacyl-tRNA synthetase capable
of attaching glutamine to tRNASI, Instead, the glutamic acid tRNA syn-
thetase attaches a glutamic acid to tRNASIM, this “mistake” being corrected
by a second enzyme (an aminotransferase) that replaces the -O~ group of
the glutamic acid with an -NH; group, converting it into glutamine (Figure
7.24A). The same process takes place in various other bacteria, although
not E. coli.

In the example given above, the amino acid resulting from the correc-
tion process is one of the 20 specified by the genetic code. There are also
cases where chemical modification results in an unusual amino acid.
One such chemical modification results in the conversion of methionine
to N-formylmethionine (Figure 7.24B). This produces a special amino-
acyl-tRNA which, as we will see in Chapter 8, is used during initiation of
bacterial protein synthesis.

Chemical modification is also responsible for synthesis of tRNAs amino-
acylated with selenocysteine. Context-dependent reading of 5-UGA-3'’
triplets as selenocysteine codons involves a special tRNASSYs, but there is
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no aminoacyl-tRNA synthetase that is able to attach selenocysteine to this
tRNA. Instead, the tRNA is aminoacylated with a serine by the seryl-tRNA
synthetase, and then modified by replacement of the -OH group of the ser-
ine with an -SeH, to give selenocysteine (Figure 7.24C).

The mRNA sequence is read by base pairing between the codon
and anticodon

Aminoacylation represents the first level of specificity displayed by a tRNA.
Once the correct amino acid has been attached to the acceptor arm of the
tRNA, the aminoacylated molecule must complete the link between mRNA
and protein by recognizing and attaching to the correct codon, one coding
for the amino acid that it carries.

Codon recognition is a function of the anticodon loop of the tRNA, spe-
cifically, of the triplet of nucleotides called the anticodon (see Figure 6.10).
This triplet is complementary to the codon and can therefore attach to it
by base pairing (Figure 7.25). The specificity of the genetic code is ensured
because the anticodon present on a particular tRNA is one that is comple-
mentary to a codon for the amino acid with which the tRNA is charged.

From what has been said so far it might be imagined that there are 61 dif-
ferent types of tRNA molecule in each cell, one for each of the codons that
specify an amino acid. In fact it has been known since the early 1960s that
there are substantially fewer than 61 different tRNA molecules, usually be-
tween 30 and 50 depending on the organism. The explanation for this is
provided by the wobble hypothesis. This hypothesis is based on the fact
that the anticodon loop is just that, a loop, and the anticodon itself is not a
perfectly linear trinucleotide. The short double helix formed by base pair-
ing between the codon and anticodon does not therefore have the precise
configuration of a standard RNA helix. Instead, its dimensions are slightly
altered. As a result, nonstandard base pairs can form at the “wobble posi-
tion,” between the third nucleotide of the codon and the first nucleotide of
the anticodon.

Because of the wobble pairing a single anticodon may be able to base-pair
with more than one codon. This means that a single tRNA might decode
more than one member of a codon family. However, the base-pairing rules
do not become totally flexible at the wobble position, and only a few types
of unusual base pairs are allowed. G-U base pairs are a common example.
By allowing G to pair with U as well as C, an anticodon with the sequence
3'-vvG-5' can base-pair with both 5-aaC-3" and 5’-aaU-3’ (Figure 7.26).
Similarly, the anticodon 3'-vvU-5’ can base-pair with both 5’-aaA-3" and
5'-4aG-3'. The consequence is that the four members of a codon family
(e.g., 5'-GCN-3’, all coding for alanine) can be decoded by just two tRNAs.

A second type of wobble involves inosine, one of the modified nucle-
otides present in tRNA. Inosine can base-pair with A, C, and U. The triplet
3’-UAI-5’ is sometimes used as the anticodon in a tRNA molecule because

3| tRNAAlal 5| 31 tRNAAlaZ 5|

\./

10
5_GCC_ 5_GCA_3
, I G C G

5,—GCU—3. 3'

alanine codons alanine codons

3 tRNA >

mRNA

FIGURE 7.25 The interaction between a
codon and its anticodon. The anticodon
is complementary to the codon and can
therefore attach to it by base pairing.
The numbers refer to the positions of the
nucleotides within the tRNA sequence,
position 1 being the nucleotide at the
extreme 5’ end.

FIGURE 7.26 Wobble involving a G-U base
pair. In this example, wobble enables the
four-codon family for alanine to be decoded
by just two tRNAs. The wobble position is
highlighted in magenta.
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FIGURE 7.27 Wobble involving inosine. The
wobble position is highlighted in magenta.

it pairs with 5’-AUA-3’, 5'-AUC-3’, and 5'-AUU-3’ (Figure 7.27). These tri-
plets form the three-codon family for isoleucine in the standard genetic
code.

Wobble reduces the number of tRNAs needed in a cell by enabling one
tRNA to read two or possibly three codons. Hence bacteria can decode their
mRNASs with as few as 30 tRNAs. Eukaryotes also make use of wobble but
in a restricted way. The human genome, which in this regard is fairly typical
of higher eukaryotes, has 48 tRNAs. Of these, 16 are predicted to use wob-
ble to decode two codons each, with the remaining 32 being specific for just
a single triplet. Although reducing the number of tRNAs that are needed,
wobble does not violate the rules of the genetic code, and the protein that
is made during translation is always synthesized strictly in accordance with
the nucleotide sequence of the relevant mRNA.

KEY CONCEPTS

e A protein is a linear unbranched polymer. The monomeric subunits are
called amino acids, and the resulting polymers, or polypeptides, are
rarely more than 2000 units in length.

e Twenty different amino acids are found in protein molecules. Their R
groups vary considerably in chemical complexity. These differences
mean that although all amino acids are closely related, each has its own
specific chemical properties.

e Proteins have four distinct levels of structure. These levels are hier-
archical, the protein being built up stage by stage, with each level of
structure depending on the one below it. Each of the higher levels of
protein structure is specified by the amino acid sequence.

e Through the higher levels of structure, the amino acid sequence also
specifies the function of a protein. This is because a protein, in order to
perform its function, must interact with other molecules, and the pre-
cise nature of these interactions is set by the overall shape of the protein
and the distribution of chemical groups on its surface.

e The genetic code contains the rules that govern the order in which
amino acids are joined together during translation of an mRNA.

e The codewords of the genetic code are three-letter triplets called
codons. Most amino acids are specified by more than one codon. There
are also initiation and termination codons.

e The genetic code is not universal.

e Transfer RNAs ensure that the rules laid down by the genetic code are
followed when an mRNA is translated into a protein.

e The correct amino acid must be attached to each tRNA. This is ensured
by the specificity of the aminoacyl-tRNA synthetase enzymes.

e The aminoacylated tRNA must recognize and attach to the correct
codon, one coding for the amino acid that it carries. Codon recognition
is a function of the anticodon of the tRNA. The anticodon is complemen-
tary to the codon and can therefore attach to it by base pairing.

e Wobble reduces the number of tRNAs needed in a cell by enabling one
tRNA to read two or possibly three codons. Wobble does not violate the
rules of the genetic code, and the protein that is made during trans-
lation is always synthesized strictly in accordance with the nucleotide
sequence of the relevant mRNA.



QUESTIONS AND PROBLEMS

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

a helix codon polypeptide
B sheet codon-anticodon recognition primary structure
B turn context-dependent codon proflavin
acridine dye reassignment punctuation codon
amino acid degenerate quaternary structure
amino terminus (or NH; terminus, denaturation R group

or N terminus) disulfide bridge reading frame

aminoacyl-tRNA synthetase helix-turn-helix recognition helix

aminoacylation initiation codon renaturation
bacteriophage isoaccepting tRNAs secondary structure
carboxyl terminus (or COOH nonpolar termination codon
terminus, or C terminus) peptide bond tertiary structure
cell-free protein synthesis polar triplet binding assay

charging polynucleotide phosphorylase wobble hypothesis

Self-study Questions

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

Draw the structure of an amino acid and
indicate which parts of the molecule are the
same for each amino acid and which parts
are variable.

How are amino acids linked together to form
a polypeptide?

Describe the four levels of protein structure.
Your answer should include an indication
of the types of chemical interaction that are
important at each structural level.

What experimental evidence supports the
contention that the instructions for the higher
levels of protein structure reside in the amino
acid sequence? Using Cro as an example,
explain how the function of a protein is
specified by its amino acid sequence.

Explain what is meant by colinearity between
gene and protein. How was colinearity first
demonstrated for genes and proteins in

E. coli?

What considerations suggested that each
codon would comprise three nucleotides?
How was this fact proven experimentally?

Calculate the number of codons that would
be possible if each codon contained four
nucleotides.

Explain what is meant by degeneracy with
respect to the genetic code.

7.9
7.10

7.12

7.13

7.14

List the key features of the genetic code.

A messenger RNA contains the following
sequence:

5’ -AUGUUAGCUGAUCCGGAAAUGAUG
UUAUAUAUAAUAUAUGCCCAAUAG-3"'

What would be the amino acid sequence of
the protein specified by this mRNA?

Distinguish between the way homopolymers
and heteropolymers were used in the
experiments that elucidated the genetic code.

List the codons that would be contained
in a random heteropolymer comprising

A and G nucleotides. What amino acids
would a polypeptide synthesized from this
heteropolymer contain?

Explain why the triplet binding assay was
important in studies of the genetic code.

Give examples of nonstandard genetic codes
found in eukaryotes.

Using examples, explain what is meant by
context-dependent codon reassignment.

Explain how tRNA molecules ensure that
protein synthesis follows the rules laid down
by the genetic code.

Outline the terminology used to distinguish
between isoaccepting tRNAs.

Describe how an amino acid is attached to a
tRNA molecule.



7.19  Give three examples where the incorrect
amino acid is attached to a tRNA, this amino
acid subsequently being transformed into the
correct one.

7.20  Explain why fewer than 61 tRNAs are

sufficient to decode the entire genetic code.

7.21 Draw a series of diagrams to illustrate the
codon-anticodon interactions that occur
during wobble involving G-U base pairs and
inosine.

Discussion Topics

7.22 The 20 amino acids shown in Figure 7.3
are not the only amino acids found in living
cells. Devise a hypothesis to explain why
these 20 amino acids are the only ones that
are specified by the genetic code. Can your
hypothesis be tested?

7.23  Discuss the reasons why polypeptides can
take up a variety of structures whereas
polynucleotides cannot.

7.24  During the 1950s it was suggested that
adjacent codons may overlap, so that ACAUG
might contain two codons: ACA and AUG.
Design an experiment to test this proposition.
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7.25  How can the genetic code change if an
alteration in a codon assignment is likely to
cause an alteration to every protein in the
cell?

7.26 Most organisms display a distinct codon

bias in their genes. For instance, of the

four codons for proline, only two (CCU and
CCA) appear at all frequently in genes of
Saccharomyces cerevisiae. CCC and CCG are
less common. It has been suggested that a
gene that contains a relatively high number
of unfavored codons might be expressed at
a relatively slow rate. Explain the thinking
behind this hypothesis and discuss its
ramifications.

7.27 In human mitochondria, protein synthesis
requires only 22 different tRNAs. What
implications does this have for the rules
governing codon-anticodon interactions in
this system?

Discuss the connection between the wobble
hypothesis and the degeneracy of the genetic
code.

7.28
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Protein Synthesis

We now reach the stage of the gene expression pathway where the infor-
mation contained in the nucleotide sequence of an mRNA is translated into
a protein. We have already learned that this process follows the rules laid
down by the genetic code, with tRNAs enforcing these rules. Now we must
examine the mechanism by which all this happens. The first part of this
chapter is therefore about the role of the ribosome in protein synthesis.

It is often forgotten that translation is only the first stage in protein synthe-
sis. Before becoming functional in the cell, the linear amino acid sequence
that results from translation must be folded into its correct secondary,
tertiary, and, possibly, quaternary structures. In some cases it must also
undergo processing, possibly by chemical modification or, less frequently,
by removal of some segments of the polypeptide chain (Figure 8.1). These
post-translational events are inherent steps in the final stage of gene
expression, because until they have been carried out the biological infor-
mation contained in the gene has not been made fully available to the cell.
We will therefore spend some time becoming familiar with the most impor-
tant of these post-translational processes.

The collection of proteins in a cell is called the proteome. Within the pro-
teome, the identity and relative abundance of individual proteins represent
a balance between the synthesis of new proteins and the degradation of
existing ones (Figure 8.2). Exactly as with mRNAs in the transcriptome,
degradation is needed so that individual proteins can be down- as well as
up-regulated by changing their rate of synthesis. The terminal step in the
expression pathway for a gene is therefore the process by which its protein,
when no longer needed, is removed from the proteome. We will conclude
this chapter with a brief overview of protein degradation.

8.1 THE ROLE OF THE RIBOSOME IN PROTEIN SYNTHESIS

Messenger RNAs are translated within the structures called ribosomes. We
will follow through the series of events involved in initiation of translation,
elongation of the polypeptide chain, and termination of translation. These
events are similar in bacteria and eukaryotes, though the details are differ-
ent, most strikingly during the initiation phase.

Initiation in bacteria requires an internal ribosome binding
site

The main difference between initiation of translation in bacteria and
eukaryotes is that in bacteria the translation initiation complex is built up

polypept]de_

) -
( | M

folding chemical modification cleavage

l l l
:: .—I—L o —
ANS |
\ ) | new chemical group
S

FIGURE 8.1 A summary of protein
processing events. All proteins must be
folded in order to become functional,
and some are also processed by chemical
modification and/or cleavage of the
polypeptide into segments.
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FIGURE 8.2 The composition of a proteome
reflects the balance between synthesis of
new proteins and degradation of existing
ones. In this drawing, dots of different colors
represent different proteins.
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initiation codon
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FIGURE 8.3 The ribosome binding site for
bacterial translation. In Escherichia coli, the
ribosome binding site is located between
3 and 10 nucleotides upstream of the
initiation codon.
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directly at the initiation codon, the point at which protein synthesis will
begin, whereas eukaryotes use a more indirect process for locating the ini-
tiation point.

When not actively participating in protein synthesis, ribosomes separate
into their subunits, which remain in the cytoplasm waiting to be used for
a new round of translation. In bacteria, the process initiates when a small
subunit attaches to the ribosome binding site (also called the Shine-
Dalgarno sequence). This is a short sequence, consensus 5'-AGGAGGU-3'’
in E. coli (Table 8.1), located about 3 to 10 nucleotides upstream of the ini-
tiation codon, the point at which translation will begin (Figure 8.3). The
ribosome binding site is complementary to a region at the 3’ end of the 16S
rRNA, the one present in the small subunit, and it is thought that base pair-
ing between the two is involved in the attachment of the small subunit to
the mRNA.

Attachment to the ribosome binding site positions the small subunit of the
ribosome over the initiation codon (Figure 8.4). As described in Chapter
7, this codon is usually 5'-AUG-3’, which codes for methionine, although
5'-GUG-3’ and 5’-UUG-3’ are sometimes used. All three codons can be rec-
ognized by the same initiator tRNA, the last two by wobble. The initiator
tRNA (tRNAj) joins the small subunit of the ribosome along with a mol-
ecule of GTP, which will be used as an energy source for the final step
of initiation. This initiator tRNA is the one that was aminoacylated with
methionine and subsequently modified by conversion of the methionine to
N-formylmethionine (see Figure 7.24). The modification attaches a formyl
group (-COH) to the amino group, which means that only the carboxyl of
the initiator methionine is free to participate in peptide bond formation.
This ensures that polypeptide synthesis can take place only in the N — C
direction.

The formyl group remains attached until translation has proceeded into
the elongation phase, but it is then removed from the growing polypeptide,
either on its own or along with the rest of the initial methionine. Note that
the tRNAjMet is able to decode only the initiation codon. It cannot enter

TABLE 8.1 EXAMPLES OF RIBOSOME BINDING SITE SEQUENCES IN E. COLI

Codes for Ribosome Nucleotides from
binding the initiation
sequence codon

E. coli consensus — 5"-AGGAGGU-3’ 3-10

Lactose operon Lactose utilization 5’-AGGA-3’ 7
enzymes

galE Hexose-1-phosphate 5-GGAG-3’ 6
uridyltransferase

pld Ribosomal protein L10  5-AGGAG-3' 8
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the complete ribosome during the elongation phase of translation. During
elongation, the internal 5'-AUG-3’ codons are recognized by a different
tRNAMet carrying an unmodified methionine.

In addition to the small subunit of the ribosome and the N-formylmethionine
tRNA, initiation also requires three proteins, called initiation factors,
which are not permanent components of the ribosome, but which attach
at the appropriate times in order to perform their functions (Table 8.2). The
roles of two of these initiation factors are fairly well understood. The one
called IF-2 directs the initiator tRNA to its correct position on the small sub-
unit of the ribosome, and IF-3 prevents the large subunit from joining the
complex until it is needed, which is important as the complete ribosome is
unable to initiate translation. The function of IF-1 is less clear. It attaches
to the complex toward the end of the initiation phase and appears to co-
ordinate the transition from initiation to elongation, but exactly how it does

TABLE 8.2 FUNCTIONS OF INITIATION FACTORS IN BACTERIA

IF-1 Unclear. Might cause conformational changes that prepare the
small subunit for attachment to the large subunit, or might
prevent premature entry of the second aminoacyl-tRNA.

IF-2 Directs the initiator tRNA to its correct position in the
initiation complex.

IF-3 Prevents premature reassociation of the large and small
subunits of the ribosome.

FIGURE 8.4 Initiation of translation in E.
coli. The process begins when the small
subunit of the ribosome attaches to its
binding site on the mRNA. The small subunit
is accompanied by IF-3, which prevents
the large subunit from attaching until the
appropriate time. The initiator tRNA is now
brought to the complex by IF-2, along with
a molecule of GTP. The initiation process

is completed by attachment of the large
subunit. IF-1 is also involved at this stage
but its role is unclear. Attachment of the
large subunit requires energy, obtained by
conversion of the bound GTP to GDP, and
results in release of the initiation factors.
fM, N-formylmethionine.
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RESEARCH BRIEFING 8.1
Studying the proteome

Proteome studies are important because of the cen-
tral role that the proteome plays as the link between
the genome and the biochemical capability of the
cell. Characterization of the proteomes of different
cells is therefore the key to understanding how the
genome operates and how dysfunctional genome
activity can lead to diseases. Transcriptome studies
can only partly address these issues. Examination
of the transcriptome tells us which genes are active
in a particular cell, but gives a less accurate reflec-
tion of the proteins that are present. This is because
the factors that influence the proteome include not
only the amount of mRNA that is available, but also
the rate at which the mRNAs are translated into pro-
tein and the rate at which the proteins are degraded.
Additionally, the protein that is the initial product of
translation might not be active, because some pro-
teins must undergo post-translational modification
before becoming functional. Determining the amount
of the active form of a protein is therefore critical to
understanding the biochemistry of a cell or tissue.

The methodology used to study proteomes is called
proteomics. Strictly speaking, proteomics is a
diverse set of techniques used not only to identify the
proteins that are present in a proteome, but also to
study the functions of individual proteins and their
localization within the cell. The particular technique
that is used to study the composition of a proteome is
called protein profiling or expression proteomics.

Protein profiling is based on two methods—protein
electrophoresis and mass spectrometry—both
of which have long pedigrees but which were rarely
applied together in the pre-proteomics era.

Proteins can be separated by two-
dimensional gel electrophoresis

To characterize a proteome it is first necessary to
prepare pure samples of its constituent proteins.
A mammalian cell may contain 10,000 to 20,000

load the protein sample

different proteins, so a highly discriminating separa-
tion system is needed.

Polyacrylamide gel electrophoresis is the stan-
dard method for separating the proteins in a mixture.
Depending on the composition of the gel and the con-
ditions under which the electrophoresis is carried out,
different chemical and physical properties of proteins
can be used as the basis for their separation. The most
common technique makes use of the detergent called
sodium dodecyl sulfate (SDS). This detergent has two
effects. It causes each protein to unfold, and it adds
negative charges to each one, the number of nega-
tive charges depending on the length of the protein.
This means that if electrophoresis is carried out in the
presence of SDS, the proteins in a mixture separate
according to their molecular masses, the smallest
proteins migrating more quickly toward the positive
electrode.

Another way of separating proteins is by isoelectric
focusing. Now the gel contains chemicals that form
a pH gradient when the electrical charge is applied.
In this type of gel, a protein migrates to its isoelec-
tric point, the position in the gradient where its net
charge is zero.

In protein profiling, these methods are combined in
two-dimensional gel electrophoresis. In the first
dimension, the proteins are separated by isoelectric
focusing. The gel is then soaked in SDS and rotated
by 90°, and a second electrophoresis, separating the
proteins according to their sizes, is carried out at right
angles to the first (Figure 1). Several thousand pro-
teins can be separated in a single gel.

Proteins are identified by peptide mass
fingerprinting

After electrophoresis, staining the gel reveals a
complex pattern of spots, each one containing a dif-
ferent protein. The second stage of protein profiling
is to identify the proteins. This used to be a difficult

first second
electrophoresis rotate electrophoresis
— — —

FIGURE 1 Two-dimensional gel electrophoresis.
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FIGURE 2 Separation of peptides of different mass by MALDI-TOF.
The peptides are ionized by energy from a laser and accelerated
down the column to the reflector and onto the detector. The time

proposition but has been made much easier by the
development of peptide mass fingerprinting.

Peptide mass fingerprinting was made possible
by advances in mass spectrometry. In mass spec-
trometry, the compound under study is ionized by
exposure to a high-energy field. The ratio between
the mass and electric charge of the resulting mol-
ecules is then used to identify the compound. The
standard technique cannot be used with proteins
because they are too large to be ionized effectively,
but matrix-assisted laser desorption ionization
time of flight (MALDI-TOF) gets around this prob-
lem, at least with proteins of up to 50 amino acids
in length. Of course, most proteins are much longer
than 50 amino acids, and it is therefore necessary to
break them into fragments before examining them by
MALDI-TOF. The usual approach is to digest the pro-
tein with a protease such as trypsin, which cleaves
proteins immediately after arginine or lysine amino
acids. With most proteins, this results in a series of
peptides 5 to 75 amino acids in length.

Once a peptide is ionized, its mass-to-charge ratio
is determined from its “time of flight” within the
mass spectrometer as it passes from the ionization
source to the detector (Figure 2). The mass-to-charge
ratio enables the molecular mass of the peptide to
be worked out, which in turn allows its amino acid
composition to be deduced. This compositional infor-
mation is compared with the amino acid sequences
of all the proteins that the organism can make, which
will be known if the complete genome sequence is
available. The protein that has been isolated from the
proteome can therefore be identified.

Two proteomes can be compared by isotope-
coded affinity tag labeling

If two proteomes are being compared, then a key
requirement is to identify proteins that are present
in different amounts. These differences may reveal
important features of the biochemistry of one or

of flight of each peptide depends on its mass-to-charge ratio.
The data are visualized as a spectrum.

another tissue. If the differences are relatively large,
then they will be apparent simply by comparing the
pair of stained gels obtained for the two proteomes.
But important changes in the biochemical proper-
ties of a proteome can result from relatively minor
changes in the amounts of individual proteins.
Methods for detecting small-scale changes are there-
fore essential.

One possibility is to label the constituents of the two
proteomes with different fluorescent markers, and
then run them together in a single two-dimensional
gel. Visualization of the two-dimensional gel at differ-
ent wavelengths enables the intensities of equivalent
spots to be judged more accurately than is possible
when two separate gels are obtained. A more accu-
rate alternative is to label each proteome with an
isotope-coded affinity tag (ICAT). This is a type of
marker that can be obtained in two different forms,
one containing normal hydrogen atoms and the other
containing deuterium, the heavy isotope of hydrogen.
The normal and heavy versions can be distinguished
by mass spectrometry, enabling the relative amounts
of a protein in two proteomes that have been mixed
together to be determined during the MALDI-TOF
stage of the profiling procedure (Figure 3).

=
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FIGURE 3 Analyzing two proteins by ICAT. Peaks resulting from
peptides containing normal hydrogen are shown in red, and those
from peptides containing deuterium are shown in blue.
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this is not known. Possibly it causes a change in the conformation of the
small subunit, enabling the large subunit to attach, or possibly it prevents
the second aminoacyl-tRNA from entering the complex until it is needed.

The initiation phase of translation is completed when the large subunit
of the ribosome attaches to the small subunit, forming a complete ribos-
ome positioned over the initiation codon. Attachment of the large subunit
requires energy, which is generated by hydrolysis of the GTP that was bound
earlier during initiation, and results in release of the initiation factors.

Initiation in eukaryotes is mediated by the cap structure
and poly(A) tail

Only a small number of eukaryotic mRNAs have internal ribosome binding
sites. Instead, with most mRNAs the small subunit of the ribosome makes
its initial attachment at the 5’ end of the molecule and then scans along
the sequence until it locates the initiation codon.

The process works as follows. The first step involves assembly of the
pre-initiation complex, the principal components of which are the small
subunit of the ribosome and the initiator tRNA (Figure 8.5A). As in bacte-
ria, the initiator tRNA is distinct from the normal tRNAMet that recognizes
internal 5’-AUG-3’ codons, but, unlike the initiator tRNA of bacteria, it is
aminoacylated with normal methionine, not the formylated version.

After assembly, the pre-initiation complex attaches to the cap struc-
ture at the extreme 5’ end of the mRNA. The initiation complex, as it
is now called, then scans along the molecule to find the initiation codon
(Figure 8.5B). The leader regions of eukaryotic mRNAs can be several
tens, or even hundreds, of nucleotides in length and often contain several
5'-AUG-3’ triplets that the complex must ignore before it reaches the true
initiation codon. This discrimination is possible because the initiation
codon, but not the upstream 5'-AUG-3’ triplets, is contained in a short con-
sensus sequence, 5'-ACCAUGG-3, referred to as the Kozak consensus.

There are two further aspects of eukaryotic translation initiation that we
must consider. The first is the involvement of the poly(A) tail of the mRNA,
which somehow promotes the binding of the pre-initiation complex to
the cap structure. We know that the poly(A) tail is involved at this stage
because the length of the tail influences the extent of translation initiation
that occurs with a particular mRNA, and removal of the tail is one of the
steps that lead to inactivation of an mRNA whose translation product is no
longer needed. But exactly how the poly(A) tail associates with the pre-
initiation complex is not yet known.

The second issue is the role of the plethora of initiation factors possessed
by eukaryotes, at least 13 at the last count (Table 8.3). Five of these—elF-1,
elF-1A, elF-2, elF-2B, and elF-3—are components of the pre-initiation com-
plex. A further three—elF-4A, elF-4E, and elF-4G—form a structure called

FIGURE 8.5 Initiation of translation in eukaryotes. (A) Assembly of
the pre-initiation complex and its attachment to the mRNA.The
pre-initiation complex comprises the small subunit of the ribosome,
the initiator tRNA, and various initiation factors including elF-2 and
elF-3.The pre-initiation complex attaches to the cap structure at
the 5"end of the tRNA, assisted by the cap binding complex, which
is made up of elF-4A, elF-4E, and elF-4G. (B) The initiation complex
scans along the mRNA until it reaches the initiation codon, which is
located within the Kozak consensus sequence. Two of the initiation
factors, elF-4A and elF-4B, are involved in the scanning process.

M, methionine.
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TABLE 8.3 FUNCTIONS OF INITIATION FACTORS IN EUKARYOTES

elF-1 Component of the pre-initiation complex

elF-1A Component of the pre-initiation complex

elF-2 Binds to the initiator tRNA within the pre-initiation complex;
phosphorylation of eIF-2 results in a global repression of
translation

elF-2B Component of the pre-initiation complex

elF-3 Component of the pre-initiation complex; makes direct contact

with eIF-4G and so forms the link with the cap binding complex

elF-4A Component of the cap binding complex; a helicase that aids
scanning by breaking intramolecular base pairs in the mRNA

elF-4B Aids scanning, possibly by acting as a helicase that breaks
intramolecular base pairs in the mRNA

elF-4E Component of the cap binding complex, possibly the component
that makes direct contact with the cap structure at the 5" end of
the mRNA

elF-4F The cap binding complex, comprising eIF-4A, eIF-4E, and eIF-4G,

which makes the primary contact with the cap structure at the 5’
end of the mRNA

elF-4G Component of the cap binding complex; forms a bridge between
the cap binding complex and eIF-3 in the pre-initiation complex;
in at least some organisms, eIF-4G also forms an association with
the poly(A) tail

elF-4H In mammals, aids scanning in a manner similar to eIF-4B

elF-5 Aids release of the other initiation factors at the completion of
initiation

elF-6 Associated with the large subunit of the ribosome; prevents large

subunits from attaching to small subunits in the cytoplasm

the cap binding complex (unhelpfully also called elF-4F), which makes
the initial contact with the 5’ end of the mRNA and mediates subsequent
attachment of the pre-initiation complex. Two factors, eIF-4A and eIF-4B,
are involved in the scanning process, €IF-4A and possibly elF-4B having
a helicase activity which enables them to break intramolecular base pairs
that sometimes form in the mRNA leader region (Figure 8.6). Finally, eIF-5
aids the release of all the other initiation factors at the end of the initiation
phase, and elF-6 plays the same role as IF-3 in bacteria, preventing the
large subunit of the ribosome from joining the initiation complex until it is
needed.

hairpin formed

by intramolecular initiation codon
base pairs

AUG

| heticase activity FIGURE 8.6 The helicase activities of elF-4A
and possibly elF-4B enable hairpin structures
() e A | G E— resulting from intramolecular base pairing to
hairpin has been opened up be broken in the leader region of the mRNA.
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FIGURE 8.7 The first steps in the elongation
phase of protein synthesis in E. coli. The
ribosome contains two sites at which
aminoacyl-tRNAs can bind. To begin with,
the P site is occupied by the initiator
tRNAMet, and the A site is empty. Elongation
begins with entry of the second aminoacyl-
tRNA into the A site, accompanied by
elongation factor EF-1A and a molecule of
GTP. A peptide bond is now formed between
the two amino acids. This requires energy
released by conversion of the GTP molecule
to GDP. fM, N-formylmethionine;

T, threonine.
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Translation of a few eukaryotic mRNAs initiates without
scanning

The scanning system for initiation of translation does not apply to every
eukaryotic mRNA. This was first recognized with the picornaviruses, a
group of viruses with RNA genomes which includes the poliovirus and
the human rhinovirus, the latter responsible for the common cold. These
viruses are not themselves eukaryotes, but their genes are expressed
within the eukaryotic cells that they infect. They make use of at least some
of the endogenous noncoding RNAs and proteins, the ones made by the
cell, which are subverted by the viruses to their own ends.

Picornavirus mRNAs are not capped but instead have an internal ribos-
ome entry site (IRES), which is similar in function to the ribosome
binding site of bacteria, although the sequences of IRESs and their posi-
tions relative to the initiation codon are more variable than the bacterial
versions. The presence of IRESs on their mRNAs means that picornaviruses
can block protein synthesis in the host cell by inactivating the cap binding
complex, without affecting translation of their own mRNAs, although this is
not a normal part of the infection strategy of all picornaviruses.

Remarkably, no virus proteins are required for recognition of an IRES by a
host ribosome. In other words, the normal eukaryotic cell possesses pro-
teins and/or other factors that enable it to initiate translation by the IRES
method. Because of their variability, IRESs are difficult to identify, but it is
becoming clear that a few cellular mRNAs possess them and that these are
translated, at least under some circumstances, via their IRES rather than by
scanning. These cellular mRNAs include a few that are translated when the
cell is put under stress, for example, by exposure to heat, radiation, or low
oxygen conditions. Under these circumstances, cap-dependent translation
is globally suppressed by inactivation of elF-2, one of the initiation factors
present in the pre-initiation complex. The presence of IRESs on the “sur-
vival” mRNAs therefore enables these to undergo preferential translation at
the time when their products are needed.

Elongation of the polypeptide begins with formation of the
first peptide bond

We now move into the elongation phase, during which the protein is syn-
thesized step by step, individual amino acids being attached to the carboxyl
terminus of the growing polypeptide. Elongation is similar in bacteria and
eukaryotes, so we can deal with the two types of organism together, point-
ing out the important distinctions as we come to them.

Bringing together the two ribosome subunits creates two sites at which
aminoacyl-tRNAs can bind. The first of these, the peptidyl (or P) site, is
already occupied by the initiator tRNA;M€t, charged with N-formylmethionine
or methionine, and base-paired with the initiation codon. The second site,
the aminoacyl (or A) site, covers the second codon in the open reading
frame (Figure 8.7). The structures revealed by X-ray crystallography show
that these sites are located in the cavity between the large and small sub-
units of the ribosome, the codon-anticodon interaction being associated
with the small subunit and the aminoacyl end of the tRNA with the large
subunit (Figure 8.8).

To begin elongation, the A site becomes filled with the appropriate amino-
acyl-tRNA, which in E. coli is brought into position by the elongation
factor EF-1A. This factor helps to ensure that translation is accurate, as it
allows only a tRNA that carries its correct amino acid to enter the ribosome,
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mischarged tRNAs being rejected at this point. EF-1A also binds a molecule
of GTP, which will be hydrolyzed to release energy when the peptide bond
is formed. In eukaryotes the equivalent factor is called eEF-1 (Table 8.4).

Once in the A site, the anticodon of the tRNA must form base pairs with the
next codon of the mRNA. Again, it is essential that mistakes are not made.
The tRNA and mRNA must fit exactly within the A site, and this can happen
only if the codon and anticodon are perfectly matched, with each of the
three base pairs formed correctly. If there is a mispair at any position in the
codon-anticodon interaction, then the tRNA is rejected.

When the correct aminoacyl-tRNA has entered the A site, a peptide bond is
formed between the two amino acids. The bond is formed by the enzyme
called peptidyl transferase. In both bacteria and eukaryotes, peptidyl
transferase is an example of a ribozyme—an RNA enzyme. The catalytic
activity for peptide bond formation is provided not by a protein but by the
largest of the rRNAs present in the large subunit of the ribosome. Peptide
bond formation is energy-dependent and requires hydrolysis of the GTP
attached to EF-1A (eEF-1 in eukaryotes). This inactivates EF-1A, which is
ejected from the ribosome and regenerated by EF-1B. A eukaryotic equiva-
lent of EF-1B has not been identified, and it is possible that one of the
subunits of eEF-1 provides the regenerative activity.

TABLE 8.4 FUNCTIONS OF ELONGATION FACTORS IN BACTERIA AND
EUKARYOTES

Bacteria

EF-1A Directs the next tRNA to its correct position in the ribosome

EF-1B Regenerates EF-1A after the latter has yielded the energy
contained in its attached GTP molecule

EF-2 Mediates translocation

Eukaryotes

eEF-1 Complex of four subunits (eEF-1a, eEF-1b, eEF-1d, and eEF-1g);
directs the next tRNA to its correct position in the ribosome

eEF-2 Mediates translocation

Note that the bacterial elongation factors have recently been renamed. The older
designations were EF-Tu, EF-Ts, and EF-G for EF-1A, EF-1B, and EF-2, respectively.

FIGURE 8.8 The structure of a bacterial
ribosome during the elongation phase of
translation. (A) Detailed structure of the
ribosome with the small subunit in dark
brown and the large subunit in light brown.
The locations of the P and A sites are shown
in orange and red, respectively. The E or

exit site, which the tRNA passes through

as it leaves the ribosome after its amino
acid has been attached to the growing
polypeptide, is shown in blue. (B) Schematic
diagram illustrating the positions of the E,

P, and Assites in the ribosome. The mRNA is
associated with the small subunit and the
aminoacyl end of each tRNA with the large
subunit. (Adapted from M. M. Yusupov et al.,
Science 292: 883-896, 2001. With permission
from AAAS.)



FIGURE 8.9 The first cycle of translocation
during protein synthesis in E. coli. The
ribosome moves three nucleotides along
the mRNA, ejecting the deacylated initiator
tRNA from the P site, which now becomes
occupied by the second tRNA attached to
the first two amino acids of the polypeptide.
Translocation requires hydrolysis of a
molecule of GTP and is mediated by EF-2.
fM, N-formylmethionine; T, threonine.

protein

N

ribosomes

FIGURE 8.10 A polysome. Three ribosomes
are attached to a single mRNA. The arrow
shows the direction in which the ribosomes
are moving along the mRNA.
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Elongation continues until a termination codon is reached

Formation of the first peptide bond results in a dipeptide corresponding to
the first two codons of the open reading frame. The attachment between
the first amino acid and its tRNA is broken at this stage, leaving the dipep-
tide attached to the tRNA located in the A site.

The next step is translocation, during which the ribosome moves three
nucleotides along the mRNA, so a new codon enters the A site (Figure 8.9).
This moves the dipeptide-tRNA to the P site, which in turn displaces the
deacylated tRNA. In eukaryotes, the deacylated tRNA is simply ejected from
the ribosome, but in bacteria the deacylated tRNA departs via a third posi-
tion, the exit (or E) site. This site was originally looked on as a simple exit
point from the ribosome, but it is now known to have an important role in
ensuring that translocation moves the ribosome along the mRNA by pre-
cisely three nucleotides, thereby ensuring that the ribosome keeps to the
correct reading frame.

Translocation requires hydrolysis of a molecule of GTP and is mediated by
EF-2 in bacteria and by eEF-2 in eukaryotes. Electron microscopy of ribo-
somes at different intermediate stages in translocation shows that, in order
to move along the mRNA, the ribosome adopts a less compact structure,
with the two subunits rotating slightly in opposite directions. This opens
up the space between them and enables the ribosome to slide along the
mRNA. Translocation results in the A site becoming vacant, allowing a new
aminoacyl-tRNA to enter.

The elongation cycle is now repeated, and continues until a termination
codon is reached. After several cycles of elongation the start of the mRNA
molecule is no longer associated with the ribosome, and a second ribo-
some can attach and begin to synthesize another copy of the protein. The
end result is a polysome, an mRNA that is being translated by several
ribosomes at once (Figure 8.10). Polysomes have been seen in electron-
microscopic images of both prokaryotic and eukaryotic cells.

Termination requires special release factors

Protein synthesis ends when one of the three termination codons enters
the A site. There are no tRNA molecules with anticodons able to base-
pair with any of the termination codons. Instead a protein release factor
enters the A site in order to terminate translation.



TABLE 8.5 RELEASE AND RIBOSOME RECYCLING FACTORS IN BACTERIA AND
EUKARYOTES

THE ROLE OF THE RIBOSOME IN PROTEIN SYNTHESIS

Bacteria
RF-1 Recognizes the termination codons 5"-UAA-3" and 5"-UAG-3’
RF-2 Recognizes 5-UAA-3" and 5"-UGA-3’
RF-3 Stimulates dissociation of RF-1 and RF-2 from the ribosome after
termination
RRF Ribosome release factor, responsible for separation of the ribosome
subunits after translation has terminated
Eukaryotes
eRF-1 Recognizes the termination codon
eRF-3 Possibly stimulates dissociation of eRF-1 from the ribosome after termination codon

termination; possibly causes the ribosome subunits to disassociate enters the A site

after termination of translation
0000

5' 3'
GUAUAA I

In bacteria there are three release factors (Table 8.5). RF-1 recognizes

the termination codons 5'-UAA-3’ and 5'-UAG-3’, and RF-2 recognizes RF-1 + RF-3 or
5'-UAA-3’ and 5’-UGA-3'. RF-3 stimulates release of RF-1 and RF-2 from r RF-2 + RF-3
the ribosome after termination, in a reaction requiring energy from the

hydrolysis of GTP (Figure 8.11). release factor

In eukaryotic cells there are just two release factors. These are eRF-1, which
recognizes the termination codon, and eRF-3, which may play the same

role as RF-3, although this has not been proven. The structure of eRF-1 0-‘-‘-0‘

has been solved by X-ray crystallography, showing that the shape of this
protein is very similar to that of a tRNA (Figure 8.12). This immediately sug-
gests that the release factor is able to enter the A site by mimicking a tRNA,
but some researchers believe that the structural similarities are deceptive
and that there are unresolved complexities about the way in which the RE-1 + RE-3 o (d
release factors work. RF-2 + RF-3

The release factors terminate translation, but they do not appear to be

responsible for separation of the ribosomal subunits, at least not in bacte- ~completed polypeptide
ria. This is the function of an additional protein called ribosome recycling ‘-‘-‘-‘

factor (RRF), which also has a tRNA-like structure. RRF probably enters
the P or A site and “unlocks” the ribosome (see Figure 8.11). Separation of
the subunits requires energy, which is released from GTP by EF-2, one of
the elongation factors, and also requires the initiation factor IF-3 to pre-
vent the subunits from attaching together again. A eukaryotic equivalent of r RRE

GUAUAA IE—

GUAUAA I

RRF has not been identified, and this may be one of the functions of eRF-3.
The ribosome subunits enter the cytoplasmic pool, where they remain until
used again in another round of translation.

FIGURE 8.11 Termination of translation in E. coli. In the top drawing,
the ribosome has reached a termination codon. Either RF-1 or

RF-2, along with RF-3, enters the A site and releases the completed
polypeptide. The ribosome is then separated into its two subunits
by the ribosome recycling factor (RRF).V, valine.

I G UAUA A
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FIGURE 8.12 The structure of the
eukaryotic release factor eRF-1 is similar
to that of a tRNA. The part of eRF-1 that
resembles the tRNA is highlighted in
white. The purple segment of eRF-1
interacts with the second eukaryotic
release factor, eRF-3. On the tRNA
structure, the position of the anticodon
is marked, as well as the 3"end of the
molecule to which the amino acid is
attached (labeled “CCA”"). (From

L. L. Kisselev and R. H. Buckingham, Trends
Biochem. Sci. 25: 561-566, 2000. With
permission from Elsevier.)

eRF-1 tRNA

anticodon

8.2 POST-TRANSLATIONAL PROCESSING OF PROTEINS

If we were not taking the modern molecular approach to genetics, then
we might be tempted to end our study of the gene expression pathway
at this point. Our argument would be that “DNA makes RNA makes pro-
tein” and that we have reached the stage where a protein has been made,
so clearly that is the end of the story. But it is not. Translation results in
synthesis of a polypeptide, but this polypeptide is simply a linear chain of
amino acids. It is inactive and in such condition is not the final product of
the gene expression pathway. Utilization of the biological information con-
tained in a gene requires synthesis of an active protein, one able to perform
its function in the cell. We must therefore study the events that convert
the newly synthesized polypeptide into a functional protein. Only by study-
ing these post-translational processing events will we acquire a complete
understanding of how a gene is able to perform its role as a unit of biologi-
cal information.

The most important part of post-translational processing is protein fold-
ing. All polypeptides have to be folded into their correct secondary and
tertiary structures before becoming active in the cell. Some proteins also
undergo chemical modification, by attachment of new chemical groups, and
some also are processed by cutting events carried out by enzymes called
proteases. These cutting events may remove segments from one or both
ends of the polypeptide, resulting in a shortened form of the protein, or they
may cut the polypeptide into a number of different segments, all or some of
which are then active.

Often these different types of processing occur together, a polypeptide
being modified and cut at the same time that it is folded. If this is the case,
then the chemical modifications and/or cuts might be needed in order for
the polypeptide to take up its correct three-dimensional conformation.
Alternatively, a chemical modification or a cutting event might occur after
the protein has been folded, possibly as part of a regulatory mechanism
that converts a folded but inactive protein into an active form.

Some proteins fold spontaneously in the test tube

In Chapter 7 we examined the four levels of protein structure and learned
that all of the information that a polypeptide needs in order to fold into
its correct three-dimensional structure is contained within its amino acid
sequence. This inviolate link between the amino acid sequence of a protein
and its tertiary structure is one of the keys to gene expression, because it
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FIGURE 8.13 The tertiary structure of
ribonuclease A. The colors indicate each
of the various secondary structural
components of the protein.

completes the pathway that begins with the biological information con-
tained within a gene and ends with a protein function.

The experiments that showed that the amino acid sequence of a protein
specifies its tertiary structure were first carried out with ribonuclease.
Ribonuclease is a small protein, just 124 amino acids in length, contain-
ing four disulfide bridges and with a tertiary structure that is made up of
three o helices and a region of B sheet (Figure 8.13). Studies of its folding
can be carried out with purified ribonuclease that has been resuspended
in buffer. Addition of urea, a compound that disrupts hydrogen bonding,
results in a decrease in the activity of the enzyme, measured by testing its
ability to cut RNA. At the same time there is an increase in the viscosity of
the solution (Figure 8.14). Both observations indicate that the protein has
been denatured by unfolding into an unstructured polypeptide chain. This
unfolded protein is no longer able to act as a ribonuclease—hence, the loss
of enzymatic activity—and the chains will have a tendency to get tangled,
explaining the increase in viscosity.

100 - 100
FIGURE 8.14 Denaturation and spontaneous
.. - i . renaturation of ribonuclease in the presence
0 0
M w) of different amounts of urea. As the urea

concentration increases to 8 M, the protein

r - becomes denatured by unfolding. Its activity

decreases and the viscosity of the solution

5 increases. When the urea is removed by

dialysis, this small protein re-adopts its

L L L L 1 folded conformation. The activity of the

0 8 0 protein increases back to the original level
urea concentration (M) and the viscosity of the solution decreases.
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FIGURE 8.15 A typical protein folding
pathway.
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What if the urea is removed from the solution? Now the viscosity decreases
and the enzyme activity reappears. The conclusion is that the protein
refolds spontaneously when the denaturant is removed. The same result is
obtained when the urea treatment is combined with addition of a reducing
agent to break the disulfide bonds. The activity is still regained on rena-
turation. This shows that the disulfide bonds are not critical to the protein’s
ability to refold. They merely stabilize the tertiary structure once it has been
adopted.

More detailed study of the spontaneous folding of ribonuclease and other
small proteins has suggested that the secondary structural motifs along
the polypeptide chain form within a few milliseconds of removal of the
denaturant. At this stage, the protein adopts a compact, but not folded,
organization, with its hydrophobic groups on the inside, shielded from
water (Figure 8.15). During the next few seconds or minutes, the second-
ary structural motifs interact with one another, and the tertiary structure
gradually takes shape, often via a series of intermediate conformations
that make up the protein’s folding pathway. There may be more than
one possible pathway that a protein can follow to reach its correctly folded
structure, and the pathways might also have side branches into which the
protein can be diverted, leading to an incorrect structure. If the incorrect
structure is sufficiently unstable, then partial or complete unfolding may
occur, allowing the protein a second opportunity to pursue a correct folding
pathway (Figure 8.16).

Inside cells, protein folding is aided by molecular chaperones

The experiments described above confirm that the amino acid sequence of
a protein specifies its tertiary structure, but they do not help us understand
how protein folding occurs in the cell. Folding in the cell is probably not
an entirely spontaneous process, at least not for all proteins, especially
larger ones with structures more complex than that of ribonuclease. When
studied in the test tube, these proteins tend to form insoluble aggregates
when the denaturant is removed. This is probably because they collapse
into interlocked networks when they attempt to protect their hydropho-
bic groups from water at the start of their folding pathway. Some also get
stuck in nonproductive side branches of their folding pathways, taking on
an intermediate form that is incorrectly folded but which is too stable to
unfold. Experimentally, correct folding can be achieved by diluting the pro-
tein, but this is not an option that the cell can take to prevent its unfolded
proteins from aggregating or following an incorrect pathway.

The difficulties that larger proteins experience when folding in the test tube
indicate that within cells there must be mechanisms that help proteins
adopt their correct structures. We now know that the necessary assistance
is provided by proteins called molecular chaperones. The existence of
molecular chaperones does not compromise the underlying principle that
the information for folding is carried by a protein’s amino acid sequence.
Molecular chaperones do not specify the tertiary structure of a protein, they
merely help the protein find that correct structure.

FIGURE 8.16 An incorrectly folded protein might be able to refold
into its correct conformation. The black arrow represents the correct
folding pathway, leading from the unfolded protein on the left

to the active protein on the right. The brown arrow leads to an
incorrectly folded conformation, in which one of the « helices has
not formed. If this conformation is unstable then the protein will be
able to unfold partially, return to its correct folding pathway, and,
eventually, reach its active conformation.
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There are two types of molecular chaperone. The first are the Hsp70
chaperones, which bind to hydrophobic regions of proteins, including pro-
teins that are still being translated (Figure 8.17). The latter is an important
point, because if a protein begins to fold before it has been fully synthe-
sized, when only part of the polypeptide is available, then there might be
an increased possibility that incorrect branches of the folding pathway
will be followed. Hsp70 chaperones are thought to hold the protein in an
open conformation and somehow to modulate the association between
those parts of the polypeptide that form interactions in the folded protein.
Exactly how this is achieved is not understood, but it involves repeated
binding and attachment of the Hsp70 protein, each cycle of which requires
energy provided by the hydrolysis of ATP. Besides protein folding, the Hsp70
chaperones are also involved in other processes that require shielding of
hydrophobic regions in proteins, such as transport through membranes,
association of proteins into multisubunit complexes, and disaggregation of
proteins that have been damaged by heat stress.

The second group of molecular chaperones are called the chaperonins.
These work in a quite different way. The main example is the GroEL/GroES
complex, a multisubunit structure that looks like a hollowed-out bullet with
a central cavity (Figure 8.18). A single unfolded protein enters the cavity
and emerges folded. The mechanism for this is not known, but it is postu-
lated that GroEL/GroES acts as a cage that prevents the unfolded protein
from aggregating with other proteins, and that the inside surface of the
cavity changes from hydrophobic to hydrophilic in such a way as to pro-
mote the burial of hydrophobic amino acids within the protein. This is not
the only hypothesis. Another possibility is that the cavity unfolds proteins
that have folded incorrectly, passing these unfolded proteins back to the
cytoplasm so they can have a second attempt at adopting their correct ter-
tiary structure.

The Hsp70 family of chaperones and the GroEL/GroES chaperonins are
present in both bacteria and eukaryotes, but it is thought that in eukaryotes
protein folding depends mainly on the action of the Hsp70 proteins. This is
probably true also of bacteria, even though the GroEL/GroES chaperonins
play a major role in the folding of metabolic enzymes and proteins involved
in transcription and translation.

184 A

FIGURE 8.18 The GroEL/GroES chaperonin. On the left is the view from the top, and on the
right the view from the side. The GroES part of the structure is made up of seven identical
protein subunits and is shown in gold. The GroEL components consist of 14 identical proteins
arranged into two rings (shown in red and green), each containing seven subunits. The main
entrance into the central cavity is through the bottom of the structure shown on the right.

1 Ais equal to 0.1 nm. (Courtesy of Zhaohui Xu, University of Michigan.)
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FIGURE 8.17 The role of Hsp70 chaperones.
Hsp70 chaperones bind to hydrophobic
regions in unfolded polypeptides, including
those that are still being translated, and hold
the protein in an open conformation to aid
its folding.
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FIGURE 8.20 Post-translational modification
of mammalian histone H3. The first 29 amino
acids of the protein are shown, along with
all of the modifications that can occur in this
segment. Ac, acetylation; Me, methylation;

P, phosphorylation.

biological information for making the modified protein

T 1

gene for protein that will be modified gene for the modifying enzyme
L s N
unmodified modifying
protein o ° enzyme

@-.

modified protein

FIGURE 8.19 The biological information needed to synthesize
a chemically modified protein resides in both the gene for
that protein and the gene for the enzyme that carries out the
modification.

Some proteins are chemically modified

The standard genetic code specifies 20 different amino acids, and two oth-
ers—selenocysteine and pyrrolysine—can be inserted during translation by
context-dependent reassignment of 5’-UGA-3’ and 5’-UAG-3’ codons. This
repertoire is increased dramatically by post-translational chemical modi-
fication of proteins, which results in a vast array of different amino acid

types.

Because of chemical modification, the amino acid sequence of a mature,
functioning protein might be different from that of the polypeptide coded
by the gene. There is still, however, an inviolate link between the gene and
the modified protein, because the chemical modifications do not occur at
random. Instead they are carried out in a highly specific manner, the same
amino acids being modified in the same way in every copy of the protein.
In essence, the biological information that specifies the chemical modifica-
tions resides not in the gene for the protein that is being modified, but in
the genes coding for the enzymes that carry out the modifications (Figure
8.19). The structures of these modifying enzymes, as coded by their gene
sequences, determine their abilities to make specific chemical modifica-
tions at the correct positions on their target proteins.

The simplest types of chemical modification occur in all organisms and
involve addition of a small chemical group (e.g., an acetyl, a methyl, or a
phosphate group; Table 8.6) to an amino acid side chain, or to the amino
or carboxyl groups of the terminal amino acids in a polypeptide. Over 150
different modified amino acids have been documented in different proteins.
Some proteins undergo an array of different modifications, an example
being mammalian histone H3, which can be modified by acetylation, meth-
ylation, and phosphorylation at a number of positions along its polypeptide
chain (Figure 8.20). Histones are components of nucleosomes, the protein
structures around which DNA is wound in eukaryotic chromosomes. The

Me Me MeAcP Ac MeAc Ac Me Me P
| \/ | (| | [

|
H3 ARTKQTARKSTGGKAPRKQLATKARKSAP
10 20
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TABLE 8.6 EXAMPLES OF POST-TRANSLATIONAL CHEMICAL MODIFICATIONS

Modification Amino acids that are
modified

Addition of small chemical groups

Acetylation Lysine Histones

Methylation Lysine Histones

Phosphorylation Serine, threonine, tyrosine Some proteins involved in
signal transduction

Hydroxylation Proline, lysine Collagen

N-formylation N-terminal glycine Melittin

Addition of sugar side chains

O-linked glycosylation  Serine, threonine Many membrane proteins

and secreted proteins

N-linked glycosylation ~ Asparagine Many membrane proteins

and secreted proteins

Addition of lipid side chains

Acylation Serine, threonine, cysteine Many membrane proteins (A) O-linked glycosylation
N-myristoylation N-terminal glycine Some protein kinases Sia
involved in signal |
transduction Glal
Addition of biotin GalNAc-Sia
Biotinylation Lysine Various carboxylase enzymes (I)
i
. . . . . . C - c - N
way in which nucleosomes interact with one another is determined by the | |
nature of the chemical modifications on their histone proteins. Chemical H H

modification is therefore a means of modifying a protein’s activity, possibly
to change its function in a subtle but important way, as with histone modi-
fication, or possibly to activate a protein whose function is needed only at

(B) N-linked glycosylation

. . Sia Sia Sia
partlcular times. I I I
A more complex type of modification, found predominantly in eukary- (ial Glal Glal
otes, is glyf:osylatlon, the attachment of large carbohyglrate §1de chains GlcNAc GlNAc  GlNAC
to polypeptides. There are two general types of glycosylation (Figure 8.21). |
O-linked glycosylation is the attachment of a sugar side chain via the Man Man
hydroxyl group of a serine or threonine amino acid, and N-linked glyco- Ny
sylation involves attachment through the amino group on the side chain |
of asparagine. GllcNAc

GlcNAc-Fuc
FIGURE 8.21 Glycosylation. (A) O-linked glycosylation. The structure NH
shown is found in a number of glycosylated proteins. It is drawn |
here attached to a serine amino acid, but it can also be linked to (=0
a threonine. (B) N-linked glycosylation usually results in larger |
sugar structures than are seen with O-linked glycosylation. The 0 CH,
drawing shows a typical example of a complex structure attached " |
to an asparagine amino acid. Fuc, fucose; Gal, galactose; GalNAc, e (e € e N e
N-acetylgalactosamine; GIcNAc, N-acetylglucosamine; | |
Man, mannose; Sia, sialic acid. H H
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polypeptide
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active protein 3 active proteins

FIGURE 8.22 Two different types of protein processing by
proteolytic cleavage. On the left, the protein is processed by
removal of the N-terminal segment. C-terminal processing also
occurs with some proteins. On the right, a polyprotein is processed
to give three different proteins. Not all proteins undergo proteolytic
cleavage.

In some eukaryotes, glycosylation can result in attachment to the protein
of large structures comprising branched networks of 10 to 20 sugar units of
various types. These side chains help to target proteins to particular sites
in cells and to increase the stability of proteins circulating in the blood-
stream. Another type of large-scale modification involves attachment of
long-chain lipids, often to serine or cysteine amino acids. This process is
called acylation and occurs with many proteins that become associated
with membranes.

Some proteins are processed by proteolytic cleavage

Proteolytic cleavage of proteins is relatively common in eukaryotes but less
frequent in bacteria. It has two functions (Figure 8.22). The more frequent
of these is to remove short pieces from the N- and/or C-terminal regions of
polypeptides, leaving a single shortened molecule that folds into the active
protein. Less commonly, proteolytic cleavage is used to cut a polyprotein
into segments, all or some of which are active proteins. As with chemical
modification, these cleavage events are carried out in a specific manner
and, in many cases, are used to activate a protein or, less frequently, to
change its function.

The first type of proteolytic processing—removal of N- or C-terminal
segments—is common with secreted polypeptides whose biochemical
activities might be deleterious to the cell producing the protein. An exam-
ple is provided by melittin, the most abundant protein in bee venom and
the one responsible for causing cell lysis after injection of the bee sting
into the person or animal being stung. Melittin lyses cells in bees as well
as animals and so must initially be synthesized as an inactive precursor.
This precursor, promelittin, has 22 additional amino acids at its N termi-
nus. The presequence is removed by an extracellular protease that cuts
it at 11 positions, releasing the active venom protein. The protease does
not cleave within the active sequence, because its mode of action is to
release dipeptides with the sequence X-Y, where X is alanine, aspartic acid,
or glutamic acid and Y is alanine or proline, motifs that do not occur in the
active sequence (Figure 8.23).

A similar type of processing occurs with insulin, the protein made in the
islets of Langerhans in the vertebrate pancreas and responsible for con-
trolling blood sugar levels. Insulin is synthesized as preproinsulin, which is
110 amino acids in length (Figure 8.24). The processing pathway involves
the removal of the first 24 amino acids to give proinsulin, followed by two

cut sites

LLLLillllld
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FIGURE 8.23 Processing of promelittin, the bee-sting venom.
Arrows indicate the cut sites.
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additional cuts which excise a central segment. This leaves the two active
parts of the protein, the A and B chains, linked together by two disulfide
bridges to form mature insulin. The first segment to be removed, the 24
amino acids from the N terminus, is a signal peptide, a highly hydrophobic
stretch of amino acids that attaches the precursor protein to a membrane
prior to transport across that membrane and out of the cell. Signal peptides
are commonly found on proteins that bind to and/or cross membranes, in
both eukaryotes and prokaryotes.

Polyproteins are long polypeptides that contain a series of mature proteins
linked together in head-to-tail fashion. Cleavage of the polyprotein releases
the individual proteins, which may have very different functions from one
another. Polyproteins are not uncommon in eukaryotes. Several types of
virus that infect eukaryotic cells use them as a way of reducing the sizes
of their genomes, a single polyprotein gene taking up less space than a
series of individual genes. Polyproteins are also involved in the synthesis
of peptide hormones in vertebrates. For example, the polyprotein called
pro-opiomelanocortin, made in the pituitary gland, contains at least 10 dif-
ferent peptide hormones. These are released by proteolytic cleavage of the
polyprotein (Figure 8.25), but not all can be produced at once because of
overlaps between individual peptide sequences. Instead, the exact cleav-
age pattern is different in different cells.

FIGURE 8.25 Processing of the pro-opiomelanocortin polyprotein.
ACTH, adrenocorticotropic hormone; CLIP, corticotropin-like
intermediate lobe protein; ENDO, endorphin; LPH, lipotropin;

ME, met-encephalin; MSH, melanotropin.

FIGURE 8.24 Processing of preproinsulin.
The first 24 amino acids are removed to give
proinsulin, which then forms two disulfide
bridges. Two additional cuts remove the
central segment, to form mature insulin.

pro-opiomelanocortin
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FIGURE 8.26 Protein degradation must

be selective so only those proteins whose
functions are no longer needed are removed
from a proteome. In this example, only

the protein represented by the red dots is
removed from the proteome.

8.3 PROTEIN DEGRADATION

The protein synthesis and processing events that we have studied so far in
this chapter result in new active proteins that take their place in the cell’s
proteome. These proteins either replace existing ones that have reached
the end of their working lives or provide new protein functions in response
to the changing requirements of the cell. But the proteome cannot simply
accumulate new protein functions over time. It must also lose those pro-
teins whose functions are no longer needed (Figure 8.26). The removal
must be highly selective so that only the correct proteins are degraded. It
must also be rapid because under certain conditions the composition of the
proteome can change very quickly.

The equivalent need for specific degradation of mRNAs from the transcrip-
tome has been partially explained by the recent discovery of microRNAs.
Protein degradation has not yet experienced a similar “eureka” moment
when a new discovery helps to explain a long-standing mystery. We do not
yet know how specific proteins are targeted for removal from a proteome.
Our overview of this topic is therefore restricted to those general processes
for protein breakdown that have been described.

There are various protein degradation pathways, but it is not
clear how specific proteins are targeted

For many years, protein degradation was an unfashionable subject, and it
was not until the 1990s that real progress was made in understanding how
protein turnover is linked with changes in cellular activity. Even now, our
knowledge centers largely on descriptions of general protein breakdown
pathways and less on regulation of those pathways and the mechanisms
used to target specific proteins. There appear to be a number of different
types of breakdown pathways whose interconnectivities have not yet been
traced. This is particularly true in bacteria, which seem to have a range
of proteases that work together in controlled degradation of proteins. In
eukaryotes, most breakdown involves a single system, involving ubiquitin
and the proteasome.

A link between ubiquitin and protein degradation was first established
when it was shown that this abundant 76-amino acid protein is involved in
energy-dependent proteolysis reactions in rabbit cells. Subsequent research
identified a series of three enzymes that attach ubiquitin molecules, singly
or in chains, to lysine amino acids in proteins that subsequently get bro-
ken down. Whether or not a protein becomes ubiquitinated depends on
the presence or absence within it of amino acid motifs that act as deg-
radation-susceptibility signals. These signhals have not been completely
characterized, but they include the N-degron, a sequence element present
at the N terminus of a protein, and PEST sequences, internal sequences
that are rich in proline (P), glutamic acid (E), serine (S), and threonine (T).

The N-degron and PEST sequences are permanent features of the proteins
that contain them and so cannot be straightforward “degradation signals.”

()
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If they were then these proteins would be broken down as soon as they 7
were synthesized. Instead, they must determine susceptibility to degrada-
tion and hence the general stability of a protein in the cell. How this might
be linked to the controlled breakdown of selected proteins at specific times
is not yet clear.

cap

The second component of the ubiquitin-dependent degradation pathway is
the proteasome, the structure within which ubiquitinated proteins are bro-
ken down. In eukaryotes the proteasome is a large, multisubunit structure
comprising a hollow cylinder and two “caps” (Figure 8.27). The entrance
into the cavity within the proteasome is narrow, and a protein must be
unfolded before it can enter. This unfolding probably occurs through an
energy-dependent process and may involve structures similar to chaper-
onins, but with unfolding rather than folding activity. After unfolding, the
protein can enter the proteasome, within which it is cleaved into short ]
peptides 4 to 10 amino acids in length. These are released back into the

cytoplasm, where they are broken down into individual amino acids that  1cire 8.27 The eukaryotic proteasome.
can be reutilized in protein synthesis. The protein components of the two caps are

shown in brown, orange, and red, and those
forming the cylinder in blue.

cylinder

cap

KEY CONCEPTS

e The collection of proteins in a cell is called the proteome. Within the
proteome, the identity and relative abundance of individual proteins
represent a balance between the synthesis of new proteins and the deg-
radation of existing ones.

e During translation, the information contained in the nucleotide sequence
of an mRNA directs synthesis of a protein. This process follows the rules
laid down by the genetic code, with tRNAs enforcing these rules.

e In bacteria the translation initiation complex is built up directly at the
initiation codon, the point within the mRNA at which protein synthesis
will begin. In eukaryotes the equivalent complex makes its initial attach-
ment at the 5’ end of the mRNA and then scans along the sequence until
it locates the initiation codon.

e During the elongation phase of translation, the protein is synthesized
step by step, individual amino acids being attached to the carboxyl ter-
minus of the growing polypeptide.

e Protein synthesis ends when the ribosome reaches one of the three ter-
mination codons. There are no tRNA molecules with anticodons able
to base-pair with any of the termination codons, and instead a protein
release factor enters the ribosome in order to terminate translation.

e Utilization of the biological information contained in a gene requires
synthesis of an active protein, one able to perform its function in the
cell. The initial products of translation are not active proteins. Protein
processing is therefore an integral component of the gene expression
pathway.

e All proteins must be folded into their correct three-dimensional struc-
tures before becoming active in the cell.

e Some proteins also undergo chemical modification, by attachment of
new chemical groups. Chemical modification might activate an inactive
protein, or change the function of an already active protein.

e Some proteins are also processed by cutting events that may remove
segments from one or both ends of the polypeptide, resulting in a
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shortened form of the protein, or may break up the polypeptide into a
number of different segments, all or some of which are active.

e Pathways for protein breakdown have been identified, but little is known
about how those pathways are regulated. The mechanisms used to tar-

get specific proteins for degradation have not yet been described.

QUESTIONS AND PROBLEMS (Answers can be found at www.garlandscience.com/introgenetics)

Key Terms

Write short definitions of the following terms:

acylation

aminoacyl site

cap binding complex
chaperonin
elongation factor

exit site

expression proteomics

N-degron

Kozak consensus
mass spectrometry
matrix-assisted laser desorption
ionization time of flight
molecular chaperone

N-linked glycosylation

proteasome

protein electrophoresis
protein profiling
proteome

proteomics

release factor
ribosome binding site

folding pathway O-linked glycosylation ribosome recycling factor
glycosylation peptide mass fingerprinting scanning

Hsp70 chaperone peptidyl site Shine-Dalgarno sequence
initiation complex peptidyl transferase signal peptide

initiation factor PEST sequence translocation

internal ribosome entry site polyprotein two-dimensional gel
isoelectric focusing polysome electrophoresis
isoelectric point pre-initiation complex ubiquitin

isotope-coded affinity tag

protease

Self-study Questions

8.1

8.2

8.3

8.4

8.5

8.6

8.7

What is the proteome? 8.8 What is thought to be the role of the poly(A)

i tail during initiation of protein synthesis in
Describe hqw the components pf a proteome eukaryotes?
can be studied by protein profiling. What ) ) .
methods are available for making accurate 8.9 Erleﬂy d}escrlbe th(.e rples of initiation factors
comparisons between the proteomes of two in protein synthesis in eukaryotes.
different tissues? 8.10 How are eukaryotic mRNAs that lack a cap

] ) ] ) structure translated?
Outlm§ t.h.e events involved n formatl'on 8.11 Give a detailed description of the elongation
of the initiation complex during protein o .
synthesis in E. coli. phase of translation in bacteria and
eukaryotes.
What is the importance of 8.12  What are the roles of the P, A, and E sites
N-formylmethionine during initiation of during protein synthesis in E. coli? Which
protein synthesis in E. coli? of these sites is absent in a eukaryotic
Describe the role of the initiation factors ribosome?
during protein synthesis in E. coli. 8.13  Outline the roles of the three release factors
Distinguish between the eukaryotic structures and the r.1bosome recy ;llng factor Qurmg
o termination of translation in E. coli. Which

.ca.n.e d. the pre-initiation complex and the proteins play the equivalent roles during
initiation complex. termination in eukaryotes?
Explain how the initiation complex is able 8.14  Describe the experiments that showed that

to ignore certain AUG codons when it
scans along a eukaryotic mRNA, and how it
identifies the correct initiation codon.

a small protein such as ribonuclease can
fold spontaneously in vitro. Why are larger
proteins unable to fold spontaneously?
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8.15  Distinguish between the activities of Hsp70
chaperones and chaperonins in protein

folding.

8.16  Construct a table that lists, with examples, the
various types of post-translational chemical
modification that occur with different

proteins.

What is glycosylation? Your answer should
distinguish between O- and N-linked
processes.

Outline the role of proteolytic processing in
the synthesis of insulin.

8.19 Give an example of proteolytic processing of

a polyprotein.

8.20  Describe the processes thought to be
responsible for protein degradation in

eukaryotes.

Discussion Topics

8.21 Speculate on the reasons why the poly(A) tail
of a eukaryotic mRNA is involved in initiation

of translation of the mRNA.
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8.24  Devise an experiment to demonstrate that

peptidyl transferase is a ribozyme.

8.25  To what extent are protein folding studies that
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Control of Gene Expression

In the previous five chapters we followed the gene expression pathway from
the initiation of transcription of a gene through the synthesis, processing,
and eventual degradation of its protein product. Now that we understand
how the biological information contained in a gene is utilized by the cell,
we must look back over the process and examine how gene expression is
controlled.

We have already acknowledged that the rate at which a gene is expressed
can change and that many genes might be completely switched off at a
particular time. Knowing this prompted us to include mRNA and protein
degradation within our study of gene expression, as we realized that deg-
radation was needed in order for the composition of the transcriptome
and proteome to respond to changes in the rate of expression of individual
genes. We have also looked at specific mechanisms for altering the expres-
sion pathway of a gene, for example, through use of alternative promoters,
by changing the way in which an mRNA is spliced, or by RNA editing. But
so far we have only scratched the surface of gene regulation.

First we must ask why it is necessary to control gene expression. In answer-
ing this question we will begin to appreciate that the underlying principles
of gene regulation are the same in all organisms, but that the control proc-
esses are more sophisticated in eukaryotes compared with bacteria. The
difference reflects the greater need that eukaryotes, particularly multicel-
lular ones such as humans, have for gene regulation during differentiation
and development.

Next we will attempt to distinguish between those regulatory events that
determine whether a gene is switched on or off, those that affect the rate
at which the RNA or protein product is synthesized once a gene is switched
on, and those that have no effect on rate but alter the nature of the gene
product. Having understood the distinctions, we will focus on how the ini-
tiation of transcription is regulated in bacteria and eukaryotes, as this is
looked on as the key step at which the cell controls which genes are active
at any one time. We will examine transcriptional regulation in some detail
and discover once again that, although the process is more complex in
eukaryotes, the underlying principles are the same in all types of organism.

Finally we will survey the most important of the control mechanisms that
target steps in gene expression downstream of transcription initiation,
asking how these mechanisms work and what influence they have on syn-
thesis of the RNA or protein product.

Throughout the chapter, our attention will be specifically on the regula-
tion of individual genes. This is a narrow focus but one that is necessary in
order to deal with what is a complex topic in an accessible way. In Chapter
18 we will place gene regulation in its broader context by examining the
genetic basis of differentiation and development.

9.1 THE IMPORTANCE OF GENE REGULATION

The entire complement of genes in a single cell represents a staggering
amount of biological information. Some of this information is needed by
the cell at all times. For example, most cells continually synthesize ribo-
somes and so have a continuous requirement for transcription of the rRNA
and ribosomal protein genes. Similarly, genes coding for enzymes such as



CHAPTER 9: Control of Gene Expression

maltose genes

lactose genes

galactose genes

arabinose genes

lactose arabinose

present present
S U U [ = =
o U L L[ [ 000 |
= = o = Ml gene switched on

I gene switched off

FIGURE 9.1 E. coli expresses only the genes coding for those
enzymes that it needs to metabolize the sugars present in its
environment. For example, if the only sugar present is lactose, then
the genes needed for lactose utilization are switched on, and those
for utilization of other sugars are switched off. Conversely, when
only arabinose is present, the arabinose genes are switched on and
the genes for sugars other than arabinose are switched off.

RNA polymerase or those involved in the basic metabolic pathways are
active in virtually all cells all of the time. Genes that are active all the time
are called housekeeping genes, reflecting the role in the cell of the bio-
logical information they carry.

Other genes have more specialized roles, and their biological information
is needed by the cell only under certain circumstances. All organisms are
therefore able to regulate expression of their genes, so that those genes
whose RNA or protein products are not needed at a particular time are
switched off. This is a straightforward concept but it has extensive ramifica-
tions. To illustrate the point we will briefly consider some examples of gene
regulation in bacteria and in eukaryotes.

Gene regulation enables bacteria to respond to changes in their
environment

Even the simplest bacterium is able to control the expression of its genes.
By doing so, it is able to respond to changes in its environment.

The response of bacteria to environmental changes was originally studied
with cultures of Escherichia coli grown in the laboratory. A culture medium
must provide a balanced mixture of nutrients, including compounds that
can be metabolized to release the energy that the bacteria need to power
their cellular processes. Usually this energy is supplied in the form of
sugar. Most bacteria are not particularly fussy about what type of sugar
is provided—E. coli can metabolize glucose, maltose, lactose, galactose,
arabinose, or any of several others. A different set of enzymes is needed
to release the energy from each of these compounds, but E. coli has genes
coding for all of these enzymes.

Exactly which enzymes need to be present in an individual bacterium
depends on which sugars are present in the medium. Each bacterium could
continuously express all its sugar-utilizing genes, and so have molecules of
each enzyme available all the time, but this would waste energy, something
all organisms try to avoid. Why synthesize enzymes that act on a sugar that
is not available? Instead, E. coli expresses only those genes coding for the
enzymes it needs to metabolize the sugars that are present. The genes for
all the other enzymes are inactive, switched off because their gene prod-
ucts are not required (Figure 9.1).
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What if the growth medium is changed by adding a new sugar? Suppose,
for example, the original sugar in a medium is glucose. Eventually this is
entirely consumed by the bacteria so, to replace it, some lactose is added.
Now E. coli quickly switches on expression of the genes for lactose metabo-
lism, and switches off those for glucose, which have become redundant. So
by regulating expression of its genes, E. coli is able to respond quickly to
changes in the growth medium without wasting energy by maintaining in
an active state genes whose products are of no immediate use.

Gene regulation in eukaryotes must be responsive to more
sophisticated demands

At the most basic level, gene regulation achieves the same thing in both
bacteria and eukaryotes. It enables a cell to change its biochemical capa-
bilities. The difference is that with eukaryotes we see a greater degree of
sophistication with respect to both the signals that influence gene expres-
sion and the impact that gene regulation has on the organism.

Eukaryotic cells, just like bacteria, can alter their gene expression pat-
terns in response to changes in their environment. For example, the yeast
Saccharomyces cerevisiae regulates its genes for sugar utilization enzymes
in a manner analogous to E. coli. Plant cells switch on genes for photo-
synthetic proteins in response to light (Figure 9.2A). In a multicellular
eukaryote, individual cells, or groups of cells, also respond to stimuli that
originate from within the organism. Hormones, growth factors, and other
regulatory molecules are produced by one type of cell and cause changes
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FIGURE 9.2 Examples of gene regulation in
multicellular eukaryotes. (A) Some genes

in plants are activated by exposure to light.
(B) Hormones, growth factors, and other
regulatory molecules are produced by one
type of cell and cause changes in gene
expression in other cells. (C) Some genes are
subject to developmental regulation and are
expressed at different stages of the life cycle.
(D) Different sets of genes are expressed in
different types of specialized cell.
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in gene expression in other cells (Figure 9.2B). In this way the activities
of groups of cells can be coordinated in a manner that is beneficial to the
organism as a whole.

Besides these transient changes in gene expression, most eukaryotes (as
well as some bacteria) are able to switch genes on and off at different stages
of development. An example is provided by the human globin genes, differ-
ent members of the a and B gene families being expressed in the embryo,
fetus, and adult (see Figure 3.20). The distinctive biochemical properties of
the resulting globin proteins are matched to the specific physiological roles
that hemoglobin plays at these different phases in human development.
Developmental regulation therefore enables the biochemistry of an organ-
ism to be altered in response to the particular requirements of each stage
of its life cycle (Figure 9.2C).

Gene regulation in multicellular eukaryotes is also the key to cell speciali-
zation. In humans there are over 400 specialized cell types, each with a
different morphology and biochemistry. The distinctions between these
cell types are the result of differences in gene expression patterns (Figure
9.2D). A liver cell is very different from a muscle cell because it expresses
a different set of genes. These gene expression patterns are permanent—a
liver cell can never become a muscle cell—and are laid down very early in
development.

The outcomes of gene regulation are therefore more sophisticated in
eukaryotes, especially multicellular ones like humans, than they are in
bacteria. Now we must move on to consider the various ways in which
expression of genes can be controlled. Are these more sophisticated in
eukaryotes also?

The underlying principles of gene regulation are the same
in all organisms

Although gene expression responds to a wider range of regulatory signals
in eukaryotes, and the control processes have more sophisticated out-
comes, the underlying principles of gene regulation are the same in all
organisms. The difference is in the detail.

Control of gene expression is, in essence, control over the amount of gene
product present in the cell. This amount is a balance between the rate of
synthesis (how many molecules of the gene product are made per unit
time) and the degradation rate (how many molecules are broken down
per unit time; Figure 9.3). The result of this balance is a different steady-
state concentration for each gene product in the cell. If either the synthesis
rate or the degradation rate changes, then the steady-state concentration
also changes. Although we have already acknowledged the importance of
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FIGURE 9.3 The amount of a gene product that is present in a cell is
a balance between the rate of synthesis and the rate of degradation.
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initiation of transcription
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FIGURE 9.4 Outline of the steps in the expression pathway for a
eukaryotic gene at which control over synthesis of the gene product
can be exerted.

mRNA and protein degradation in the gene expression pathway, geneticists
at present believe that the critical variations in the steady state of a gene
product arise because of changes in its rate of synthesis. This is true both
for proteins and noncoding RNA.

How can the synthesis rate of a gene product be regulated? The answer
is by exerting control over any one, or a combination, of the various steps
in the gene expression pathway (Figure 9.4). The possibilities include,
first of all, transcription. If the number of transcripts synthesized per unit
time changes, then the amount of the gene product that is synthesized
also changes. Increase the transcription rate and there will be more gene
product. Decrease the transcription rate and there will be less gene prod-
uct. Moving along the pathway, control could also be exerted over RNA
processing events. These include not just splicing of mRNA but also cap-
ping and polyadenylation, both of which are prerequisites for translation,
as well as the various processing events involved in synthesis of functional
noncoding RNAs. Slow down one or more of these processing events and
product synthesis will fall. Finally, regulation could be exerted during pro-
tein synthesis, by controlling either the initial attachment of ribosomes to
an mRNA or the rate at which individual ribosomes translocate along an
mRNA while making a protein, or by regulating one or more of the various
post-translational processing events.

It is becoming clear that organisms use many, possibly all, of the above
strategies for controlling expression of their genes. In this regard, eukary-
otes do display greater complexity than bacteria simply because the gene
expression pathway in eukaryotes has more steps at which regulation
could be exerted. Control over mRNA processing, for example, is possible
only in eukaryotes because mRNA is not processed in bacteria. But when
we consider gene regulation we must be careful to distinguish between
the details and the underlying principles. The principle of gene regulation
is the need to control synthesis of RNA and protein products by switching
genes on and off, and to modulate the rate of expression of those genes
that are on. At this primary level, eukaryotes and bacteria are the same
because in all organisms the key events that determine whether a gene
is on or off take place during the initiation of transcription. Later events
in the gene expression pathway are able to change the rate of expression
of a gene that is switched on and, in eukaryotes, control the synthesis of
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FIGURE 9.5 Initiation of transcription is

the primary control point that determines
whether a gene is switched on or off. Later
events influence the amount o