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Preface

developed, there has been a veritable explosion of knowledge in the

biological sciences. Since that time, with the advent of PCR, chemical
DNA synthesis, DNA sequencing, monoclonal antibodies, directed muta-
genesis, genomics, proteomics, and metabolomics, our understanding of
and ability to manipulate the biological world have grown exponentially.
When the first edition of Molecular Biotechnology: Principles and Applications
of Recombinant DNA was published in 1994, nearly all of the transgenic
organisms that were produced included only a single introduced gene. Just
15 years later, it is not uncommon for researchers to engineer organisms by
modifying both the activity and the regulation of existing genes while at
the same time introducing entire new pathways. In 1994, only a handful of
products produced by this new technology were available in the market-
place. Today, molecular biotechnology has given us several hundred new
therapeutic agents, with many more in the pipeline, as well as dozens of
transgenic plants. The use of DNA has become a cornerstone of modern
forensics, paternity testing, and ancestry determination. Several new
recombinant vaccines have been developed, with many more on the
horizon. The list goes on and on. Molecular biotechnology really has lived
up to its promise, to all of the original hype. It has been estimated that
worldwide there are currently several thousand biotechnology companies
employing tens of thousands of scientists. When the exciting science being
done at universities, government labs, and research institutes around the
world is factored in, the rate of change and of discovery in the biological
sciences is astounding. This fourth edition of Molecular Biotechnology,
building upon the fundamentals that were established in the previous three
editions, endeavors to provide readers with a window on some of the
major developments in this growing field in the past several years. Of
necessity, we have had to be highly selective in the material that is included
in this edition. Moreover, the window that we are looking through is
moving. This notwithstanding, we both expect and look forward to the
commercialization of many of these discoveries as well as to the develop-
ment of new approaches, insights, and discoveries.

SINCE THE EARLY 1970S, when recombinant DNA technology was first

BERNARD R. GLICK
JACK J. PASTERNAK
CHERYL L. PATTEN
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Preface to the First Edition

arose as a result of the fusion in the late 1970s of recombinant

DNA technology and traditional industrial microbiology. Whether
one goes to the movies to see Jurassic Park with its ingenious but scientifi-
cally untenable plot of cloning dinosaurs, reads in the newspaper about the
commercialization of a new “biotech” tomato that has an extended shelf
life, or hears one of the critics of molecular biotechnology talking about the
possibility of dire consequences from genetic engineering, there is a sig-
nificant public awareness about recombinant DNA technology. In this
book, we introduce and explain what molecular biotechnology actually is
as a scientific discipline, how the research in the area is conducted, and
how this technology may realistically impact on our lives in the future.

We have written Molecular Biotechnology: Principles and Applications of
Recombinant DNA to serve as a text for courses in biotechnology, recombi-
nant DNA technology, and genetic engineering or for any course intro-
ducing both the principles and the applications of contemporary molecular
biology methods. The book is based on the biotechnology course we have
offered for the past 12 years to advanced undergraduate and graduate stu-
dents from the biological and engineering sciences at the University of
Waterloo. We have written this text for students who have an under-
standing of basic ideas from biochemistry, molecular genetics, and micro-
biology. We are aware that it is unlikely that students will have had all of
these courses before taking a course on biotechnology. Thus, we have tried
to develop the topics in this text by explaining their broader biological
context before delving into molecular details.

This text emphasizes how recombinant DNA technology can be used
to create various useful products. We have, wherever possible, used exper-
imental results and actual methodological strategies to illustrate basic con-
cepts, and we have tried to capture the flavor and feel of how molecular
biotechnology operates as a scientific venture. The examples that we have
selected—from a vast and rapidly growing literature—were chosen as case
studies that not only illustrate particular points but also provide the reader
with a solid basis for understanding current research in specialized areas of
molecular biotechnology. Nevertheless, we expect that some of our exam-
ples will be out of date by the time the book is published, because molec-
ular biotechnology is such a rapidly changing discipline.

MOLECULAR BIOTECHNOLOGY EMERGED as a new research field that

XV



XVi

PREFACE TO THE FIRST EDITION

For the ease of the day-to-day practitioners, scientific disciplines often
develop specialized terms and nomenclature. We have tried to minimize
the use of technical jargon and, in many instances, have deliberately used
a simple phrase to describe a phenomenon or process that might otherwise
have been expressed more succinctly with technical jargon. In any field of
study, synonymous terms that describe the same phenomenon exist. In
molecular biotechnology, for example, recombinant DNA technology, gene
cloning, and genetic engineering, in a broad sense, have the same meaning.
When an important term or concept appears for the first time in this text, it
is followed in parentheses with a synonym or equivalent expression. An
extensive glossary can be found at the end of the book to help the reader
with the terminology of molecular biotechnology.

Each chapter opens with an outline of topics and concludes with a
detailed summary and list of review questions to sharpen students’ critical
thinking skills. All of the key ideas in the book are carefully illustrated by
the more than 200 full-color diagrams in the pedagogical belief that a pic-
ture is indeed worth a thousand words. After introducing molecular bio-
technology as a scientific and economic venture in Chapter 1, the next five
chapters (2 to 6) deal with the methodologies of molecular biotechnology.
The chapters of Part I act as a stepping-stone for the remainder of the book.
Chapters 7 to 12 in Part II present examples of microbial molecular biotech-
nology covering such topics as the production of metabolites, vaccines,
therapeutics, diagnostics, bioremediation, biomass utilization, bacterial
fertilizers, and microbial pesticides. Chapter 13 describes some of the key
components of large-scale fermentation processes using genetically engi-
neered (recombinant) microorganisms. In Part III, we deal with the molec-
ular biotechnology of plants and animals (Chapters 14 and 15). The
isolation of human disease-causing genes by using recombinant DNA tech-
nology and how, although it is in its early stages, genetic manipulation is
being currently contemplated for the treatment of human diseases are pre-
sented in Chapters 16 and 17. The book concludes with coverage of the
regulation of molecular biotechnology and patents in Part IV.

A brief mention should be made about the reference sections that
follow each chapter. Within many of the chapters we have relied upon the
published work of various researchers. In all cases, although not cited
directly in the body of a chapter, the original published articles are noted in
the reference section of the appropriate chapter. In some cases, we have
taken “pedagogic license” and either extracted or reformulated data from
the original publications. Clearly, we are responsible for any distortions or
misrepresentations from these simplifications, although we hope that none
has occurred. The reference sections also contain other sources that we
used in a general way, which might, if consulted, bring the readers closer
to a particular subject.
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Directed Mutagenesis and Protein Engineering

based on the ability of researchers to transfer specific units of

genetic information from one organism to another. This convey-
ance of a gene or genes relies on the techniques of genetic engineering
(recombinant DNA technology). The objective of recombinant DNA tech-
nology is often to create a useful product or a commercial process. In part I,
the concept of molecular biotechnology, some fundamentals of molecular
biology, and recombinant DNA procedures are presented. Essential molec-
ular biotechnology laboratory techniques, including chemical synthesis of
genes, the polymerase chain reaction (PCR), and DNA sequencing, are dis-
cussed. Developments in sequencing technologies have led to the sequencing
of the entire genomes of many organisms, and this has enabled researchers
to begin to understand organisms from their sequences and to identify
novel genes with potentially useful functions. In addition to isolation
(cloning) of genes, it is important that these genes function properly in a
host organism. To this end, strategies for optimizing the expression of a
cloned gene in either prokaryotic or eukaryotic cells are reviewed. Finally,
procedures for modifying cloned genes by the introduction of specific
nucleotide changes (in vitro mutagenesis) to enhance the properties of the
target proteins are examined. Together, the chapters in part I provide the
conceptual and technical underpinnings for understanding the applications
of molecular biotechnology that are described in the ensuing chapters.

MOLECULAR BIOTECHNOLOGY is an exciting scientific discipline that is
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the units of inheritance, humans looked to the natural world to

develop methods to increase food production, preserve food, and
heal the sick. Our ancestors discovered that grains could be preserved
through fermentation into beer; that storing horse saddles in a warm, damp
corner of the stable resulted in the growth of a saddle mold that could heal
infected saddle sores; and that intentional exposure to a “contagion” could
somehow provide protection from an infectious disease on subsequent
exposure. Since the discovery of the microscopic world in the 17th century,
microorganisms have been employed in the development of numerous
useful processes and products. Many of these are found in our households
and backyards. Lactic acid bacteria are used to prepare yogurt and probi-
otics, insecticide-producing bacteria are sprayed on many of the plants
from which the vegetables in our refrigerator were harvested, nitrogen-
fixing bacteria are added to the soil used for cultivation of legumes, the
enzymatic stain removers in laundry detergent came from a microor-
ganism, and antibiotics derived from common soil microbes are used to
treat infectious diseases. These are just a few examples of traditional bio-
technologies that have improved our lives. Up to the early 1970s, however,
traditional biotechnology was not a well-recognized scientific discipline,
and research in this area was centered in departments of chemical engi-
neering and occasionally in specialized microbiology programs.

In a broad sense, biotechnology is concerned with the production of
commercial products generated by the metabolic action of microorganisms.
More formally, biotechnology may be defined as “the application of scien-
tific and engineering principles to the processing of material by biological
agents to provide goods and services.” The term “biotechnology” was first
used in 1917 by a Hungarian engineer, Karl Ereky, to describe an integrated
process for the large-scale production of pigs by using sugar beets as the
source of food. According to Ereky, biotechnology was “all lines of work by
which products are produced from raw materials with the aid of living

I ONG BEFORE WE KNEW THAT MICROORGANISMS EXISTED or that genes were
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FIGURE 11 Principal steps of a bioengi-
neered biotechnology process. Paren-
thetically, Karl Ereky’s scheme entailed
using inexpensive sugar beets (raw
material) to feed pigs (biotransforma-
tion) for the production of pork (down-
stream processing).

things.” This fairly precise definition was more or less ignored. For a
number of years, the term biotechnology was used to describe two very
different engineering disciplines. On one hand, it referred to industrial
fermentation. On the other, it was used for the study of efficiency in the
workplace—what is now called ergonomics. This ambiguity ended in 1961
when the Swedish microbiologist Carl Géran Hedén recommended that
the title of a scientific journal dedicated to publishing research in the fields
of applied microbiology and industrial fermentation be changed from the
Journal of Microbiological and Biochemical Engineering and Technology to
Biotechnology and Bioengineering. From that time on, biotechnology has
clearly and irrevocably been associated with the study of “the industrial
production of goods and services by processes using biological organisms,
systems, and processes,” and it has been firmly grounded in expertise in
microbiology, biochemistry, and chemical engineering.

An industrial biotechnology process that uses microorganisms for pro-
ducing a commercial product typically has three key stages (Fig. 1.1):

1. Upstream processing: preparation of the microorganism and the
raw materials required for the microorganism to grow and pro-
duce the desired product

2. Fermentation and transformation: growth (fermentation) of the
target microorganism in a large bioreactor (usually >100 liters)
with the consequent production (biotransformation) of a desired
compound, which can be, for example, an antibiotic, an amino
acid, or a protein

3. Downstream processing: purification of the desired compound
from either the cell medium or the cell mass

Biotechnology research is dedicated to maximizing the overall effi-
ciency of each of these steps and to finding microorganisms that make
products that are useful in the preparation of foods, food supplements, and
drugs. During the 1960s and 1970s, this research focused on upstream pro-
cessing, bioreactor design, and downstream processing. These studies led
to enhanced bioinstrumentation for monitoring and controlling the fer-
mentation process and to efficient large-scale growth facilities that increased
the yields of various products.

The biotransformation component of the overall process was the most
difficult phase to manipulate. Commodity production by naturally occur-
ring microbial strains on a large scale was often considerably less than
optimal. Initial efforts to enhance product yields focused on creating vari-
ants (mutants) by using chemical mutagens or ultraviolet radiation to
induce changes in the genetic constitution of existing strains. However, the
level of improvement that could be achieved in this way was usually lim-
ited biologically. If a mutated strain, for example, synthesized too much of
a compound, other metabolic functions often were impaired, thereby
causing the strain’s growth during large-scale fermentation to be less than
desired. Despite this constraint, the traditional “induced mutagenesis and
selection” strategies of strain improvement were extremely successful for a
number of processes, such as the production of antibiotics.

The traditional genetic improvement regimens were tedious, time-
consuming, and costly because of the large numbers of colonies that had to
be selected, screened, and tested. Moreover, the best result that could be
expected with this approach was the improvement of an existing inherited
property of a strain rather than the expansion of its genetic capabilities.
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Despite these limitations, by the late 1970s, effective processes for the mass
production of a wide range of commercial products had been perfected.
Today, we have acquired sufficient knowledge of the biochemistry,
genetics, and molecular biology of microorganisms to accelerate the devel-
opment of useful and improved biological products and processes and to
create new products that would not otherwise occur. Distinct from tradi-
tional biotechnology, the modern methods require knowledge of and
manipulation of genes, the functional units of inheritance, and the discipline
that is concerned with the manipulation of genes for the purpose of pro-
ducing useful goods and services using living organisms is known as
molecular biotechnology. The pivotal development that enabled this tech-
nology was the establishment of techniques to isolate genes and to transfer
them from one organism to another. This technology is known as recombi-
nant deoxyribonucleic acid (DNA) technology, and it began as a lunchtime
conversation between two scientists working in different fields who met at
a scientific conference in 1973. In his laboratory at Stanford University in
California, Stanley Cohen had been developing methods to transfer plas-
mids, small circular DN A molecules, into bacterial cells. Meanwhile, Herbert
Boyer of the University of California at San Francisco was working with
enzymes that cut DNA at specific nucleotide sequences. Over lunch at a
scientific meeting, they reasoned that Boyer’s enzyme could be used to
splice a specific segment of DNA into a plasmid and then the recombinant
plasmid could be introduced into a host bacterium using Cohen’s method.

Recombinant DNA Technology

It was clear to Cohen and Boyer and others that recombinant DNA tech-
nology had far-reaching possibilities. As Cohen noted at the time, “It may be
possible to introduce in E. coli, genes specifying metabolic or synthetic func-
tions such as photosynthesis or antibiotic production indigenous to other
biological classes.” The first commercial product produced using recombi-
nant DNA technology was human insulin, which is used in the treatment of
diabetes. The DNA sequence that encodes human insulin was synthesized,
a remarkable feat in itself at the time, and was transplanted into a plasmid
that could be maintained in the common bacterium Escherichia coli. The bac-
terial host cells acted as biological factories for the production of the two
peptide chains of human insulin, which, after being combined, could be
purified and used to treat diabetics who were allergic to the commercially
available porcine (pig) insulin. In the previous decade, this achievement
would have seemed absolutely impossible. By today’s standards, however,
this type of genetic engineering is considered commonplace.

The nature of biotechnology was changed forever by the development
of recombinant DNA technology. With these techniques, the maximization
of the biotransformation phase of a biotechnology process was achieved
more directly. Genetic engineering provided the means to create, rather
than merely isolate, highly productive strains. Not long after the production
of the first commercial preparation of recombinant human insulin, bacteria
and then eukaryotic cells were used for the production of insulin, inter-
feron, growth hormone, viral antigens, and a variety of other therapeutic
proteins. Recombinant DNA technology could also be used to facilitate the
biological production of large amounts of useful low-molecular-weight
compounds and macromolecules that occur naturally in minuscule quanti-
ties. Plants and animals became targets to act as natural bioreactors for

5
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producing new or altered gene products that could never have been cre-
ated either by mutagenesis and selection or by crossbreeding. Molecular
biotechnology has become the standard method for developing living sys-
tems with novel functions and capabilities for the synthesis of important
commercial products.

Most new scientific disciplines do not arise entirely on their own. They
are often formed by the amalgamation of knowledge from different areas
of research. For molecular biotechnology, the biotechnology component
was perfected by industrial microbiologists and chemical engineers,
whereas the recombinant DNA technology portion owes much to discov-
eries in molecular biology, bacterial genetics, and nucleic acid enzymology
(Table 1.1). In a broad sense, molecular biotechnology draws on knowledge
from a diverse set of fundamental scientific disciplines to create commer-
cial products that are useful in a wide range of applications (Fig. 1.2).

The Cohen and Boyer strategy for gene cloning was an experiment
“heard round the world.” Once their concept was made public, many other
researchers immediately appreciated the power of being able to clone genes.
Consequently, scientists created a large variety of experimental protocols
that made identifying, isolating, characterizing, and utilizing genes more
efficient and relatively easy. These technological developments have had an
enormous impact on generating new knowledge in practically all biological
disciplines, including animal behavior, developmental biology, molecular
evolution, cell biology, and human genetics. Indeed, the emergence of the
field of genomics was dependent on the ability to clone large fragments of
DNA into plasmids in preparation for sequence determination.

Commercialization of Molecular Biotechnology

The potential of recombinant DNA technology reached the public with a
frenzy of excitement, and many people became rich on its promise. Indeed,

FIGURE 1.2 Many scientific disciplines contribute to molecular biotechnology, which
generates a wide range of commercial products.
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TABLE 11 Selected developments in the history of molecular biotechnology

Date Event

1917 Karl Ereky coins the term “biotechnology”

1940 A. Jost coins the term “genetic engineering”

1943 Penicillin is produced on an industrial scale

1944 Avery, MacLeod, and McCarty demonstrate that DNA is the genetic material

1953 Watson and Crick determine the structure of DNA

1961 The journal Biotechnology and Bioengineering is established

1961-1966 Entire genetic code is deciphered

1970 First restriction endonuclease is isolated

1972 Khorana and coworkers synthesize an entire tRNA gene

1973 Boyer and Cohen establish recombinant DNA technology

1975 Kohler and Milstein describe the production of monoclonal antibodies

1976 First guidelines for the conduct of recombinant DNA research are issued

1976 Techniques are developed to determine the sequence of DNA

1978 Genentech produces human insulin in E. coli

1980 U.S. Supreme Court rules in the case of Diamond v. Chakrabarty that genetically manipulated
microorganisms can be patented

1981 First commercial, automated DNA synthesizers are sold

1981 First monoclonal antibody-based diagnostic kit is approved for use in the United States

1982 First animal vaccine produced by recombinant DNA methodologies is approved for use in Europe

1983 Engineered Ti plasmids are used to transform plants

1988 U.S. patent is granted for a genetically engineered mouse susceptible to cancer

1988 PCR method is published

1990 Approval is granted in the United States for a trial of human somatic cell gene therapy

1990 Human Genome Project is officially initiated

1990 Recombinant chymosin is used for cheese making in the United States

1994-1995 Detailed genetic and physical maps of human chromosomes are published

1994 FDA announces that genetically engineered tomatoes are as safe as conventionally bred tomatoes

1995 First genome sequence of a cellular organism, the bacterium Haemophilus influenzae, is completed

1996 First recombinant protein, erythropoietin, exceeds $1 billion in annual sales

1996 Complete DNA sequence of all the chromosomes of a eukaryotic organism, the yeast Saccharomyces cerevisiae,
is determined

1996 Commercial planting of genetically modified crops begins

1997 Nuclear cloning of a mammal (a sheep) with a differentiated cell nucleus is accomplished

1998 FDA approves first antisense drug

1999 FDA approves recombinant fusion protein (diphtheria toxin-interleukin-2) for cutaneous T-cell lymphoma

2000 Arabidopsis genome is sequenced

2000 Monoclonal antibodies exceed $2 billion in annual sales

2000 Development of “golden rice” (provitamin-A-producing rice) is announced

2000 Over $33 billion is invested in U.S. biotechnology companies

2001 Human genome is sequenced

2002 Complete human gene microarrays (gene chips) become commercially available

2002 FDA approves first nucleic acid test system to screen whole blood from donors for HIV and HCV

2004 Large-scale sequencing of the Sargasso Sea metagenome begins

2005 NCBI announces that there are 100 gigabases of nucleotides in the GenBank sequence database

2006 Recombinant cancer vaccine becomes available to protect against cervical cancer

2008 Two-billionth acre of genetically engineered crops is planted

2009 FDA approves first drug produced in a genetically engineered animal (a goat)

FDA, Food and Drug Administration; HCV, hepatitis C virus; HIV, human immunodeficiency virus; NCBI, National Center for Biotechnology Information;
PCR, polymerase chain reaction; tRNA, transfer ribonucleic acid.
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within 20 minutes of the start of trading on the New York Stock Exchange
on 14 October 1980, the price of shares in Genentech, the company, founded
by Cohen and Boyer with chemist and entrepreneur Robert Swanson, that
produced recombinant human insulin, went from $35 to $89. This was the
fastest increase in the value of any initial public offering in the history of
the market. It was predicted that some genetically engineered microorgan-
isms would replace chemical fertilizers and others would eat up oil spills,
plants with inherited resistance to a variety of pests and exceptional nutri-
tional content would be created, and livestock would have faster growing
times, more efficient feed utilization, and meat with low fat content. Many
were convinced that as long as a biological characteristic was genetically
determined by one or a few genes, organisms with novel genetic constitu-
tions could be readily created. Today we see that, despite the commercial
hype that dominated reality in the beginning, this infatuation with recom-
binant DNA technology was not totally unfounded. A number of the more
sensible versions of the initial claims, although trimmed in scope, have
become realities.

In the 25 years since the commercial production of recombinant human
insulin, more than 200 new drugs produced by recombinant DNA tech-
nology have been used to treat over 300 million people for diseases such as
cancer, multiple sclerosis, cystic fibrosis, and strokes and to provide protec-
tion against infectious diseases. Over 400 new drugs are in the process of
being tested in human trials to treat Alzheimer disease and heart disease
(to name only two). Similarly, many new molecular biotechnology prod-
ucts for enhancing crop and livestock yields, decreasing pesticide use, and
improving industrial processes, such as the manufacture of pulp and paper,
food, energy, and textiles, have been created and are being marketed.

The impact on agriculture has been tremendous. According to the Food
and Agriculture Organization of the United Nations, yield improvements
of all major crops have decreased due to poor agricultural management
practices, decreased acreage of arable land, and increased reliance on fertil-
izers and pesticides that diminish soil quality. To produce more food on
less land, 13 million farmers in 25 countries are now planting genetically
engineered crops on 300 million acres of land. These crops are predomi-
nantly corn, cotton, canola, and soybeans that are resistant to herbicides
and insects. Over the last 10 years in the United States, genetically engi-
neered crops contributed to $44 million in economic gains due to increased
yields and lower production costs. The global market value of genetically
modified crops is currently $7.5 billion. Small resource-poor farmers are
among the beneficiaries of agricultural biotechnology. In a comparative
study of small cotton farms in South Africa, it was found that the yield of
cotton from plants that were genetically engineered to produce a bacterial
insecticide was on average about 70% greater than those from non-geneti-
cally modified plants over three seasons. Higher yields and reduced pesti-
cide and labor costs translated into doubled revenues despite the slightly
higher costs of the transgenic seeds. Similarly, in India, farmers who
planted genetically modified cotton increased their yields by 31% in 2008
while decreasing insecticide use by 39%. This resulted in an 88% increase
in profits for small farmers.

The ultimate objective of all biotechnology research is the development
of commercial products. Consequently, molecular biotechnology is driven,
to a great extent, by economics. Not only does financial investment cur-
rently sustain molecular biotechnology, but clearly the expectation of finan-



he landmark study of Cohen et
Tal. established the foundation

for recombinant DNA tech-
nology by showing how genetic infor-
mation from different sources could be
joined to create a novel, replicatable
genetic structure. In this instance, the
new genetic entities were derived
from bacterial autonomously repli-
cating extrachromosomal DNA struc-
tures called plasmids. In a previous
study, Cohen and Chang (Proc. Natl.
Acad. Sci. USA 70:1293-1297, 1973)
produced a small plasmid from a large
naturally occurring plasmid by
shearing the larger plasmid into
smaller random pieces and intro-
ducing the mixture of pieces into a
host cell, the bacterium E. coli. By
chance, one of the fragments that was
about 1/10 the size of the original
plasmid was perpetuated as a func-
tional plasmid. To overcome the ran-
domness of this approach and to make
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Construction of Biologically Functional Bacterial
Plasmids In Vitro

S. N. CoHeN, A. C. Y. CHANG, H. W. BOYER, and R. B. HELLING
Proc. Natl. Acad. Sci. USA 70:3240-3244, 1973

the genetic manipulation of plasmids
more manageable, Cohen and his
coworkers decided to use an enzyme
(restriction endonuclease) that cuts a
DNA molecule at a specific site and
produces a short extension at each
end. The extensions of the cut ends of
a restriction endonuclease-treated
DNA molecule can combine with the
extensions of another DNA molecule
that has been cleaved with the same
restriction endonuclease.
Consequently, when DNA mole-
cules from different sources are
treated with the same restriction endo-
nuclease and mixed together, new
DNA combinations that never existed
before can be formed. In this way,
Cohen et al. not only introduced a
gene from one plasmid into another
plasmid, but also demonstrated that
the introduced gene was biologically
active. To their credit, these authors
fully appreciated that their strategy

was “potentially useful for insertion of
specific sequences from prokaryotic or
eukaryotic chromosomes or extrachro-
mosomal DNA into independently
replicating bacterial plasmids.” In
other words, any gene from any
organism could theoretically be cloned
into a plasmid, which, after introduc-
tion into a host cell, would be main-
tained indefinitely and, perhaps,
produce the protein encoded by the
cloned gene. By demonstrating the
feasibility of gene cloning, Cohen et al.
provided the experimental basis for
recombinant DNA technology; estab-
lished that plasmids could act as vehi-
cles (vectors) for maintaining cloned
genes; motivated others to pursue
research in this area that rapidly led to
the development of more sophisti-
cated vectors and gene-cloning strate-
gies; engendered concerns about the
safety and ethics of this kind of
research that, in turn, was responsible
for the establishment of official guide-
lines and governmental agencies for
conducting and regulating recombi-
nant DNA research, respectively; and
contributed to the formation of the
molecular biotechnology industry.

9

cial gain was responsible for the considerable interest and excitement
during the initial stages of its development. By nightfall on 14 October
1980, the principal shareholders of Genentech stock were worth millions of
dollars. The unprecedented enthusiastic public response to Genentech
encouraged others to follow. Between 1980 and 1983, about 200 small bio-
technology companies were founded in the United States with the help of
tax incentives and funding from both stock market speculation and private
investment. Like Herbert Boyer, who was first a research scientist at the
University of California at San Francisco and then a vice president of
Genentech, university professors started many of the early companies.
Much of the commercial development of molecular biotechnology has
been centered in the United States. By 1985, there were over 400 biotech-
nology companies, including many with names that contained variants of
the word “gene” to emphasize their expertise in gene cloning: Biogen,
Amgen, Calgene, Engenics, Genex, and Cangene. Today, there are about
1,500 biotechnology companies in the United States, 3,000 in Europe, and
more than 8,000 worldwide, most in the health care sector. All large mul-
tinational chemical and pharmaceutical companies, including Monsanto,
Du Pont, Pfizer, Eli Lilly, GlaxoSmithKline, Merck, Novartis, and
Hoffmann-LaRoche, to name but a few, have made significant research
commitments to molecular biotechnology. During the rapid proliferation
of the biotechnology business in the 1980s, small companies were absorbed
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by larger ones, strategic mergers took place, and joint ventures were
undertaken. For example, in 1991, 60% of Genentech was sold to Hoffmann-
LaRoche for $2.1 billion. Also, inevitably, for various reasons, there were a
number of bankruptcies. This state of flux is a characteristic feature of the
biotechnology industry.

The annual earnings of the biotechnology industry have increased from
about $6 million in 1986 to more than $70 billion in 2003. Worldwide, the
biotechnology industry employs about 180,000 people. Since the 1980s, new,
independent molecular biotechnology companies have usually been spe-
cialized and have tended to stress the use of one particular aspect of recom-
binant DNA technology. The extent of this specialization is often reflected in
their names. For example, after the formation of companies dedicated to the
cloning of commercially important genes—Biogen, Amgen, Genzyme,
Genentech, and so on—several U.S. molecular biotechnology companies,
including ImmunoGen, Immunomedics, and MedImmune, were formed to
produce genetically engineered antibodies for treating infectious diseases,
cancer, and other disorders in humans. Currently, the roster of biotech-
nology companies is extensive and includes those focused on cardiovas-
cular disorders, tissue engineering, cell replacement, drug delivery, vaccines,
gene therapy, antisense drugs, microarray detection systems, diagnostics,
genomics, proteomics, and agricultural biotechnology.

Concerns and Consequences

While many people appreciate the potential of molecular biotechnology to
solve important problems in agriculture, medicine, and industry, they rec-
ognize the need to be cautious about its widespread application. Indeed,
one of the first scientific responses to this new technology was a voluntary
moratorium on certain experiments that were thought to be potentially haz-
ardous. This research ban was self-imposed by a group of molecular biolo-
gists, including Cohen and Boyer. They were concerned that combining
genes from two different organisms might accidentally create a novel
organism with undesirable and dangerous properties. Within a few years,
however, these apprehensions were allayed as scientists gained laboratory
experience with this technology and safety guidelines were formulated for
recombinant DNA research. The temporary cessation of some recombinant
DNA research projects did not dampen the enthusiasm for genetic engi-
neering. In fact, the new technology continued to receive unprecedented
attention from both the public and the scientific community.
Molecular biotechnology can contribute benefits to humanity. It can:

* Provide opportunities to accurately diagnose, prevent, or cure a
wide range of infectious and genetic diseases

¢ Significantly increase crop yields by creating plants that are resistant
to insect predation, fungal and viral diseases, and environmental
stresses, such as short-term drought and excessive heat, and at the
same time reduce applications of hazardous agrichemicals

e Develop microorganisms that will produce chemicals, antibiotics,
polymers, amino acids, enzymes, and various food additives that
are important for food production and other industries

¢ Develop livestock and other animals that have genetically enhanced
attributes
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¢ Facilitate the removal of pollutants and waste materials from the
environment

Although it is exciting and important to emphasize the positive aspects
of new advances, there are also social concerns and consequences that must
be addressed. The following are some examples.

¢ Will some genetically engineered organisms be harmful either to
other organisms or to the environment?

¢ Will the development and use of genetically engineered organisms
reduce natural genetic diversity?

e Should humans be genetically engineered?
¢ Will new diagnostic procedures undermine individual privacy?

e Will financial support for molecular biotechnology constrain the
development of other important technologies?

e Will the emphasis on commercial success mean that the benefits of
molecular biotechnology will be available only to wealthy nations?

e Will agricultural molecular biotechnology undermine traditional
farming practices?

FIGURE1.3 The Farm, by Alexis Rockman. According to the artist, “The Farm explores
the iconography of agriculture. The Farm is set on a wide-angled field with all its
usual trappings—animals, fruits, and vegetables. The situation, however familiar,
is far from predictable. A disproportionately enormous and savage cow has an
overabundance of teats. The pig is a human organ factory. And the chicken, which
boasts three pairs of wings and no feathers, is ready for basting. The fruit fly, the
workhorse of many a genetic study, is present as is a mouse with a human ear car-
tilage projecting from its back....Past, present, and future states are threaded
together here with barbed wire, woven baskets and DNA....The Farm shows how
the bodies of these animals have been—and may one day be—transformed to suit
our aesthetic, medical, gastronomic needs.” © Alexis Rockman, 2000. Reprinted
with the permission of the artist.
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e Will medical therapies based on molecular biotechnology supersede
equally effective traditional treatments?

¢ Will the quest for patents inhibit the free exchange of ideas among
research scientists?

These and many other issues have been considered by government
commissions, discussed extensively at conferences, and thoughtfully
debated and analyzed by individuals in both popular and academic publi-
cations. On this basis, rules and regulations have been formulated, guide-
lines have been established, and policies have been created. There has been
active and extensive participation by both scientists and the general public
in deciding how molecular biotechnology should proceed, although some
controversies still remain.

Molecular biotechnology, with much fuss and fanfare, became a com-
prehensive scientific and commercial venture in a remarkably short time.
Many scientific and business publications are now devoted to the subject,
and graduate and undergraduate programs and courses are available at
universities throughout the world to teach it. Even artists have depicted
their perception of molecular biotechnology (Fig. 1.3). It could be debated
whether the early promise of biotechnology has been fulfilled in the way
that was predicted in a 1987 document published by the U.S. Office of
Technology Assessment, which declared that molecular biotechnology is “a
new scientific revolution that could change the lives and futures of . . . citi-
zens as dramatically as did the Industrial Revolution two centuries ago and
the computer revolution today. The ability to manipulate genetic material
to achieve specified outcomes in living organisms . . . promises major
changes in many aspects of modern life.” It does, however, offer solutions
to some serious global problems, including the spread of infectious dis-
eases, the burden of waste accumulation, and food shortages. The potential
of molecular biotechnology to solve some of these imminent problems is
the subject of this book.

SUMMARY

n 1973, Stanley Cohen, Herbert Boyer, and their coworkers

devised a method for transferring genetic information
(genes) from one organism to another. This procedure, which
became known as recombinant DNA technology, enabled
researchers to isolate specific genes and to perpetuate them in
host organisms. Recombinant DNA technology has been ben-
eficial to many different areas of study. However, its impact on
biotechnology has been extraordinary.

Biotechnology, for the most part, uses microorganisms on a
large scale for the production of commercially important
products. Before the advent of recombinant DNA technology,
the most effective way of increasing the productivity of an
organism was to induce mutations and then use selection pro-
cedures to identify organisms with superior traits. This pro-
cess was not foolproof; it was time-consuming, labor-intensive,
and costly; and only a small set of traits could be enhanced in
this way. Recombinant DNA technology, however, provided a
rapid, efficient, and powerful means for creating microorgan-
isms with specific genetic attributes. Moreover, the tools of

recombinant DNA technology enable not only microorgan-
isms, but also plants and animals, to be genetically engineered.
Combining recombinant DNA technology with biotechnology
created a dynamic and exciting discipline called molecular
biotechnology.

From its beginning, molecular biotechnology captured the
imagination of the public. Many small companies dedicated to
gene cloning (recombinant DNA technology) were established
with funding from private investors. Although these biotech-
nology companies took somewhat longer than expected to
bring their products to the marketplace, a large number of
recombinant DNA-based products are currently available,
and many more are expected soon.

Because of its broad impact, molecular biotechnology has
been scrutinized carefully for its potential effects on society.
Some of the concerns that have been raised are its safety, its
possible negative effects on the environment, and the private
or public ownership of genetically engineered organisms.
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1. What is biotechnology?

2. Distinguish between traditional biotechnology and molec-
ular biotechnology.

3. Describe the basic steps of a bioengineered biotechnology
process.

4. What are the shortcomings of the “mutation and selection”
method for developing enhanced organisms for commercial
purposes?

5. Why was the work reported by Cohen and Boyer and their
coworkers in 1973 considered important?

6. How did recombinant DNA technology enable the produc-
tion of human insulin?

7. What are some of the problems that molecular biotech-
nology has the potential to solve?

8. Discuss the statement “molecular biotechnology is a diverse
science.”

9. Discuss some of the social concerns that have been raised
about molecular biotechnology.

10. Go to http://www.nytimes.com, http://news.yahoo.com,
or an equivalent news website and conduct a search with the
word “biotechnology.” Describe and discuss three recent bio-
technology news stories.


http://www.nytimes.com
http://news.yahoo.com
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DNA, RNA, and Protein
Synthesis

lishing and maintaining the cellular and biochemical functions of an

organism. In most organisms, the genetic material is a long double-
stranded DNA polymer. The sequence of units (deoxyribonucleotides) of
one DNA strand is complementary to the deoxyribonucleotides of the other
strand. This complementarity enables new DNA molecules to be synthe-
sized with the same linear order of deoxyribonucleotides in each strand as
an original DNA molecule. The process of DNA synthesis is called replica-
tion. A specific order of deoxyribonucleotides determines the information
content of an individual genetic element (gene). Some genes encode pro-
teins, and others encode only ribonucleic acid (RNA) molecules. The pro-
tein-coding genes (structural genes) are decoded by two successive major
cellular processes: RNA synthesis (transcription) and protein synthesis
(translation). First, a messenger RNA (mRNA) molecule is synthesized
from a structural gene using one of the two DNA strands as a template.
Second, an individual mRNA molecule interacts with other components,
including ribosomes, transfer RNAs (tRNAs), and enzymes, to produce a
protein molecule. A protein consists of a precise sequence of amino acids,
which is essential for its activity.

Although the deoxyribonucleotide sequences are different in genes
encoding different functions, and for genes encoding similar functions in
different organisms, the chemical compositions are the same. This enables
molecular biotechnologists to transfer genes among a variety of organisms
to create beneficial products. To understand how this is accomplished, it is
helpful to know about the structure of DNA, replication, transcription, and
translation.

THE INFORMATION ENCODED IN GENETIC MATERIAL is responsible for estab-

Structure of DNA

The chemistry of DNA has been studied since 1868. By the 1940s, it was
known that DNA is made up of individual units called nucleotides that are
linked to each other to form long chains. A nucleotide consists of an organic
base (base), a five-carbon sugar (pentose), and a phosphate group (Fig.
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FIGURE 21 Chemical structures of the components of DNA. (A) A representative
nucleotide. The term “base” denotes any of the four bases (adenine, guanine, cyto-
sine, and thymine) that are found in DNA. The deoxyribose sugar is enclosed by
dashed lines. The numbers with primes mark the carbon atoms of the deoxyribose
moiety. (B) The bases of DNA. The circled nitrogen atom is the site of attachment of
the base to the 1’ carbon atom of the deoxyribose moiety.

2.1A). The sugar of DNA is 2’-deoxyribose because it does not have a
hydroxyl (OH) group on the 2’ carbon; rather, it has a hydroxyl group only
on the 3’ carbon of the sugar moiety. By contrast, in mRNA, the five-carbon
sugar ribose has hydroxyl groups at both the 2’ and 3’ carbons of the pentose
ring. In both DNA and RNA, the phosphate group and base are attached to
the 5" carbon and 1’ carbon atoms of the sugar moiety, respectively. In DNA,
there are four kinds of bases: adenine (A), guanine (G), cytosine (C), and
thymine (T) (Fig. 2.1B). The nucleotide subunits of DNA are joined by phos-
phodiester bonds, with the phosphate group of the 5" carbon of one nucle-
otide linked to the 3" OH group of the deoxyribose of the adjacent nucleotide
(Fig. 2.2). A polynucleotide strand has a 3" OH group at one end (the 3’ end)
and a 5" phosphate group at the other (the 5" end).

15
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FIGURE 2.3 A rod-ribbon model of
double-helical DNA. The rods repre-
sent the complementary base pairs,
and the ribbons represent the deoxyri-
bose—phosphate backbones.

Phosphodiester
linkage

Thymine
o)
H H
H

Guanine

CH, Cytosine

3’end

FIGURE 2.2 Chemical structure of a single strand of DNA.

In 1953, James Watson and Francis Crick, using X-ray diffraction anal-
ysis of crystallized DNA, discovered that DNA consists of two long chains
(strands) that form a double-stranded helix (Fig. 2.3). The two polynucle-
otide chains of DNA are held together by hydrogen bonds between the
bases of the opposite strands. Base pairing occurs only between specific,
complementary bases (Fig. 2.4). A pairs only with T, and G pairs only with
C. The AT base pairs are held together by two hydrogen bonds, and the
G-C base pairs are held together by three. The number of complementary
base pairs is often used to characterize the length of a double-stranded
DNA molecule. For DNA molecules with thousands or millions of base
pairs, the designations are kilobase pairs and megabase pairs, respectively.
For example, the DNA of human chromosome 1 is one double-stranded
helix that has about 263 megabase pairs (Mb).
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The A-T and G-C base pairs lie within the interior of the molecule, and
the 5’-to-3"-linked phosphate and deoxyribose components form the back-
bone of each strand (Fig. 2.4). The two strands of a duplex DNA molecule
run in opposite directions to each other (antiparallel chains). One chain is
oriented in a 3’-to-5’ direction, and the other is oriented in a 5’-to-3" direc-
tion. Because of the base-pairing requirements, when one strand of DNA
has, for example, the base sequence 5-TAGGCAT-3’, the complementary
strand must be 3-ATCCGTA-5". In this case, the double-stranded form
would be ) moSSars By convention, when DNA is drawn on a horizontal
plane, the 5" end of the upper strand is on the left.

Genetic material has two major functions. It encodes the information
for the production of proteins, and it is reproduced (replicated) with a high
degree of accuracy to pass the encoded information to new cells. The
Watson—Crick model of DNA fully meets these important requirements.
First, because of base complementarity, each preexisting DNA strand can
act as a template for the production of a new complementary strand.

FIGURE 2.4 Chemical structure of double-stranded DNA.
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\
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FIGURE 2.5 DNA replication. (A) The incoming nucleotide is a deoxyribonucleoside
triphosphate that is directed by DNA polymerase to pair with the complementary
base of the template strand. (continued)

Consequently, after one round of replication, two daughter molecules are
produced, with each having the same sequence of nucleotide pairs as the
original DNA molecule. Second, the sequence of nucleotides of a gene pro-
vides the code for the production of a protein. The linear order of amino
acids in a protein is determined by the linear sequence of deoxyribonucle-
otides in a gene.

DNA Replication

As predicted by the Watson—Crick model of DNA, each strand of an
existing DNA molecule acts as a template for the production of a new
strand, and the sequence of nucleotides of the synthesized (growing)
strand is determined by base complementarity. During replication, the
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FIGURE 2.5 (continued) (B) The o phosphate of the incoming nucleotide forms a
phosphodiester bond with the 3" hydroxyl group of the growing strand. The next
incoming nucleotide of the growing strand that is complementary to the nucleotide
of the template strand is positioned by DNA polymerase.

phosphate group of each incoming nucleotide is enzymatically joined by a
phosphodiester linkage to the 3" OH group of the last nucleotide that was
incorporated in the growing strand (Fig. 2.5A). The nucleotides that are
used for DNA replication are triphosphate deoxyribonucleotides that have
three consecutive phosphate groups attached to the 5" carbon of the deoxy-
ribose sugar moiety. The phosphate that is attached to the 5" carbon is des-
ignated the o phosphate, the next phosphate is the B phosphate, and the
third one is the y phosphate (Fig. 2.6). During the replication process, the 3
and y phosphates are cleaved off as a unit, and the o phosphate is linked to
the 3" OH group of the previously incorporated nucleotide (Fig. 2.5B). The
DNA synthesis machinery of prokaryotes and eukaryotes includes a large
number of different proteins. Of these, DNA polymerases are responsible
for binding deoxyribonucleotides, fitting the correct nucleotide into place
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MILESTONE

Nature 171:737-738, 1953

he elucidation of the structure of
I the genetic material (DNA) was

undoubtedly one of the most
important scientific breakthroughs of
the 20th century. James Watson and
Francis Crick, who, with Maurice
Wilkins, were awarded the Nobel
Prize in physiology or medicine in
1962 for this work, suggested “a struc-
ture for the salt of deoxyribonucleic
acid (D. N. A.). This structure has
novel features which are of consider-
able biological interest....This struc-
ture has two helical chains each coiled
around the same axis....Both chains
follow right handed helices, but . . .
the sequences of the atoms in the two
chains run in opposite directions....
The novel feature of the structure is
the manner in which the two chains
are held together by the purine and
pyrimidine bases....They are joined in
pairs, a single base from one chain
being hydrogen bonded to a single

A Structure for Deoxyribose Nucleic Acid
J. D. WATsoN AND E H. C. Crick

base from the other chain....One of the
pair must be a purine and the other a
pyrimidine for bonding to occur....If
adenine forms one member of a pair,
on either chain, then...the other
member must be a thymine; similarly
for guanine and cytosine. The
sequence of bases on a single chain
does not appear to be restricted in any
way....It has not escaped our notice
that the specific pairing we have pos-
tulated immediately suggests a pos-
sible copying mechanism for the
genetic material.” In another article a
few months later (Nature 171:964-967,
1953), Watson and Crick discussed
more implications for their model.
“The phosphate-sugar backbone of
our model is completely regular but
any sequence of the pairs of bases can
fit into the structure. It follows that in

sequence of bases is the code which
carries the genetic information....Our
model suggests possible explanations
for a number of other phenomena. For
example, spontaneous mutations may
be due to a base occasionally in one of
its less likely tautomeric forms. Again,
the pairing between homologous chro-
mosomes at meiosis may depend on
pairing between specific bases.”
Within a decade of the demonstra-
tion of the double-helical nature of
DNA with its complementary base
pairs, the molecular aspects of DNA
replication were known, the cellular
processes that are responsible for both
decoding and regulating the synthesis
of gene products were understood,
and many of the kinds of changes that
lead to altered gene products were
recognized. From the time of its publi-
cation to the present, the scientific
impact of the Watson-Crick discovery
has been pervasive and, for the most
part, inestimable. As one small
example, recombinant DNA tech-
nology would not exist without

a long molecule many different per-
mutations are possible, and it there-
fore seems likely that the precise

knowledge of the structure of DNA.

according to the base-pairing requirement of the template strand, and
forming the phosphodiester linkage.

In bacteria, DNA replication is initiated at a specific region of the (usu-
ally circular) chromosome called the origin of replication (or origin) and, in
Escherichia coli, proceeds at the rate of about 1,000 nucleotides per second. In
eukaryotes, a chromosome has many different sites of initiation of replica-
tion. Because of these multiple origins of replication, part of the eukaryotic
replication process includes enzymatically joining (ligating) segments of
newly synthesized DNA together with phosphodiester bonds. Furthermore,
in eukaryotes, a special replication enzyme called telomerase is used for the
completion of the linear ends (telomeres) of each chromosome.

Decoding Genetic Information: RNA and Protein

The vast majority of genes encode information for the production of pro-
tein chains. Proteins are essential polymers that are involved in almost all
biological functions. They catalyze chemical reactions; transport molecules
within cells; escort molecules between cells; control membrane permea-
bility; give support to cells, organs, and body structures; cause movement;
provide protection against infectious agents and toxins; and regulate the
differential production of other gene products. A protein chain consists of
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FIGURE 2.6 Structure of a deoxyribonucleoside triphosphate. The phosphate units
are designated o, B, and y. The o phosphate is directly attached to the 5" carbon of
the deoxyribose sugar. During DNA synthesis, the oo phosphate participates in the
formation of the phosphodiester bond, and the B and y phosphate groups are
released as a unit (pyrophosphate).

a specific sequence of units called amino acids. All amino acids have the
same basic chemical structure. There is a central carbon atom (the o carbon)
that has a hydrogen (H), a carboxyl group (COO"), an amino group (NH,"),
and an R group attached to it (Fig. 2.7A). An R group can be any 1 of 20
different side chains (groups) that make up the 20 different amino acids
found in proteins. When R, for example, is a methyl group (CH,), then the
amino acid is alanine. The amino acids of proteins are designated by either
a three- or a one-letter notation (see the table following chapter 23). For
example, alanine is abbreviated Ala or A. In a protein, each amino acid is
linked to an adjacent amino acid by a peptide bond that joins the carboxyl
group of one amino acid to the amino group of the adjacent one (Fig. 2.7B).
The first amino acid of a protein has a free amino group (N terminus), and
the last amino acid in the polypeptide chain has a free carboxyl group (C
terminus).

Proteins range in length from about 40 to more than 1,000 amino acid
residues. A protein folds into a particular shape (configuration, or confor-
mation) depending on the locations of specific amino acid residues and
the overall amino acid composition. Individual amino acids have different
characteristics that are determined by the properties of their side chains,
and these influence the folding of the protein into a particular three-
dimensional shape. The shape of a protein in turn helps to determine its
function. Also, many functional proteins consist of two or more polypep-
tide chains. In some cases, multiples of the same polypeptide chain are
required for an active protein molecule (homomeric protein). In other
instances, a set of different protein chains (subunits) assembles to form a
functional protein (heteromeric protein). Finally, large protein complexes
that are made up of many different subunits often perform important cel-
lular functions.

The decoding of genetic information is carried out through interme-
diary RNA molecules that are transcribed from discrete regions of the
DNA. RNA molecules are linear polynucleotide chains that differ from
DNA in two important respects. First, the sugar moiety of the nucleotides
of RNA is ribose, which has hydroxyl groups on both the 2" and 3’ carbons
of the sugar. Second, instead of thymine, the base uracil (U) is found in
RNA. Most RNA molecules are single stranded, although often there are
segments of nucleotides within a single chain that are complementary to
each other and form double-stranded regions (intrastrand pairing) (Fig.
2.8). The base pairing within a single RNA strand is the same as the base

FIGURE 2.7 Generalized structures of an
amino acid and a peptide bond. (A) An
amino acid. The R represents the loca-
tion of the side chain. (B) A peptide
bond. The peptide bond is encircled,
and R1 and R2 represent different side
chains.
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pairing between complementary sequences of DNA, except that uracil
pairs with adenine. Base pairing can occur between two RNA molecules if
they contain complementary sequences of base pairs.

The major kinds of RNA molecules that are essential for the decoding
of genetic information are mRNA, ribosomal RNA (rRNA), and tRNA. The
production of RNA from DNA is called transcription. In most prokaryotes,
a single RNA polymerase is responsible for the transcription of all types of
RNA. In eukaryotic organisms, mRNA, rRNA, and tRNA are each tran-
scribed by a different RNA polymerase.

In many of its features, transcription resembles replication. Briefly, one
strand of the DNA of a specific region acts as a template for the synthesis
of a polymer of ribonucleotides. RNA polymerase sequentially joins, via
3’-5" phosphodiester linkages, ribonucleotides that are complementary to
the nucleotides of the template DNA strand (Fig. 2.9). As transcription pro-
ceeds, the newly synthesized RNA is released from the DNA and the DNA
helix re-forms. Since only specific segments of DNA molecules are tran-
scribed, sets of short stretches of base pairs within the DNA are required to
ensure that transcription is initiated at the correct nucleotide and that it
terminates at a specific nucleotide. The sequences that control the initiation
of transcription usually precede the coding sequence, and the termination
signal sequences follow it. The DNA segment that precedes a gene is called
the 5-flanking or upstream region, and the one following a gene is the

FIGURE 2.8 Secondary structure of an RNA molecule. The lines represent hydrogen
bonding between complementary base pairs. The ribose-phosphate backbone is
omitted.
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FIGURE 2.9 Schematic representation of transcription. The arrow indicates the direc-
tion of transcription.

3’-flanking or downstream region. To initiate transcription, RNA poly-
merase binds to a specific sequence of nucleotides upstream of the coding
sequence known as the promoter. Similarly, a specific sequence of nucle-
otides downstream of the coding sequence, known as the transcriptional
terminator, signals RNA polymerase to stop RNA synthesis.

From a molecular perspective, a gene is a specific nucleotide sequence
that is transcribed into RNA. Structural genes, which make up the vast
majority of transcribed DNA sequences, encode proteins; however, the ini-
tial transcription product of a structural gene is an mRNA. In prokaryotes,
a contiguous DNA segment forms a structural gene (the coding region).
Prokaryotic transcription entails the binding of RNA polymerase to a pro-
moter region, the initiation of transcription at a nucleotide upstream of the
structural gene, and the cessation of transcription at a termination sequence
that lies downstream from the coding region (Fig. 2.10). In eukaryotic organ-
isms, a structural gene usually consists of several coding regions (exons)
that are separated by noncoding regions (introns, or intervening sequences).
After RNA polymerase has bound to the promoter and the entire eukaryotic
structural gene is transcribed, the introns are removed from the primary
transcript, and the exons, in the correct order, are linked (spliced) together
to form a functional mRNA (Fig. 2.11 and 2.12). In general, exons tend to be
150 to 300 bases in length, and introns can vary from as few as 40 to over
10,000 bases. A small number of eukaryotic structural genes lack introns,

FIGURE 210 Schematic representation of a prokaryotic structural gene. The pro-
moter region (p), the site of initiation and direction of transcription (the right-
angled arrow), and the termination sequence for RNA polymerase (t) are depicted.
A prokaryotic structural gene is transcribed into mRNA and then directly into
protein.
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FIGURE 2.11 Schematic representation of a eukaryotic structural gene. The promoter
region (p), the site of initiation and direction of transcription (the right-angled
arrow), and the termination sequence for RNA polymerase (t) are depicted. The
numbers 1 to 5 mark the exons of the structural gene, and the letters a to d mark the
introns. The primary transcript is polyadenylated at the 3" end and capped with a
modified guanine (G) nucleotide at the 5" end. Processing of the primary transcript
removes the introns. The functional RNA is translated into protein.

and in some instances, the introns in a primary transcript may be legiti-
mately removed in more than one way in a process known as alternate
splicing. For example, in one kind of tissue, all the exons of the primary
transcript may be spliced together to form a functional mRNA, whereas in
another tissue, the initial transcript may undergo a different pattern of exon
splicing, with an exon being skipped during the process of intron removal
and a novel functional mRNA being produced. The exon-skipping mecha-
nism generates different gene products in different tissues from the same

FIGURE 212 Splicing of a eukaryotic primary RNA transcript. The bracketing arrows
mark the sites that are spliced together after the removal of the intervening RNA
regions. In this example, introns a and b are spliced out of the primary transcript,
and exons 1, 2, and 3 are spliced together to form a functional mRNA.
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FIGURE 213 Alternative splicing of a eukaryotic primary RNA transcript. The brack-
eting arrows mark the sites that are spliced together after the removal of the inter-
vening RNA region. In this example, exon 2, flanked by introns a and b, is spliced
out of the primary transcript, and exons 1 and 3 are spliced together to form a func-
tional mRNA transcript.

structural gene (Fig. 2.13). For example, in Drosophila, the fruit fly that is
commonly used in genetic studies, two different mRNAs are produced from
the doublesex (dsx) gene as a consequence of alternate splicing of the exons
contained in the gene (Fig. 2.14). One form is produced exclusively in female
flies and the other only in male flies, and each encodes a protein that has a
different activity. The protein produced in female flies prevents the develop-
ment of some male-specific characteristics, including male genitalia, and
conversely, the protein produced in male flies prevents the development of
female-specific traits.

Most (>90%) of the RNA in a metabolically active cell is rRNA found
in ribosomes. Although there can be hundreds to thousands of different

FIGURE 214 Alternative splicing of the doublesex (dsx) primary transcript produces
two different mRNAs in the fruit fly Drosophila melanogaster. The first three exons
are spliced together in both male and female flies; however, in male flies, exon 4 is
skipped, resulting in the splicing of exon 3 to exons 5 and 6. In female flies, exon 3
is spliced to exon 4, which contains a signal for the addition of a poly(A) tail (pA),
resulting in a shortened mRNA. The numbered boxes indicate exons, while the red
and blue lines indicate intron sequences that are spliced out of the primary tran-
script in female and male flies, respectively. Adapted from Maniatis and Tasic,
Nature 418:236-243, 2002.
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FIGURE 215 Conformation of a charged
tRNA. The amino acid is attached to
the 3’ end of the tRNA, and the location
of the anticodon region is enclosed by
dashed lines.

mRNAs in a cell, they represent only about 3 to 5% of the cellular RNA,
while tRNA represents about 4%. The rRNA combines with specific proteins
to form ribonucleoprotein complexes that make up the large and small ribo-
somal subunits. During protein synthesis, one large ribosomal subunit and
one small ribosomal subunit combine to form a ribosome. Both of the ribo-
somal subunits of eukaryotes are larger than those of prokaryotes.

In addition to thousands of ribosomes, a cell that is actively synthe-
sizing proteins has about 60 different types of tRNA molecules. The tRNA
molecules range in length from about 75 to 93 nucleotides. Because of
intrastrand complementary segments of nucleotides, each tRNA molecule
forms a folded, L-shaped structure (Fig. 2.15). A particular amino acid is
enzymatically linked by its carboxyl end to the 3" end of a specific tRNA.
For example, the enzyme arginyl-tRNA synthetase adds the amino acid
arginine to the tRNA”® molecule. There is at least one tRNA for each of the
20 amino acids found in proteins. After the binding of a particular amino
acid to its tRNA, the tRNA is said to be “charged.” In another part of the
tRNA molecule, there are three unpaired nucleotides that together are
called the anticodon sequence. This sequence plays a crucial role in the
formation of the linear array of amino acids that constitute a protein.

Translation

In prokaryotes, which lack a nucleus, the processes of transcription and
translation are not spatially separated. When a newly synthesized mRNA
molecule begins to emerge from the RNA polymerase complex, a ribo-
some binds to a specific ribonucleotide sequence near the 5" end of the
mRNA to initiate translation. Thus, transcription and translation occur
concurrently in a prokaryotic cell (Fig. 2.16). In contrast, in eukaryotic
cells, a mature mRNA molecule leaves the nucleus via special pores in the
nuclear membrane and is bound by ribosomes that either remain in the

FIGURE 2.16 Concurrent transcription and translation in prokaryotes. When nascent
mRNA emerges from RNA polymerase (yellow ovals), ribosomes (tan, double-
lobed shapes) bind to the ribosome-binding site on the mRNA and begin transla-
tion. Translation begins before transcription of mRNA is completed. The arrows
indicate the direction of transcription.

Protein
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FIGURE 217 Transcription and translation are spatially separated in eukaryotes.
Transcription occurs in the nucleus. Primary transcripts produced by RNA poly-
merase (yellow ovals) are processed to remove introns (grey lines), and the resulting
mRNA (green lines) is exported from the nucleus via nuclear pores. Ribosomes (tan,
double-lobed shapes) in the cytoplasm or associated with the endoplasmic retic-
ulum translate the mRNA to produce proteins that remain in the cytoplasm or are
translocated into the lumen of the endoplasmic reticulum for further processing.

cytoplasm or associate with the endoplasmic reticulum (Fig. 2.17). In addi-
tion to removal of introns, before the mRNA leaves the nucleus, it is
capped with a modified guanine nucleotide at the 5" end and a polymer of
adenine nucleotides is added to the 3’ end to form a poly(A) tail (Fig. 2.18).
The 5 cap and the 3’ poly(A) tail aid in the binding of ribosomes to the
mRNA to begin translation.

Translation requires the interaction of mRNA, charged tRNAs, ribo-
somes, and a large number of proteins (factors) that facilitate the initiation,

Nucleus

Endoplasmic
reticulum
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FIGURE 219 Schematic representation of
the initiation of translation in prokary-
otes. The mRNA binds to the small
ribosomal subunit. For some mRNAs,
the Shine-Dalgarno sequence near the
5" end of the mRNA base pairs with a
sequence near the 3" end of the rRNA of
the small ribosomal subunit. The anti-
codon (UAC) of the initiator fMet-
tRNAMet base pairs with the start codon
(AUG) of the mRNA. The large ribo-
somal subunit combines with the initi-
ator tRNA-mRNA-small ribosomal
subunit complex to form the initiation
complex. The amino acid methionine of
the initiator tRNA is formylated (CHO)
at the amino group in prokaryotes (not
depicted). After translation, the initial
formyl-methionine is removed from
the protein chain.
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FIGURE 2.18 Modification of the ends of a primary RNA transcript in the nucleus. A
modified guanine nucleotide cap is added to the 5" end of the transcript, and a
polyadenylation signal in the RNA sequence specifies the addition of a polymer of
50 to 250 adenine (A) nucleotides to the 3’ end to form a poly(A) tail. The modified
ends aid in the transport of the mature mRNA from the nucleus and in the binding
of ribosomes to the mRNA and increase the stability of the mRNA.

elongation, and termination of the polypeptide chain. In prokaryotes,
translation is initiated by the binding of a small ribosomal subunit to an
mRNA by base pairing between a sequence of about 8 nucleotides (a Shine-
Dalgarno sequence) that is located near the 5" end of the mRNA and a
complementary sequence near the 3" end of the rRNA of the small ribo-
somal subunit. The 3’-UAC-5" anticodon of a specific initiator tRNA, fMet-
tRNAMet where f represents a formyl moiety that is bound to the
methionine residue, binds to a 5-AUG-3" codon (start codon) of the mRNA.
Proteins (initiation factors) facilitate the binding of the initiator tRNA to the
mRNA-small ribosomal subunit complex. A large ribosomal subunit then
combines with the fMet-tRNA™¢-mRNA-small subunit complex to form
the initiation complex (Fig. 2.19).

In eukaryotes, translation is initiated by the binding of a particular
charged initiator tRNA, Met-tRNAM*, along with initiation factors, to a
small ribosomal subunit. Next, the 5" capped end of an mRNA, which is
combined with specific proteins, associates with the initiator tRNA-small
ribosomal subunit complex, and the complex migrates along the mRNA
until an AUG sequence (initiator, or start codon) is encountered. The 3’
poly(A) tail of the mRNA facilitates the interaction between the mRNA and
the ribosome. When the UAC anticodon sequence of the initiator Met-
tRNAMe base pairs with the AUG sequence of the mRNA, the migration
stops, and the large ribosomal subunit joins the complex to form the initia-
tion complex (Fig. 2.20).

The elongation and termination phases of translation are very similar in
prokaryotes and eukaryotes. The elongation process entails the formation of
a peptide bond between adjacent amino acids, with the order of the amino
acids being determined by the order of codons of the mRNA (Fig. 2.21).
More specifically, after the initiation complex is formed, the second set of
three nucleotides (triplet, or codon) in the mRNA that immediately follows
the AUG codon dictates the anticodon sequence and, therefore, the charged
tRNA that will bind to the ribosome complex. Uncharged tRNAs do not
bind efficiently to ribosomes. For example, if the second nucleotide triplet in
the mRNA is CUG, then the charged tRNA with the anticodon sequence
3’-GAC-5" will bind. This charged tRNA carries the amino acid leucine.
Once this charged tRNA is in place, a peptide bond is formed between the
carboxyl group of the methionine and the amino group of the leucine. The
leucine remains bound to its tRNA. Peptide bond formation is catalyzed by
activity exclusively associated with the large rRNA. The formation of the
peptide bond “discharges” the initiator tRNA because the bond between the
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carboxyl group of methionine and its tRNA is cleaved to make the carboxyl
group available for peptide bond formation. The uncharged tRNA is ejected
from the ribosomal complex. The methionine-leucine-tRNA"*-mRNA
combination shifts (translocates) along the ribosome to the site vacated by
the initiator tRNA, and as a consequence, the next codon of the mRNA is
available for binding by another charged tRNA with the appropriate anti-
codon sequence. If the third codon is UUU, then the charged tRNA with an
AAA anticodon will bind. In this case, the tRNA with an AAA anticodon
carries the amino acid phenylalanine. Once this charged tRNA is in place,
the linkage between the carboxyl group of leucine and its tRNA is broken
and a peptide bond is formed between the carboxyl group of the leucine and
the amino group of the phenylalanine. After ejection of the uncharged
tRNA'", the “peptidyl” tRNAP*, with the attached methionine-leucine—
phenylalanine amino acid polymer and the mRNA, is translocated to the
peptidyl site (P site), and the next codon is available for binding by the
appropriately charged tRNA in the aminoacyl site (A site).

The succession of operations that includes binding of a charged tRNA
by means of anticodon-codon pairing, peptide bond formation, ejection of
an uncharged tRNA, and translocation continues until all the amino acids
that are encoded by the mRNA are linked together. Translation occurs in a
5’-to-3’ direction along the mRNA at a rate of about 15 amino acids per
second. When the 5" end of the mRNA is free of a ribosome, it can combine
with another initiation complex. A single mRNA can be translated simulta-
neously by a number of ribosomes, with each ribosome producing a poly-
peptide chain. In rapidly growing E. coli cells, the entire population of
approximately 20,000 ribosomes per cell is capable of producing about
30,000 polypeptides per minute. Parenthetically, the average bacterial
structural gene with about 1,000 base pairs (bp) encodes a protein with 333
amino acids because 3 bases code for each amino acid. With a mean molec-
ular weight of an amino acid being about 105, the molecular weight of an
average bacterial protein is about 35,000.

The elongation process continues until a UAA, UAG, or UGA codon
(stop codon, or termination codon) is encountered (Fig. 2.22). There are no
naturally occurring tRNAs with anticodons that are complementary to these
codons. However, a protein(s) (termination factor, or release factor) recog-
nizes a stop codon and binds to the ribosome. After binding of a termination
factor, the bond between the last tRNA, which has the complete chain of
amino acids linked to it, and its amino acid is broken, resulting in dissocia-
tion of the uncharged tRNA, the complete protein, and the mRNA from the
ribosome. In addition, a ribosome-releasing factor separates the ribosomal
subunits so that they can be recycled for the translation of other mRNAs.

After translation, a protein may be modified in various ways. In both
prokaryotes and eukaryotes, the methionine at the N terminus is cleaved
from most proteins, leaving the second encoded amino acid as the
N-terminal moiety. In eukaryotes, certain proteins are selectively cleaved at
defined sites (processed) to make smaller protein chains that have discrete
functions. In other instances, especially in eukaryotes, phosphate groups,
lipids, carbohydrates, or other low-molecular-weight groups are enzymati-
cally added to certain amino acids of a protein. These chemical additions
(posttranslational modifications) create proteins that mediate specific cel-
lular activities.
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FIGURE 2.20 Schematic representation
of the initiation of translation in eukary-
otes. The initiator tRNA (Met-tRNAM¢!)
binds to a small ribosomal subunit, and
then the mRNA moves along the com-
plex until the anticodon (UAC) of the
initiator tRNA base pairs with the start
codon (AUG) of the mRNA. The large
ribosomal subunit combines with the
mRNA-initiator tRNA-small ribo-
somal subunit complex to form the
initiation complex.
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Met Leu

UAC'GAC

FIGURE 2.21 Schematic representation of the elongation phase of translation. (A) The
second codon (CUG) base pairs with the anticodon (GAC) of Leu-tRNA™. (B) The
methionine of the initiator tRNA is joined to the leucine of Leu-tRNA" by a pep-
tide bond, and the uncharged initiator tRNA is ejected from the ribosome. (C)
Translocation of the peptidyl-tRNA and the mRNA to the peptidyl site from the
aminoacyl site opens the aminoacyl site for the next codon (UUU). (D) The third
codon (UUU) base pairs with the anticodon (AAA) of Phe-tRNAF"®. (E) The leucine
of the peptidyl-tRNA is joined to the phenylalanine of the Phe-tRNA™¢ by a peptide
bond, and the uncharged Leu-tRNA™" is ejected from the ribosome. (F) Translocation
of the peptidyl-tRNA and mRNA to the peptidyl site from the aminoacyl site opens
the aminoacyl site for the next codon and codon-anticodon interaction.

The complete genetic code consists of 64 codons. Three of these codons
are reserved for stops, and one (AUG) is used for initiation (Table 2.1).
When a methionine residue occurs internally in a protein, the codon AUG
is recognized by another Met-tRNAM* that is neither formylated nor the
initiator tRNA. There is one codon (UGG) for the amino acid tryptophan.
For the rest of the amino acids that are found in proteins, there are at least
two, usually four, and sometimes as many as six codons. For example, there
are six codons (UUA, UUG, CUU, CUC, CUA, and CUG) for the amino
acid leucine. Different codons are used to different extents in different
organisms (Table 2.1). Of the four codons for glycine, GGA is used about
26% of the time by human structural genes and about 9% of the time by
protein-coding genes of E. coli. The stop codons are also used to different
extents in different organisms. In humans, the frequencies of usage of
UAA, UAG, and UGA are 0.22, 0.17, and 0.61, respectively, whereas in E.
coli, they are 0.62, 0.09, and 0.30, respectively. The differences in codon
usage notwithstanding, the genetic code, with a few rare exceptions, is the
same in all organisms.



DNA, RNA, and Protein Synthesis 31

e Tyr —Asp—Phe —Leu—Met—NH,
a

Termination
factor

H);N —Met— Leu—Phe — Asp— Tyr — Ala — Gly — Ala — Cys — Val — COOH

Caq

FIGURE 2.22 Schematic representation of the termination of translation. The stop
codon (UAGQG) interacts with a termination factor that leads to the termination of
translation. The last tRNA is cleaved from the peptide chain and ejected. The
mRNA and the finished peptide are released. The ribosomes are prepared for recy-
cling by a ribosome-releasing factor.

TABLE 2.1 Genetic code and codon usage in E. coli and humans

Frequency of use in:

Codon Amino acid -
E. coli Humans

GGG Glycine 0.13 0.23
GGA Glycine 0.09 0.26
GGU Glycine 0.38 0.18
GGC Glycine 0.40 0.33
GAG Glutamic acid 0.30 0.59
GAA Glutamic acid 0.70 0.41
GAU Aspartic acid 0.59 0.44
GAC Aspartic acid 0.41 0.56
GUG Valine 0.34 0.48
GUA Valine 0.17 0.10
GUU Valine 0.29 0.17
GUC Valine 0.20 0.25
GCG Alanine 0.34 0.10
GCA Alanine 0.22 0.22
GCU Alanine 0.19 0.28

(continued)
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TABLE 2.1 Genetic code and codon usage in E. coli and humans (continued)

Frequency of use in:

Codon Amino acid

E. coli Humans
GCC Alanine 0.25 0.40
AAG Lysine 0.24 0.60
AAA Lysine 0.76 0.40
AAU Asparagine 0.39 0.44
AAC Asparagine 0.61 0.56
AUG Methionine 1.00 1.00
AUA Isoleucine 0.07 0.14
AUU Isoleucine 0.47 0.35
AUC Isoleucine 0.46 0.51
ACG Threonine 0.23 0.12
ACA Threonine 0.12 0.27
ACU Threonine 0.21 0.23
ACC Threonine 0.43 0.38
UGG Tryptophan 1.00 1.00
UuGU Cysteine 0.43 0.42
UGC Cysteine 0.57 0.58
UGA Stop 0.30 0.61
UAG Stop 0.09 0.17
UAA Stop 0.62 0.22
UAU Tyrosine 0.53 0.42
UAC Tyrosine 0.47 0.58
uuu Phenylalanine 0.51 0.43
uucC Phenylalanine 0.49 0.57
UcCG Serine 0.13 0.06
UCA Serine 0.12 0.15
UCuU Serine 0.19 0.17
uccC Serine 0.17 0.23
AGU Serine 0.13 0.14
AGC Serine 0.27 0.25
CGG Arginine 0.08 0.19
CGA Arginine 0.05 0.10
CGU Arginine 0.42 0.09
CGC Arginine 0.37 0.19
AGG Arginine 0.03 0.22
AGA Arginine 0.04 0.21
CAG Glutamine 0.69 0.73
CAA Glutamine 0.31 0.27
CAU Histidine 0.52 0.41
CAC Histidine 0.48 0.59
CUG Leucine 0.55 0.43
CUA Leucine 0.03 0.07
Ccuu Leucine 0.10 0.12
CcucC Leucine 0.10 0.20
UuG Leucine 0.11 0.12
UUA Leucine 0.11 0.06
CCG Proline 0.55 0.11
CCA Proline 0.20 0.27
CCU Proline 0.16 0.29

CCC Proline 0.10 0.33
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Regulation of mMRNA Transcription in Bacteria

In bacteria, the production of amino acids, nucleotides, and other essential
metabolites; replication; transcription; translation; cell growth; catabolic
pathways; energy-generating systems; and responses to environmental
changes all depend on proteins. However, the energy resources of a cell are
not sufficient to support the transcription and translation (expression) of all
of its structural genes at the same time. Consequently, only those genes that
encode proteins that maintain basic cellular functions are expressed con-
tinuously. The transcription of the remaining structural genes is regulated.
If a protein(s) is required by a cell, then a signaling system initiates tran-
scription (the “on” state) of the pertinent structural gene(s). Alternatively,
if a protein(s) is not needed, transcription of the protein-coding gene(s) is
turned off (the “off” state).

Frequently, bacterial structural genes that encode proteins required for
several steps in a single metabolic pathway are contiguous in the chromo-
some. This arrangement is called an operon. Generally, an operon is under
the control of a single promoter, and its transcription gives rise to one large
mRNA. The placement of a stop codon for one protein close to the start
codon of the next protein within a multigene mRNA generates a set of dis-
crete proteins during translation. Note that a ribosome-binding site (a
Shine-Dalgarno sequence) precedes each start codon.

For many of the structural genes of E. coli, the promoter region has
two DNA-binding sites for RNA polymerase; more specifically, the
binding sites are recognized by the component of the RNA polymerase
complex known as the sigma factor. Frequently, one of these sites tends to
have the sequence aratta (a Pribnow box), and the other is usually AACTOT.
The Pribnow box and the TTGACA sequence are located about 10 bp (the
—10 region) and 35 bp (the —35 region), respectively, upstream from the
site of initiation of transcription (the +1 nucleotide) (Fig. 2.23). A promoter
containing a Pribnow box and the TTGACA sequence is recognized by the
sigma factor RpoD (also called sigma-70 [67°] because it has a molecular
mass of 70 kilodaltons). Many bacteria are capable of producing several
different sigma factors, each of which recognizes a different promoter
sequence. For example, E. coli can produce seven different sigma factors,
each of which initiates the transcription of a specific subset of genes,
although there is some overlap among these sigma factors in the promoter
sequences that they recognize (Table 2.2). RpoD, together with RNA poly-
merase, binds to the promoters of genes that encode proteins or RNA
molecules that are required for essential or “housekeeping” processes.
Other sigma factors direct RNA polymerase to the promoters of genes that
encode more specialized functions, such as proteins required for adapta-
tion to environmental stresses (RpoS) or for nitrogen metabolism
(RpoN).

Nucleotide sequences in and around the RNA polymerase-binding site
often play an essential role in determining whether an operon is transcribed.
This regulatory region is usually referred to as the operator region. A plethora
of elaborate regulatory systems that control the on and off states of various
operons have evolved. For example, when a regulatory protein called a
repressor binds to an operator region and prevents RNA polymerase from
binding to the promoter or moving along the DNA, transcription is blocked
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TABLE 2.2 Sigma factors produced by E. coli

EI @ @ @ Proteins

FIGURE 2.23 Schematic representation of a bacterial transcription unit. (A) The struc-
tural genes (A, B, C, and D) of an operon are under the transcriptional control of an
operator (o) and a promoter (p) region. RNA polymerase binds to regions that are
10 (-10) and 35 (-35) bp from the site of initiation of transcription (+1) (right-angled
arrow). The t denotes a transcription termination signal sequence. After transcrip-
tion of the operon, the proteins of the operon (o, B, v, and ) are produced during
translation. (B) Same as panel A, except that binding of RNA polymerase to the
promoter region is shown.

(Fig. 2.24). However, in some cases, specific low-molecular-weight com-
pounds (effectors) bind to a particular repressor protein and change its
conformation, thus preventing it from binding to its operator region. When
an effector-repressor complex fails to bind to an operator region, RNA poly-

Sigma factor  Synonym(s)  -35 region -10 region Function of genes controlled by sigma factor

RpoD " TTGACA TATAAT Most genes required during growth phase

RpoS o — CTACACT Stationary phase and stress response

RpoN o> YTGGCAC (=24 region) TTGCW (-12region) Nitrogen metabolism

RpoH % TCTCNCCCTTGAA CCCCATNTA Heat shock response

RpoF o8, FliA CTAAA CCGATAT Flagellum synthesis and chemotaxis

RpoE o™ GAANTT YCTGA Response to misfolded proteins in the
periplasm

RpoFecl c" GAAAAT — Iron transport

The DNA-binding sequences shown are the consensus sequences for each sigma factor recognition site. A consensus sequence represents the nucleotides most
frequently found at each position as determined by comparing the nucleotide sequences of many different promoters recognized by the sigma factor. Rarely, how-

ever, are all of the nucleotides in a given recognition site
sequence.

exactly as represented by the consensus sequence. N=A, T, G, or C;Y =T or C; W = A or T, —, no consensus
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MILESTONE

The Dependence of Cell-Free Protein Synthesis in
E. coli upon Naturally Occurring or Synthetic

Polyribonucleotides

M. W. NIRENBERG and J. H. MATTHAEI
Proc. Natl. Acad. Sci. USA 47:1588-1602, 1961

An Intermediate in the Biosynthesis of
Polyphenylalanine Directed by Synthetic Template RNA

M. W. NIRENBERG, J. H. MATTHAEI, and O. W. JONES
Proc. Natl. Acad. Sci. USA 48:104-109, 1962

y the early 1960s, due in large
Bpart to the efforts of Watson and

Crick, it was known that the
sequence of bases in DNA contained
the genetic code. However, an out-
standing question was how nucleotide
sequences were decoded to produce
proteins with precise sequences of
amino acids. Specifically, how could
the arrangement of four different
nucleotides (i.e., A, T, G, and C) in a
sequence determine the combination
and linear order of 20 different amino
acids that were known to be found in
proteins? In a series of papers pub-
lished in 1961 and 1962, Marshall W.
Nirenberg and his colleague J.
Heinrich Matthaei at the National
Institutes of Health described a cell-
free system that allowed them to add
various components that might be
required to synthesize a protein to a
reaction under controlled conditions.

Included in the reaction mixture were
ribosomes and soluble RNA (later
determined to be the source of amino-
acyl-tRNAs) extracted from E. coli and
radiolabeled amino acids. Only when
a simple, synthetic RNA polymer,
polyuridylic acid [poly(U)] was added
to the reaction, was radiolabeled
L-phenylalanine incorporated into a
polypeptide identified as poly-L-phe-
nylalanine. “The synthetic polynucle-
otide appears to contain the code for
the synthesis of a protein containing
only one amino acid....Polyuridylic
acid appears to function as a synthetic
template or messenger RNA.”
Polyphenylalanine could not be pro-
duced from any other polynucleotide
tested, e.g., poly(A), poly(C), or
poly(A-U). Furthermore, phenylalanyl-
tRNA was required for the transfer of
phenylalanine to the polypeptide
chain. Nirenberg, Matthaei, and Jones

suggested that, “since a sequence of
one or more uridylic acid residues in
poly-U is the code for phenylalanine
in this system, it is probable that phe-
nylalanine-sRNA [tRNA] contains a
complementary sequence of one or
more adenylic acid residues which
base-pair with the template.” Not only
had the first “word” of the genetic
code been discovered, but also a
mechanism was proposed by which
the “letters” in mRNA were inter-
preted to produce a protein. In a sub-
sequent paper (Proc. Natl. Acad. Sci.
USA 48:666—677, 1962), Matthaei et al.
showed that an amino acid coding
unit contains a minimum of three
nucleotides and that the genetic code
is at least partially degenerate (two
coding units composed of different
nucleotides specified the same amino
acid) and contains “nonsense words”
that do not encode amino acids but
likely “serve as periods.” Nirenberg,
together with H. G. Khorana, who
showed that polyribonucleic acids
with precise sequences of nucleotides
could produce polypeptides with pre-
dicted sequences of amino acids, and
R. W. Holley, who worked out the
structure and function of tRNA, was
awarded the Nobel Prize in physi-
ology or medicine in 1968 for the
cracking of the genetic code.

merase can bind to the promoter and move along the DNA, and the operon
is transcribed. Effector molecules that block repression are generally broken
down by cellular activity. When the levels of an effector molecule are
reduced, the repressor proteins can bind to the operator region and the off
state is reestablished. In many cases an operator region is specific for its
particular operon; however, there are many examples of different operons
with similar operator sequences that are controlled by the same regulatory
protein. The proteins encoded in these operons are usually involved in
related cellular processes.

By way of illustration, if a cell has the enzymatic capability of catabo-
lizing a particular sugar, it is a waste of cellular resources to synthesize the
enzymes that break down the sugar if the sugar is not present in the
medium. On the other hand, if the sugar is available and is the only
carbon source, then the enzymes that are responsible for its cellular utili-
zation are essential. In this case, the sugar acts as an effector, preventing
the repressor from binding to the operator region and thus enabling the
operon to be transcribed. When the amount of sugar is depleted, the



36

CHAPTER 2

— No transcription

JU(RJ] | a [ B [ c | o |]

!

+®—>

:

—® Transcription

RNA
polymeras

DNA

| A [ 8 | c | o ]

FIGURE 2.24 Induction of the on state for transcription of a bacterial operon. The
repressor protein (R) binds to the operator region and blocks transcription. The
binding of an effector molecule (E) to the repressor protein changes the conforma-
tion of the repressor protein. The repressor protein—effector (RE) complex cannot
bind to the operator region; thus, RNA polymerase can transcribe the operon.

repressor protein binds to the operator region and prevents transcription
of the operon.

For other operons, transcription may be the normal state because the
repressor protein is inactive. In these cases, a specific effector molecule
(corepressor) attaches to an inactive repressor and causes a conformational
change that enables the repressor—corepressor complex to bind to its cor-
responding operator region and turn off the transcription of the operon
(Fig. 2.25). When the concentration of the corepressor decreases, the on
state for the operon resumes because the repressor by itself is unable to
bind to the operator.

FIGURE 2.25 Induction of the off state for transcription of a bacterial operon. The
binding of a corepressor molecule (C) to an inactive repressor protein (IR) changes
the conformation of the repressor protein. The corepressor—repressor protein com-
plex (IR-C) binds to the operator region and blocks transcription of the operon by
RNA polymerase.
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The regulation of transcription by a repressor protein is called a nega-
tively controlled system. In a positively controlled system, a regulatory
protein increases the rate of transcription instead of repressing it. Briefly, a
protein (activator protein, or activator) binds to the operator region and
attracts RNA polymerase to the adjacent promoter region; consequently,
transcription of the operon is enhanced (Fig. 2.26). A bound activator pro-
tein does not block the movement of RNA polymerase along the DNA.
Rather, it can be viewed as “greasing the wheels” for transcription.
Activators are specific for particular activator sites. In some instances, an
effector molecule converts an active activator to an inactive one and dimin-
ishes the rate of transcription of the operon (Fig. 2.26). In other cases, an
effector molecule activates an inactive activator by altering the conforma-
tion of the activator so that it has an increased binding affinity for the
operator sequence. Understanding how the transcription of a bacterial
operon is regulated requires detailed molecular studies of mutations that
affect a regulatory system and in vitro analyses of the various protein- and
DNA-binding sites.

Regulation of mRNA Transcription in Eukaryotes

Most active eukaryotic cells transcribe a common (basal) set of structural
genes that maintain routine (housekeeping) cellular functions. In some
cells, specific structural genes are transcribed and translated, giving the
tissue or organ its unique properties. For example, the genes that encode
the oo and B subunits of adult hemoglobin are expressed only in the cells
that develop into red blood cells. The numbers of cell-specific mRNA tran-
scripts range from a few sequences in some cells to dozens of different
sequences in others. The ability of cells to turn on (activate) or turn off
(repress) transcription of particular structural genes is essential for main-
taining cell specificity, for conserving cellular energy, and for enabling cells
to respond to developmental cues or environmental changes.

There are a number of diverse, highly specific processes that activate or
repress the transcription of various eukaryotic structural genes. In general,

FIGURE 2.26 Activation and deactivation of a bacterial operon. An activator protein
(Act) binds to an activating site and enhances the rate of transcription of the operon.
When an effector molecule (E) binds to the activator protein, the Act-E complex
does not bind to the activating site. The rate of transcription of the operon is dimin-
ished when the activating site is not occupied by the activating protein.
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the control of transcription in eukaryotes is mediated by proteins that are
collectively classified as transcription factors. Many transcription factors
bind directly to DNA sequences that are frequently less than 10 bp in
length. The naming of these protein-binding sites is idiosyncratic. However,
for the most part, they are called boxes, DNA modules, initiator elements,
or response elements. Unlike the situation in prokaryotes, operons are
almost never found in the genomes of eukaryotes. Consequently, each
eukaryotic structural gene has its own set of response elements. Moreover,
in addition to DNA-protein interactions, protein—protein associations are
important for regulating eukaryotic transcription.

In addition to specific response elements, a representative eukaryotic
structural gene has a promoter sequence that binds to a core set of proteins
that are minimally required for transcription initiation. A eukaryotic pro-
moter consists of a TATA sequence (TATA box, or Hogness box), a CCAAT
sequence (“cat” box), and a sequence of repeated GC nucleotides (GC box)
that lie about —25, -75, and —90 bp, respectively, from the site of initiation
of transcription (+1) (Fig. 2.27). The first step in the initiation of transcrip-
tion of eukaryotic structural genes with a TATA promoter is the binding of
transcription factor IID (TFIID, or TATA-binding protein [TBP]), which is a
complex of atleast 14 proteins, to an available TATA sequence. Subsequently,
other transcription factors bind to TFIID and the DNA adjacent to the TATA
box. Then, RNA polymerase II, which is oriented toward the structural
gene, binds to the transcription complex. With the aid of additional tran-
scription factors, transcription is initiated at the correct starting point (the
+1 nucleotide) (Fig. 2.28). Clearly, if a TATA sequence is deleted or grossly
altered, then transcription of the structural gene cannot occur. Transcription
factors that are specific for the CCAAT and GC response elements have
been identified. In addition, enhancer sequences that increase the rate of
transcription of structural genes are located hundreds or even thousands of
base pairs from the +1 base pair. Folding, looping, or bending of the chro-
mosomal DNA may bring DNA regions, which in the elongated state are
far apart, close to one another. Also, transcription factors that bind to cer-
tain enhancers or response elements may form a chain of proteins that
create bridges from one DNA site to another.

Some repressed (nonexpressed) structural genes are activated by a cas-
cade of events that is triggered by a specific extracellular signal, such as a
temperature increase or the presence of a hormone. For example, a hor-
mone that is released into the circulatory system comes into contact with a
specific cell type that has a receptor on its outer surface that binds the hor-
mone and facilitates the entry of the hormone into the cell. Once inside the

FIGURE 2.27 Promoter and initiator elements of some eukaryotic structural genes.
The negative numbers designate the locations of nucleotide pairs in the DNA that
lie upstream from the site of initiation (+1) of transcription. The right-angled arrow
indicates the site of initiation and the direction of transcription. The locations of the
transcription elements are not drawn to scale.
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FIGURE 2.28 Formation of an RNA polymerase II transcription initiation complex at
a TATA box. Transcription factor TFIID binds to a TATA box, and in sequence, other
transcription factors and RNA polymerase II bind to form a protein aggregate that
is responsible for initiating transcription. The right-angled arrow indicates the site
of initiation and the direction of transcription.

cell, the hormone interacts with a cytoplasmic protein and changes the
conformation of the protein. In this altered state, the protein is now able to
enter the nucleus, where it binds to an exclusive response element that
initiates transcription of the target gene.

Some proteins bind to response elements and prevent transcription.
For example, there is a class of about 18 vertebrate genes that are actively
transcribed in nerve cells (neurons) and turned off in nonneuronal cells.
Each of these neuron-active genes has a 24-bp response element that lies
upstream of its transcription initiation site. This DNA sequence is called a
neuron-restrictive silencer element (NRSE). In nonneuronal cells, a protein
called neuron-restrictive silencer factor (NRSF) is synthesized, binds to
each NRSE, and prevents transcription of each member of this set of genes.
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Conversely, NRSF is not produced by neuronal cells, and therefore, each
gene with an NRSE is transcribed.

On the whole, the regulation of transcription in eukaryotes is complex.
A structural gene may have a number of different response elements that
can be activated in different cell types by different signals at different times
in the life cycle of an organism. Alternatively, some structural genes are
under the preferential control of a unique transcription factor. For the off
state, specific proteins can interact with certain response elements and pre-
vent transcription, or in a more general way, some proteins obstruct tran-
scription by binding to the transcription complex either before initiation or
during the elongation process.

More generalized control of gene expression that influences larger
regions of the chromosomes is mediated by the state of chromosome struc-
ture. A very large amount of chromosomal DNA must be packaged into
the nucleus of a eukaryotic cell. To facilitate this, the DNA is bound by
specific proteins called histones that interact with each other to compact
(condense) the chromosomes into a smaller volume. DNA with its associ-
ated packaging proteins is known as chromatin. Some regions of the chro-
mosomes are tightly packed (heterochromatin), while other regions are
less condensed (euchromatin). Highly condensed DNA is less accessible to
regulatory proteins that activate transcription, and therefore, the genes in
these regions are usually not expressed or are expressed only at a low
level. Chromatin structure, however, is dynamic, and condensed regions
can be “relaxed” by the addition of chemical groups, such as an acetyl
group to amino acids in the packaging proteins or methyl groups to spe-
cific sites in the nucleotide sequences to which the proteins bind.
Unpacking of the chromatin generally increases transcription of genes in
the region.

Protein Secretion Pathways

Bacteria and eukaryotic cells have specialized systems for exporting certain
proteins (secretory proteins) to the external environment. Generally, secre-
tory proteins are required for acquiring nutrients, cell-to-cell communica-
tion, protection, and structures that reside on the outer surface of the cell
membrane. The primary impediment to the release of a secretory protein is
a membrane. The processes that facilitate secretion of proteins through
such a formidable barrier are similar among all organisms, although there
are significant differences between organisms. For example, gram-negative
and gram-positive bacteria do not have the same secretory pathways. A
secreted protein in gram-negative bacteria must pass through an inner
membrane, a periplasmic space, and an outer membrane to exit the cell,
whereas in gram-positive bacteria, secretory proteins are transported only
across a single cytoplasmic membrane. In contrast, the secretory system in
higher organisms is more complex. Unlike prokaryotic proteins, many
eukaryotic proteins require a number of highly specific modifications, such
as glycosylation, acetylation, sulfation, and phosphorylation, to produce
functional secretory proteins. Some of these protein modifications and
various processing steps are carried out in the endoplasmic reticulum, and
others take place in the Golgi apparatus, where proteins are also sorted
according to their final cellular destinations, including those that exit
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through the cell membrane. The property that distinguishes a protein that
remains in the cytoplasm from one that is secreted is often an amino acid
sequence (a signal peptide, signal sequence, leader sequence, or leader
peptide) at its N terminus.

In gram-positive bacteria, the signal peptide of some secretory proteins
makes direct contact with a membrane-bound assembly of proteins (a
secretion complex, or Sec complex) that facilitates the passage of these pro-
teins through the membrane and their release to the external environment
(Fig. 2.29). Alternatively, for other secretory proteins, a group of proteins
called a signal recognition complex binds to a signal peptide, and this com-
bination attaches to a membrane-bound signal recognition complex
receptor before making contact with the Sec complex (Fig. 2.29). In both
cases, the secretory protein is translocated through a channel formed by the
Sec complex, and its release depends on removal of the signal peptide by a
membrane-bound enzyme called a signal peptidase. Subsequently, pro-
teins that have crossed the cytoplasmic membrane readily pass through the
porous cell wall, where they encounter metal ions and other components
that promote proper folding and molecular stabilization.

Gram-negative bacteria have multiple pathways for the secretion of
various proteins. Some of these systems (Sec-dependent pathways) use the

FIGURE 2.29 Schematic representation of secretion in gram-positive bacteria. A
signal recognition particle (SRP) binds to the signal peptide of a secretory protein,
and this complex binds to a membrane protein that directs the secretory protein (1)
to the Sec complex. There is also an SRP-independent pathway (2), where a signal
peptide alone makes contact with the Sec complex. The secretory protein is translo-
cated through a channel within the Sec complex (3), and the signal peptide is
removed by a signal peptidase(s). Proper folding of the secretory protein occurs as
it passes through the cell wall (4).
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FIGURE 2.30 Schematic representation of a type II secretion pathway in gram-nega-
tive bacteria. The SecB protein binds to a secretory protein in the cytoplasm (1),
SecB attaches to the SecA protein that is part of the Sec complex of the inner mem-
brane (2), and the secretory protein is translocated through the inner membrane (3).
A signal peptidase removes the signal peptide, and the secretory protein is properly
folded in the periplasm (4); the secretory protein combines with the Gsp complex
(5); and it is translocated to the external environment (6).
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same membrane-bound Sec complex for transmitting a secretory protein
through the inner membrane into the periplasm. Collectively, the Sec-
dependent pathways are designated the general secretion pathway. In
these instances, a cytoplasmic protein (SecB) binds an amino acid sequence
(domain) of a secretory protein that has a signal peptide. In turn, the SecB
protein combines with a protein (SecA) of the membrane-bound Sec com-
plex. The secretory protein is translocated into the periplasm, and the
signal peptide is removed. At this point, the secretory protein encounters
various periplasmic proteins that ensure proper folding. Thereafter, Sec-
dependent secretory proteins exit through the outer membrane by different
routes. A region of some proteins is capable of forming a channel in the
outer membrane that allows part of the remaining protein to be selectively
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FIGURE 2.31 The type III secretion system is made up of about 20 different proteins
that form a continuous channel through the inner and outer membranes of gram-
negative bacteria. The type III secretion system is used by bacterial pathogens to
secrete toxins and other proteins into plant and animal host cells. A hollow needle-
like protein structure extends from the bacterial surface into the host cell.

extruded (autotransporter pathway). In these cases, proteolytic cleavage
releases the functional portion of the protein to the external environment.
Other proteins are able to pass through an outer membrane channel that is
formed by a separate protein (single accessory pathway). Another pathway
(chaperone/usher pathway) is used by specific proteins that form fimbriae
on the surface of the bacterial cell. A fourth general secretion pathway
branch called the type II secretion pathway consists of a protein complex
(the Gsp complex) that spans the periplasmic space and forms a channel
through the outer membrane. Most secreted proteins pass through the type
II pathway. In these cases, secretory proteins earmarked for the type II
pathway are first transported to the periplasmic space via the Sec-
dependent pathway, where they bind to the Gsp complex and are shunted
through the outer membrane (Fig. 2.30). Other Sec-dependent pathways
have been found in various gram-negative bacteria. In contrast to the type
II pathway, the type I and type III secretion pathways are Sec independent,
and each has its own protein complex that extends from the inner to the
outer membrane, forming a continuous channel from the bacterial cyto-
plasm to the external environment. For example, bacterial flagellar proteins
reach the outer surface of the cell by means of a type III secretion pathway.
Type Il secretion pathways are often used by bacterial pathogens to secrete
bacterial proteins into the cytoplasm of eukaryotic host cells (Fig. 2.31).
Signal peptides are recognized by the Sec-independent systems but are not
necessarily cleaved during the secretion process.
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FIGURE 2.32 Schematic representation of the secretion pathway in eukaryotes. (A)
A signal recognition particle (SRP) binds to the signal sequence of a secretory pro-
tein. (B) The SRP attaches to an SRP receptor on the endoplasmic reticulum (ER)
membrane. (C) The secretory protein is translocated into the lumen of the ER, and
a signal peptidase removes the signal sequence. (D) The secretory protein is
folded, partially modified, and packaged in a transport vesicle intended for the
Golgi network. (E) The ER-released vesicle carrying the secretory protein enters
the Golgi network at the cis face and passes through the Golgi stack, where it is
further modified; after it is sorted, a plasma membrane-specific vesicle is formed
at the trans face of the Golgi network. The secretory transport vesicle fuses with the
plasma membrane and releases the secretory protein to the extracellular environ-
ment.

Protein secretion is basically the same in all eukaryotic organisms from
yeast to plant and animal cells. Briefly, the signal sequence of a secretory
protein is bound by a signal recognition particle during protein synthesis;
the signal recognition particle attaches to a receptor on the membrane of
the endoplasmic reticulum, and the secretory protein passes through a
channel in the membrane as translation proceeds; a signal peptidase
removes the signal sequence; and the secretory protein is released into the
lumen of the endoplasmic reticulum, where it is folded and, if required,
glycosylated. A vesicle containing a processed secretory protein buds off
from the endoplasmic reticulum and is transported to and fuses with the
cis face of the Golgi apparatus (Fig. 2.32). Additional processing, glycosyla-
tions, and posttranslation modifications take place in the Golgi stack. The
secretory protein then emerges from the trans face of the Golgi apparatus
enclosed in a vesicle that is transported to and fuses with the plasma mem-
brane, where the contents are released to the external environment (Fig.
2.32). In eukaryotic organisms, some proteins are secreted continuously
(constitutive secretion). Others remain in vesicles (mature secretory gran-
ules) near the plasma membrane and are released only after a hormone or
membrane depolarization signal is received.
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SUMMARY

DNA molecule has two polynucleotide strands that form

an antiparallel double helix. The monomeric unit of a
DNA strand is a nucleotide that consists of an base, a deoxyri-
bose sugar, and a phosphate group. The successive nucle-
otides of a DNA strand are linked by phosphodiester bonds,
and the two strands of DNA are held together by hydrogen
bonds between specific complementary pairs of bases. During
replication, which is mediated by a number of different pro-
teins, including DNA polymerases, each DNA strand acts as a
template for the production of a complementary strand.

Proteins are vital for the maintenance of all biological func-
tions. A protein consists of a specific sequence of amino acids
that are linked by peptide bonds. The sequence of amino acids
for a protein is encoded in the DNA. The process of decoding
genetic information is carried out by RNA molecules, including
mRNA, tRNA, and rRNA; various enzymes; and an assort-
ment of protein factors. All RNA is transcribed from DNA.
Sequences of DNA in combination with protein factors ensure
that transcription is initiated at a precise starting point, that
the appropriate strand is used as the template, and that termi-
nation occurs at a specified nucleotide site. In eukaryotic
organisms, most structural genes consist of coding regions
(exons) separated by noncoding segments (introns). Primary
transcripts contain both exons and introns. However, a pro-
cessing system removes the introns and joins the exons, in the
proper order, to form a functional mRNA. An mRNA carries
the code for the sequence of amino acids of a protein.

Translation of mRNA to produce a protein occurs on ribo-
somes that are composed of a large and a small subunit, each
containing rRNA and a large number of specific proteins.
Translation in prokaryotes is initiated by the joining of an
mRNA with a small ribosomal subunit. As a result of codon-
to-anticodon complementary base pairing, the initiator tRNA,
fMet-tRNAMet attaches to the mRNA-small ribosomal sub-
unit complex, which then combines with the large ribosomal
subunit to form an initiation complex. Translation in eukary-
otes is initiated by the combining of a unique initiator tRNA
which carries the amino acid methionine, Met-tRNAM¢t, with a
small ribosomal subunit and then by the threading of an
mRNA through the initiator tRNA-small ribosomal subunit
complex until the first AUG sequence in the mRNA pairs with
the anticodon of the initiator tRNA. The large ribosomal sub-
unit joins the initiator tRNA-small ribosomal subunit-mRNA
complex to form an initiation complex that is ready for the
translation of the mRNA sequence.

After the formation of the initiation complex, the elonga-
tion phase of translation is very similar in prokaryotes and
eukaryotes. The next three nucleotides in the mRNA pair with
the anticodon of a tRNA that carries its specific amino acid.
The first amino acid, methionine, is cleaved from the initiator
tRNA and joined to the second amino acid by a peptide bond.
The “empty” initiator tRNA is ejected from the ribosome, the
ribosome complex shifts, and the tRNA to which the growing
peptide is attached occupies the site vacated by the ejected

initiator tRNA. As a consequence of the shift (translocation),
the next codon of the mRNA is available to pair with the
appropriate anticodon of a tRNA that carries its specific amino
acid that will be joined to the growing peptide. By repeating
these steps, a polypeptide with a specific sequence of amino
acids is formed. Translation is terminated when one of three
stop codons is encountered in the mRNA on a ribosome. A
termination factor, rather than a tRNA, recognizes the stop
codon, and the bond between the last tRNA and the com-
pleted amino acid chain is cleaved, causing the tRNA, mRNA,
and completed protein to be released.

Only the RNAs and proteins that are essential for main-
taining routine cellular functions are synthesized continu-
ously. To conserve cellular resources, transcription of the
remaining genes occurs only when a particular protein is
required and is turned off when the protein is no longer
needed. In prokaryotes, transcription is initiated by the
binding of RNA polymerase to the =10 and —35 elements of the
promoter region of an operon. Regulatory proteins that bind
to operator sequences in and around the promoter region con-
trol the activity of RNA polymerase at the promoter and
thereby control transcription initiation. Repressors prevent
transcription initiation by blocking RNA polymerase binding
to the promoter or movement along the DNA, while activators
enhance the binding of RNA polymerase to a promoter
sequence. The activities of regulatory proteins are controlled
by small effector molecules that increase or decrease their
binding to the operator sequence. In eukaryotes, RNA poly-
merase II, which transcribes structural genes, binds to an
array of proteins called transcription factors that attach, in
sequence, to a TATA sequence of a promoter region. Other
transcription factors that bind to DNA elements of eukaryotic
structural genes are responsible for turning on or turning off
transcription. The expression of eukaryotic genes is also influ-
enced by the local conformation of chromosomal DNA.
Regions that are highly compacted by specific DNA-associated
proteins are generally not transcribed, while more loosely
packed regions contain genes that are transcriptionally
active.

Prokaryotes and eukaryotes have specialized systems for
exporting proteins across a cytoplasmic membrane. Secreted
prokaryotic proteins have a sequence of amino acids at their
N-terminal ends that targets the protein either to the general
secretory pathway or to more specialized protein complexes
that transport specific proteins. Eukaryotic proteins that are to
be secreted are synthesized on ribosomes associated with the
endoplasmic reticulum and are first secreted into the lumen of
the endoplasmic reticulum via an N-terminal signal sequence,
where they are cleaved, folded, and chemically modified.
After further processing in the Golgi apparatus, the proteins
are transported to the cytoplasmic membrane in membrane
vesicles and, following fusion of the vesicle and cytoplasmic
membranes, are released into the external environment.
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1. Discuss the basic features of DNA replication.
2. Compare and contrast DNA and RNA.

3. Describe the differences and similarities between prokary-
otic and eukaryotic structural genes.

4. Describe the elongation phase of translation.

5. Deduce the most likely DNA coding sequence for the fol-
lowing human protein: MAGGTWYQLFPRKMWNDSTLHP
FILPMNVAG.

6. Determine the amino acid sequence encoded by the fol-
lowing mRNA: GCGAUCGACGAUGUUUCUAAAAGUAUC
UCAUCGAAAUGAGGGUUCGUAAUAGCGACC
CGGGCGG.

7. What is an operon? What is the biological significance of an
operon?

8. How is transcription initiation controlled in bacterial cells?

9. Describe the major DNA elements that are responsible for
the transcription of eukaryotic structural genes.

10. How are proteins transported across the cytoplasmic
membrane of gram-positive bacterial cells?

11. Describe the type II secretion system of gram-negative
bacterial cells.

12. How are secretory proteins processed in eukaryotic cells?
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Recombinant DNA
Technology

molecular cloning, is a general term that encompasses a number of

experimental protocols leading to the transfer of genetic information
(DNA) from one organism to another. There is no single set of methods that
can be used to meet this objective; however, a recombinant DNA experi-
ment often has the following format (Fig. 3.1).

* The DNA (cloned DNA, insert DNA, target DNA, or foreign DNA)
from a donor organism is extracted, enzymatically cleaved (cut, or
digested), and joined (ligated) to another DNA entity (a cloning
vector) to form a new, recombined DNA molecule (cloning vector—
insert DNA construct, or DNA construct).

RECOMBINANT DNA TECHNOLOGY, which is also called gene cloning or

¢ This cloning vector—insert DNA construct is transferred into and
maintained within a host cell. The introduction of DNA into a bacte-
rial host cell is called transformation.

* Those host cells that take up the DNA construct (transformed cells)
are identified and selected (separated, or isolated) from those that
do not.

e If required, a DNA construct can be created so that the protein
product encoded by the cloned DNA sequence is produced in the
host cell.

Recombinant DNA technology was developed from discoveries in
molecular biology, nucleic acid enzymology, and the molecular genetics of
both bacterial viruses (bacteriophages) and bacterial extrachromosomal
DNA elements (plasmids). However, recombinant DNA technology would
not exist without the availability of enzymes that recognize specific double-
stranded DNA sequences and cleave the DNA in both strands at these
sequences (restriction enzymes, or restriction endonucleases). Nucleases
that cut nucleic acid molecules internally are endonucleases, and those that
degrade from the ends of nucleic acids are exonucleases.
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FIGURE 3.1 Recombinant DNA-cloning procedure. DNA from a source organism is
cleaved with a restriction endonuclease and inserted into a cloning vector. The
cloning vector-insert (target) DNA construct is introduced into a host cell, and
those cells that carry the construct are identified and grown. If required, the cloned
gene can be expressed (transcribed and translated) in the host cell, and the protein
(recombinant protein) can be harvested.
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Restriction Endonucleases

For molecular cloning, both the source DNA that contains the target
sequence and the cloning vector must be consistently cut into discrete and
reproducible fragments. It was only after bacterial enzymes that cut DNA
molecules internally at specific base pair sequences were discovered that
molecular cloning became feasible. These enzymes are formally designated
type Il restriction endonucleases. Despite the fact that there are other kinds
of restriction endonucleases (type I, type IIl, and type IV), the type II
restriction endonucleases are commonly called restriction endonucleases or
simply restriction enzymes.

One of the first type II restriction endonucleases to be characterized
was from the bacterium Escherichia coli, and it was originally designated
EcoRI. More recently, it has been proposed that the use of italics for naming
restriction endonucleases be abandoned. Here, we have implemented this
recommendation. EcoRI is a homodimeric protein (it is made up of two
identical proteins) that binds to a DNA region with a specific palindromic
sequence (recognition site, or binding site). In other words, the sequences
of nucleotides in the two strands of the binding site are identical when
either is read in the same polarity, i.e., 5" to 3’. The EcoRI recognition
sequence consists of 6 base pairs (bp) and is cut between the guanine and
adenine residues on each strand (Fig. 3.2). EcoRI specifically cleaves the
internucleotide bond between the oxygen of the 3’ carbon of the sugar of
one nucleotide and the phosphate group attached to the 5" carbon of the
sugar of the adjacent nucleotide. The symmetrical staggered cleavage of
DNA by EcoRI produces two single-stranded, complementary cut ends,
each with extensions of 4 nucleotides, known as sticky ends. In this case,

FIGURE 3.2 Symmetrical, staggered cleavage of a short fragment of DNA by the type
II restriction endonuclease EcoRI. The large arrows show the sites of cleavage in the
DNA backbone. S, deoxyribose sugar; P, phosphate group; OH, hydroxyl group.
The EcoRI recognition sequence is highlighted by the dashed line.
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each single-stranded extension terminates with a 5" phosphate group, and
the 3" hydroxyl group of the opposite strand is recessed.

In addition to EcoRI, more than 3,700 type II restriction endonucleases
with about 250 different recognition sites have been isolated from various
bacteria. The naming protocol for these enzymes is the same as that for
EcoRI; the genus is the capitalized letter, and the first two letters of the spe-
cies name are in lowercase letters. The strain designation is occasionally
added to the name, such as R in EcoR], or the serotype of the source bacte-
rium is sometimes noted, such as d in HindIIl. The Roman numerals are
used to designate the order of characterization of different restriction endo-
nucleases from the same organism. For example, Hpal and Hpall are the
first and second type II restriction endonucleases that were isolated from
Haemophilus parainfluenzae.

The palindromic sequences where most type II restriction endonu-
cleases bind and cut a DNA molecule are within the recognition sites. Some
restriction endonucleases digest (cleave) DNA, leaving 5" phosphate exten-
sions (protruding ends, or sticky ends) with recessed 3’ hydroxyl ends;
some leave 3’ hydroxyl extensions with recessed 5" phosphate ends; and
some cut the backbones of both strands within a recognition site to produce
blunt-ended (flush-ended) DNA molecules (Fig. 3.3). The lengths of the
recognition sites for different enzymes can be four, five, six, eight, or more
nucleotide pairs (Table 3.1). Because of the frequency with which their rec-
ognition sites occur in DNA, restriction endonucleases that cleave within
sites of four (four-cutters) and six (six-cutters) nucleotide pairs are used for
most of the common molecular-cloning protocols. The importance of the
type II restriction endonucleases for gene cloning cannot be overstated.

FIGURE 3.3 Blunt-end cleavage of a short fragment of DNA by the type II restriction
endonuclease HindlIl. The large arrows show the sites of cleavage in the DNA back-
bone. For abbreviations, see the legend to Fig. 3.2. The HindII recognition sequence
is highlighted.
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TABLE 3.1 Recognition sequences of some restriction endonucleases

Enzyme Recognition site Type of cut end
EcoRI GlA-A-T-T—C 5" phosphate extension
C—T-T-A-ATG
BamHI GIG—A—T—C—C 5" phosphate extension
C—C-T-A-GTG
Pstl C—T—G—C-AlG 3" hydroxyl extension
GTA—C—G-T-C
Sau3Al 1G—A-T-C 5" phosphate extension
C—T—-A-GT
Pvull C—A-GIC-T-G Blunt end
G—T-CTG—A—-C
Hpal G-T-TIlA-A-C Blunt end
C—A—ATT-T-G
Haelll G-GlC—C Blunt end
C—C1G—G
Notl GlC—G-G—C—C—G-C 5" phosphate extension

C—G—C—C-G—G—CTG

Arrows denote cleavage sites.

When a DNA sample is treated with one of these enzymes, the same set of
fragments is always produced, assuming that all of the recognition sites are
cleaved. In addition, ready access to a variety of restriction endonucleases
adds versatility to gene-cloning strategies.

Type IIS restriction endonucleases form a subgroup of the type II cat-
egory of restriction enzymes and are occasionally used for cloning and
other molecular studies, such as multiplex polony sequencing, that are
discussed in chapter 4. These enzymes have the fascinating feature of cut-
ting DNA, usually in both strands, a fixed number of nucleotides away
from one end of the recognition site. Moreover, any particular sequence of
nucleotides may be present between the binding sequence and the cut sites.
The cleavages for most type IIS restriction enzymes are staggered. For
example, the FokI restriction endonuclease binds to §&41¢ and cuts 9 nucle-
otides downstream on the upper strand and 13 nucleotides downstream
on the lower strand, producing a recessed 3’ hydroxyl end and a 4-nucle-
otide extension at the 5" phosphate end. One representation of the recogni-
tion sequence and cut sites of the Fokl restriction endonuclease is
SCATGNNNNNNNNN ~ne Where N denotes A, C, G, or T. Of course, with this
single-letter code, it is understood that the nucleotides (N) opposite each
other are base paired. A simpler notation is &R, and perhaps the sim-
plest is ccatce/13). Examples of some type IIS restriction endonucleases are
shown in Table 3.2. It should be noted that a few type IIS restriction endo-
nucleases cleave DNA both upstream and downstream from their recogni-
tion sites.

Under natural conditions, bacteria use restriction endonucleases to
cleave foreign DNA, such as that of infecting bacterial viruses (bacterio-
phages), and have developed systems that protect their own DNA from
being degraded. Most often, methylation of the cytosine residues of a
restriction endonuclease site in the host DNA prevents restriction endonu-
cleases from cutting at these sites, but the nonmethylated sites of foreign
DNA are vulnerable to attack. With the characterization of large numbers
of restriction endonucleases from various bacteria, interesting relationships
have been observed. In some instances, different phosphodiester bonds
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FIGURE 3.4 Neoschizomers. Four restric-
tion endonucleases bind to the same
recognition site and cleave at different
positions. The restriction endonucleases
and cleavage sites (arrows) are color
coded: Kasl, red; NarlI, blue; Sfol, black;
Bbel, green. A number of other restric-
tion endonucleases, such as Ndal,
Mly113I, Mchl, BinSII, Dinl, Egel, and
Ehel, that bind to and cleave this
sequence are not shown.

Sfol
Narl

TABLE 3.2 Some examples of type IIS restriction endonucleases

Restriction endonuclease Recognition sequence
Acul 5’ CTGAAG (N) ;¢
3’ GACTTC (N) ,,
BfuAl 5’ ACCTGC (N),
3’ TGGACG (N),
BsmBI 5’ CGTCTC (N) ,
3’ GCAGAG (N) 4
Ecil 5’ GGCGGA (N) ,,
3’ CCGCCT(N),
FokI 5’ GGATG (N),
3’ CCTAC (N) 45
Hgal 5" GACGC (N),
3’ CTGCG (N) 4,
Mlyl 5" GAGTC (N),
3’ CTCAG (N),
Mmel 5’ TCCRAC (N) ,,
3’ AGGYTG (N) ;4

Recognition sequences are shown with locations of downstream cleavage sites. N=A, T, G, or C; R = A
or G; Y =T or C. The single-letter codes § represent the base pair % or 8 and N represents %, X, E, or g

within the same recognition site are cleaved by restriction endonucleases
from different organisms. For example, the restriction enzymes Xmal and
Smal both recognize the sequence SEEGES, but Xmal cleaves after the first 5
cytosine in each strand and produces 5" phosphate extensions whereas
Smal generates blunt ends by cleaving between the S& base pair in the
middle of the recognition site. The first restriction endonuclease that is
discovered to bind to a particular recognition site is designated the proto-
type. Any additional restriction endonucleases that attack the same
sequence as the prototype are called isoschizomers. For example, the
restriction endonucleases Xhol and PaeR71 from different organisms both
have the same recognition sequences and cleavage locations. Isoschizomers
that cleave at different positions within the same recognition site are neo-
schizomers (Fig. 3.4). On the other hand, restriction endonucleases that
produce the same nucleotide extensions but have different recognition sites
are designated isocaudomers, e.g., BamHI and Sau3AlI (Table 3.1). In some
cases, a restriction endonuclease will cleave a sequence only if the cytosines
of the recognition site are not methylated whereas another restriction endo-
nuclease will cut the same sequence if these cytosines are methylated. For
example, Hpall cleaves only nonmethylated SESG sites, and Mspl, an iso-
schizomer of Hpall, cuts this sequence regardless of cytosine methylation.
This pair of restriction endonucleases is often used to determine the meth-
ylation status of genomic DNA. If a DNA molecule is not cut by Hpall but
is cut by Mspl, then the recognition site is methylated. If both restriction
endonucleases cleave a DNA molecule, then the site(s) is not methylated.
Physical maps that designate the relative positions of restriction endo-
nuclease sites on a specific piece of DNA can be constructed by treating the
DNA molecule singly with different restriction endonucleases and then
with combinations of the same restriction endonucleases. The positions of
the cleavage sites can be deduced from an analysis of fragment sizes,
which are determined by agarose gel electrophoresis (Box 3.1). By way of
illustration, the fragment sizes produced by various digestions are shown
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in Fig. 3.5A. It can be deduced that this linear piece of DNA has two
BamHI sites and two EcoRI sites in a definite order with a specified
number of base pairs separating the sites. More specifically, the sizes of
fragments produced in each single digestion can be compared with those
from double digestions to determine the positions of the restriction endo-
nuclease sites and to generate a restriction endonuclease site map (restric-
tion endonuclease map). In the example shown in Fig. 3.5, the analysis
goes as follows. Because each single digestion produces three fragments
from a linear DNA molecule, the original piece of DNA must contain two
sites for each of the restriction endonucleases. The 3,000-bp fragment that

BOX 3.1

Gel Electrophoresis

Gel electrophoresis is a commonly
used technique for resolving pro-
teins or nucleic acids. In general, a
sample of one particular type of mac-
romolecule (protein, DNA, or RNA) is
placed in a well at or near the end of a
gel matrix (gel). The composition of an
electrophoresis gel is a semisolid open
meshwork of interlinked linear
strands. A gel is cast as a thin slab
with a number of sample wells. After
the wells of a gel are loaded with
sample, an electric field is applied
across the gel, and charged macromol-
ecules of the same size are driven
together in the direction of the anode
through the gel as discrete invisible
bands of material. The distance that a
band moves into a gel depends on the
mass of its macromolecules and the
size of the openings (pore size) of the
gel. The smaller macromolecules
travel further than the larger ones.
The progress of gel electrophoresis
is monitored by observing the migra-
tion of a visible dye (tracking dye)
through the gel. The tracking dye is a
charged, low-molecular-weight com-
pound that is loaded into each sample
well at the start of a run. When the
tracking dye reaches the end of the
gel, the run is terminated. The bands,
which are aligned in a lane under each
well, are visualized by staining the gel
with a dye that is specific for protein,
DNA, or RNA. Discrete bands are
observed when there is enough mate-
rial present in a band to bind the dye
to make the band visible and when
the individual macromolecules of a

sample have distinctly different sizes.
Otherwise, a band is not detected. If
there is little or no difference among
the sizes of the macromolecules in a
concentrated sample, a smear of
stained material is observed. The
intensity of a stained band reflects the
frequency of occurrence of a macro-
molecule in a sample.

The molecular mass (molecular
weight) of a gel-fractionated macro-
molecule (band) is determined from a
standard curve that is based on a set
of macromolecules of known molec-
ular mass (size markers) that covers
the separation range of the gel system
and is run in one or both of the out-
side lanes (calibrator lanes) of the
same gel as the samples. The loga-
rithm of the molecular mass of a size
marker is related to its relative
mobility (R) through a gel. The value
of Ris defined as the distance trav-
eled by a band divided by the distance
traveled by the tracking dye (ion
front). The relationship between the
logarithm of the molecular mass of
each size marker and its R, value is
plotted. Then, with this standard
curve, a molecular mass is calculated
for each band in a lane. The units of
molecular mass for proteins and
double-stranded and single-stranded
nucleic acids are daltons, base pairs,
and bases, respectively. The size
markers are included in the same gel
as the samples because the extent of
mobility of a macromolecule(s) varies
from one electrophoretic run to the
next.

Polyacrylamide is the preferred gel
system for separating proteins.

Copolymerization of monomeric
acrylamide and the cross-linker
bisacrylamide forms a lattice of cross-
linked, linear polyacrylamide strands.
The pore size of a polyacrylamide gel
is determined by the concentration of
acrylamide and the ratio of acryl-
amide to bisacrylamide. For many
applications, a protein sample is
treated with the anionic detergent
sodium dodecyl sulfate (SDS) before
electrophoresis. The SDS binds to pro-
teins and dissociates most multichain
proteins. Each SDS-coated protein
chain has a similar charge-to-mass
ratio. Consequently, during electro-
phoresis, the separation of the SDS—
protein chains is based primarily on
size, and the effect of conformation is
eliminated. SDS—polyacrylamide gel
electrophoresis with a 10% polyacryl-
amide gel resolves proteins that range
from 20 to 200 kilodaltons (kDa).

Agarose, which is a polysaccharide
from seaweed, is used routinely as the
gel matrix for the electrophoretic sepa-
ration of medium-size nucleic acid
molecules. A 1.0% agarose gel can
resolve duplex DNA chains that
range from about 600 to 10,000 bp.
Specialized agarose gel electrophoresis
systems are available for fractionating
DNA molecules with millions of base
pairs, denatured DNA, and denatured
RNA. In addition, for specific pur-
poses, polyacrylamide gels are used
for separating DNA molecules. For
example, DNA chains that are as small
as 6 bases and that differ from each
other by 1 nucleotide can be resolved
with a 20% polyacrylamide gel.
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FIGURE 3.5 Mapping of restriction endonuclease sites. (A) Restriction endonuclease
digestions and electrophoretic separation of fragments. A purified, linear piece of
DNA is cut with EcoRI and BamHI separately (single digestions) and then with
both enzymes together (double digestion). The horizontal lines under the digestion
conditions represent schematically the locations of the DNA fragments (bands) in
the lanes of the gel after electrophoresis and staining of the DNA with ethidium
bromide. The numbers denote the lengths of the digestion products (fragments) in
base pairs. (B) Restriction endonuclease map derived from the digestions and elec-
trophoretic separation shown in panel A.

is produced by the single EcoRI digestion remains intact after the double
digestion, whereas the 8,500- and 5,000-bp EcoRI fragments are cleaved.
Therefore, the two EcoRI sites are 3,000 bp apart with no intervening
BamHI site, and there is a single BamHI site within each of the 8,500- and
5,000-bp EcoRI fragments. The 9,500-bp fragment that is produced by the
single BamHI digestion is cleaved by EcoRI in the double digestion into
three pieces (2,500 + 3,000 + 4,000 = 9,500 bp). Therefore, the two BamHI
sites lie 2,500 and 4,000 bp to either side of the EcoRI sites. Digestion with
BamHI cleaves the 8,500-bp EcoRI fragment into 2,500- and 6,000-bp frag-
ments, and one of the EcoRI sites is 2,500 bp from a BamHI site, so the
6,000-bp region must include one of the ends of the original molecule.
Using the same logic, we also note that digestion with BamHI cuts the
5,000-bp EcoRI fragment into 1,000- and 4,000-bp fragments and that one
of the EcoRI sites is 4,000 bp from a BamHI site; therefore, the 1,000-bp
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TABLE 3.3 DNA fragment sizes (in kilobase pairs) after single and double restriction endonuclease digestions of a

plasmid
EcoRlI BamHI Hindlll Haell EcoRI + BamHI + Hindlll + EcoRlI +
Haell Haell Haell Hindlll
12.0 12.0 12.0 6.0 5.0 6.0 6.0 6.5
4.0 4.0 4.0 2.5 55
2.0 2.0 15 2.0
1.0 0.5 1.5

EcoRl + BamHI +
BamHI Hindlll
10.5 8.0
1.5 4.0

region must include the other end of the original molecule. In the final
map (Fig. 3.5B), the assigned locations of the restriction endonuclease sites
are consistent with the fragment lengths that were observed in each of the
digestion reactions.

The process of formulating a restriction endonuclease map for circular
DNA is, in principle, the same as with linear DNA, except that each
cleavage produces a fragment. In other words, three pieces are formed
when three sites are cut, and so on. With the data in Table 3.3, the deduction
of a restriction endonuclease map of a circular plasmid is as follows. The
source DNA is a 12-kilobase-pair (kb) circle with single EcoRI, BamHI, and
HindIII sites and three Haell sites. Digestion with EcoRI, BamHI, or HindIII
separately produces a single 12-kb fragment, while digestion with Haell
produces three fragments. The results of the EcoRI and Haell double diges-
tion indicate that the EcoRI site lies within the 6.0-kb Haell fragment,
because the 2.0-kb and 4.0-kb Haell fragments remain intact and the sum
of the two new pieces (5.0 kb + 1.0 kb) is 6.0 kb. Based on the BamHI and
Haell double digestion, the BamHI site lies within the 2.0-kb Haell region.
The BamHI and EcoRI double digestion places these sites 1.5 kb apart;
therefore, the 6.0-kb and 2.0-kb Haell fragments are adjacent. The data do
not support any other positions for the BamHI and EcoRI sites. The order
of the Haell segments around the circular molecule is 6.0 kb-4.0 kb-2.0 kb.
The same reasoning localizes the HindllI site to the 4.0-kb Haell fragment,
and the results from the BamHI and HindIII and/or EcoRI and HindIII
double digestions complete the restriction endonuclease map (Fig. 3.6).

For some restriction endonuclease mapping experiments, the sum of
the fragments of some multiple digestions is less than the total length of the
starting DNA because the fortuitous locations of some sites produce frag-
ments of the same size. Under these conditions, two different fragments
with the same length that migrate to the same location in a gel after electro-
phoresis often stain more heavily than a band with only one kind of frag-
ment. This difference in staining intensity gives an indication that
coincidental fragments have been produced by restriction endonuclease
digestion. Generally, computer programs are used to configure restriction
endonuclease maps for large DNA molecules with many single and mul-
tiple digestions. Also, for very large DNA molecules, specialized electro-
phoresis systems are used to separate the large number of restriction
endonuclease digestion products.

The resolution of fragments for restriction endonuclease mapping can
be enhanced by labeling the pieces of DNA, usually at the 5" ends, with a
radioactive compound or fluorescent dye and determining their lengths
after electrophoretic separation with autoradiography or fluorography,
respectively. A common 5-end-labeling procedure entails dephosphoryla-
tion of the 5" ends of a linear DNA molecule with calf intestine alkaline

FIGURE 3.6 Restriction endonuclease
map for the digestion products pre-
sented in Table 3.3. The circular DNA
has 12,000 bp (12 kb). With one of the
Haell sites arbitrarily placed at posi-
tion 0/12.0 kb, the locations of the
other mapped restriction endonuclease
sites are marked. The nucleotide posi-
tions of the sites are in parentheses.

Haell
BamHI (11.5) (0/12.0)
EcoRI (1.0)

Haell
(10.0)

HindIII

(7.5)

Haell

(6.0)
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phosphatase and the addition of radiolabeled y-phosphate from adenosine
triphosphate (ATP) to the 5 OH ends by T4 polynucleotide kinase. The
labeled DNA fragments are separated from unincorporated label by
column chromatography before gel electrophoresis. Parenthetically, recom-
binant DNA technology requires many different enzymes with various
activities. Some of these are listed in Table 3.4.

Restriction endonuclease cleavage is important in molecular cloning for
inserting target DNA into a cloning vector. When two different DNA sam-
ples are digested with the same restriction endonuclease that produces a
staggered cut, i.e., the same 5" or 3" extension or sticky end, and then mixed
together, new DNA combinations can be formed as a result of base pairing
between the extension (overhang) regions (Fig. 3.7). However, restriction
enzymes alone are not sufficient for molecular cloning. First, when the
extended ends that are created by restriction enzyme (e.g., BamHI) cleavage
are aligned, the hydrogen bonds of the four bases that pair are not strong
enough to keep two DNA molecules together. A means of re-forming the
internucleotide linkage between the 3" hydroxyl group and the 5 phosphate
group in the backbone at the two broken bond sites (nicks) is required. This
problem is resolved by using the enzyme DNA ligase, usually from bacte-
riophage T4. This enzyme catalyzes the formation of phosphodiester bonds
at the ends of DNA strands that are already held together by the base
pairing of two extensions. DNA ligase also joins blunt ends that come in
contact when they both bind to the enzyme (Fig. 3.8). The reaction condi-
tions for DNA ligations depend on whether the DNA molecules have exten-
sions or blunt ends. With protruding ends, the reaction is often carried out
at low temperatures for long periods to ensure that the extensions remain
base paired. Blunt-end ligations require 10 to 100 times more T4 DNA ligase

TABLE 3.4 Some of the enzymes used for recombinant DNA technology

Enzyme
Alkaline phosphatase

DNase I
E. coli exonuclease III

Klenow fragment

Mung bean nuclease
Nuclease BAL 31
Poly(A) polymerase
Reverse transcriptase
RNase H

S1 nuclease

T4 polynucleotide kinase

T4 DNA polymerase
T7 DNA polymerase
Tng DNA polymerase
B-Agarase I

Activity

Removes 5 phosphate groups of DNA molecules; bacterial alkaline phosphatase is more stable
but less active than calf intestinal alkaline phosphatase

Degrades double-stranded DNA by hydrolyzing internal phosphodiester linkages

Sequentially removes nucleotides from 3 OH ends of DNA molecules, except from protruding
3" OH termini

Proteolytic product of E. coli DNA polymerase I that has both polymerase and 3’ exonuclease
activities and no 5" exonuclease activity because fractionation of the digestion products
removes the fragment with the 5" exonuclease activity; a Klenow fragment with only DNA
polymerase activity due to a mutation in the 3" exonuclease sequence is also available

Single-stranded DNA and RNA endonuclease

Degrades both 3" and 5" ends of DNA without internal cleavages

Adds AMP from ATP to the 3’ end of mRNA

Retroviral RNA-directed DNA polymerase

Degrades the RNA strand of a DNA-RNA hybrid molecule

Degrades single-stranded DNA

Catalyzes the transfer of the terminal (y) phosphate from a nucleoside 5’ triphosphate to a 5
hydroxyl group of a polynucleotide

DNA polymerase and 3’ exonuclease activities

DNA polymerase and 3’ exonuclease activities

Heat-stable DNA polymerase from Thermus aquaticus

Digests agarose; is used to retrieve separated DNA molecules from agarose gels
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BamHI recognition site

—ATGTTEGGATCGTTGAC— —CTATEGGATCClTAGGCC—
— TACAACCTAGGAACTG — —GATACCTAGGATCCGG—
! ] ! ]
Cleave Cleave
OH P OH P
—ATGTTG” NGATCCTTGAC — —CTATG” NGATCCTAGGCC —
—TACAACCTAG GAACTG — —GATACCTAG. , GATCCGG —
P HO P HO
Anneal Mix and anneal
Nick
OH P OH P
— ATGTTGGATCCTTGAC — — CTATGGATCCTTGAC —
— TACAACCTAGGAACTG — — GATACCTAGGAACTG —
/ N\ / N\
P OH P OH
Nick Nick

FIGURE 3.7 Annealing complementary extensions after staggered cleavage with a
type II restriction endonuclease. Two different DNA fragments are cut with the
restriction endonuclease BamHI, mixed, and annealed. Not all of the possible com-
binations of annealed DNAs are shown. The four fragments that are generated by
the BamHI digestion can anneal to one another to form any of six different DNA
molecules. A break in the phosphodiester bond in one strand of duplex DNA is
called a nick. The hydrogen bonds of the four base pairs between nicks on opposite
strands are not strong enough to hold DNA molecules together for long periods in
solution. A, C, G, and T represent nucleotides.

than do ligations of DNA molecules with extensions and are conducted at
room temperature because stable base pairing is not required.

Second, the ability to join different DNA molecules is not by itself useful
unless the new DNA combination (i.e., recombinant DNA) can be perpetu-
ated in a host cell. Thus, the ligated construct must contain the biological
information for cellular maintenance. This requirement is usually provided
on cloning vectors that were developed to overcome this problem.

Third, digestion of the source DNA containing the gene of interest with
a restriction endonuclease produces a mixture of DNA molecules, and a
number of different DNA constructs are formed after ligation with a
cloning vector. Consequently, there has to be a way of identifying the DNA
combination in a host cell that contains the target DNA sequence. Screening
procedures have been devised to detect host cells carrying a specific
cloning vector-DNA insert construct.

Plasmid Cloning Vectors

Plasmids are self-replicating, double-stranded, circular DNA molecules that
are maintained in bacteria as independent extrachromosomal entities.

57



58 CHAPTER 3

A . B
Nick
OH P OH P
—ATGTTGCATCCTTGAC— T A7GCATG  CATCTAAT —
— TACAACCTAGGAACTG — | |
P OH P OH
Nick
T4 DNA
T4 DNA ligase
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O\_ /O Oi //O
/7 .
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—TACAACCTA/GG\AACTG— —ACATGCAT/GC\ATCTAAT—
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bond
A\ A\ bond
O O O O

FIGURE 3.8 Mode of action of T4 DNA ligase. The enzyme T4 DNA ligase forms
phosphodiester bonds by joining 5" phosphate and 3" hydroxyl groups at nicks in
the backbone of double-stranded DNA. (A) Ligation of sticky-ended DNA; (B) liga-
tion of blunt-ended DNA. A, C, G, and T represent nucleotides.

Virtually all bacterial genera have natural plasmids. Some plasmids carry
information for their own transfer from one cell to another (e.g., F plasmids),
others encode resistance to antibiotics (R plasmids), others carry specific
sets of genes for the utilization of unusual metabolites (degradative plas-
mids), and some have no apparent functional coding genes (cryptic plas-
mids). Although they are not typically essential for bacterial cell survival
under laboratory conditions, plasmids often carry genes that are advanta-
geous under particular conditions. Plasmids can range in size from less than
1 kb to more than 500 kb. Each plasmid has a sequence that functions as an
origin of DNA replication; without this site, it cannot replicate in a host
cell.

Some plasmids are represented by 10 to 100 copies per host cell; these
are called high-copy-number plasmids. Others maintain one to four copies
per cell and are called low-copy-number plasmids. Seldom does the popu-
lation of plasmids in a bacterium make up more than approximately 0.1 to
5.0% of the total DNA. When two or more different plasmids cannot coexist
in the same host cell, they are said to belong to the same incompatibility
group, but plasmids from different incompatibility groups can be main-
tained together in the same cell. This coexistence is independent of the copy
numbers of the individual plasmids. Some microorganisms have been
found to contain as many as 8 to 10 different plasmids. In these instances,
each plasmid can carry out different functions and have its own unique
copy number, and each belongs to a different incompatibility group. Some
plasmids, because of the specificity of their origin of replication, can repli-
cate in only one species of host cell. Other plasmids have less specific ori-



gins of replication and can replicate in a number of bacterial species. These
plasmids are called narrow- and broad-host-range plasmids, respectively.
As autonomous, self-replicating genetic elements, plasmids have the
basic attributes to make them potential vectors for carrying cloned DNA.
However, naturally occurring (unmodified, or nonengineered) plasmids
often lack several important features that are required for a high-quality
cloning vector. The more important features are (1) a choice of unique
(single) restriction endonuclease recognition sites into which the insert
DNA can be cloned and (2) one or more selectable genetic markers for iden-
tifying recipient cells that carry the cloning vector-insert DNA construct. In
other words, plasmid cloning vectors have to be genetically engineered.

Plasmid Cloning Vector pBR322

In the 1980s, one of the best-studied and most often used “general-pur-
pose” plasmid cloning vectors was pBR322. In general, plasmid cloning
vectors are designated by a lowercase p, which stands for plasmid, and
some abbreviation that may be descriptive or, as is the case with pBR322,
anecdotal. The “BR” of pBR322 recognizes the work of the researchers E.
Bolivar and R. Rodriguez, who created the plasmid, and 322 is a numerical
designation that has relevance to these workers. Plasmid pBR322 contains
4,361 bp. As shown in Fig. 3.9, pBR322 carries two antibiotic resistance
genes. One confers resistance to ampicillin (Amp*), and the other confers
resistance to tetracycline (Tet’). This plasmid also has unique BamHI,
HindlIlI, and Sall recognition sites within the Tet" gene; a unique Pstl site in
the Amp* gene; a unique EcoRlI site that is not within any coding DNA; and

Cleavage of DNA by RI Restriction Endonuclease
Generates Cohesive Ends

J. E. MERTZ and R. W. Davis
Proc. Natl. Acad. Sci. USA 69:3370-3374, 1972

ecombinant DNA technology
Rrequires a vector to carry

cloned DNA, the specific
joining of vector and cloned (insert)
DNA molecules to form a vector—
insert DNA construct, the introduction
of the vector—insert DNA construct
into a host cell, and the identification
of host cells that acquired the cloned
DNA. Without type II restriction
endonucleases, it would be impossible
to do recombinant DNA technology
routinely. These enzymes facilitate the
development of vectors (see, e.g.,
Bolivar et al., Gene 2:95-113, 1977) and
are essential for cloning genes into
vectors. In 1968, M. Meselson and R.

Yuan (Nature 217:1110-1114) showed
that the capability of a strain of E. coli
to prevent (restrict) the development
of a bacterial virus (bacteriophage)
was due to a host cell enzyme that
cleaved the DNA of the infecting bac-
teriophage. The study done by Mertz
and Davis established that the RI
restriction endonuclease from E. coli,
which is now called EcoRI, cut DNA
at a specific site and produced com-
plementary extensions. Briefly, they
showed that after circular DNA was
linearized by treatment with EcoRI,
some of the molecules formed
hydrogen-bonded circular DNA mole-
cules, which were converted to cova-
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lently closed circular DNA molecules
by treating the sample with a DNA
ligase. The extensions of all of the cut
DNA molecules were the same and
were estimated to be 4 to 6 nucleotides
long, with the recognition site being
six nucleotide pairs. Mertz and Davis
concluded that “any two DNA mole-
cules with RI sites can be ‘recombined’
at their restriction sites by the sequen-
tial action of RI endonuclease and
DNA ligase to generate hybrid DNA
molecules.” The discovery that EcoRI
created cohesive ends was one of the
most important contributions to the
development of recombinant DNA
technology because it provided,
according to Mertz and Davis, a
“simple way...to generate specifically
oriented recombinant DNA molecules
in vitro.”
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EcoRI
HindlIII

Origin of
replication

FIGURE3.9 Plasmid pBR322. (A) Genetic
map of the plasmid cloning vector
pBR322. Unique HindlIII, Sall, BamHI,
and Pstl recognition sites are present in
the Amp’ and Tet" genes. The unique
EcoRlI site is just outside the Tet" gene.
The origin of replication functions in
the bacterium E. coli. The complete
DNA sequence of pBR322 consists of
4,361 bp. (B) Electron micrograph of
plasmid pBR322. Magnification,
x100,000. Source: K. G. Murti. © Visuals
Unlimited.

an origin of DNA replication that functions only in E. coli, is maintained at
a high copy number in E. coli, and cannot be readily transferred to other
bacteria.

How does pBR322 work as a cloning vector? Purified, closed circular
pBR322 molecules are cut with a restriction enzyme that lies within either
of the antibiotic resistance genes and cleaves the plasmid DNA only once
to create single, linear, sticky-ended DNA molecules. These linear mole-
cules are combined with prepared target DNA from a source organism.
This DNA has been cut with the same restriction enzyme, which generates
the same sticky ends as those on the plasmid DNA. The DNA mixture is
then treated with T4 DNA ligase in the presence of ATP. Under these condi-
tions, a number of different ligated combinations are produced, including
the original closed circular plasmid DNA. To reduce the amount of this
particular unwanted ligation product, the cleaved plasmid DNA prepara-
tion is treated with the enzyme alkaline phosphatase to remove the 5’
phosphate groups from the linearized plasmid DNA. As a consequence, T4
DNA ligase cannot join the ends of the dephosphorylated linear plasmid
DNA (Fig. 3.10). However, the two phosphodiester bonds that are formed
by T4 DNA ligase after the ligation and circularization of alkaline phos-
phatase-treated plasmid DNA with restriction endonuclease-digested
source DNA, which provides the phosphate groups, are sufficient to hold
the two molecules together, despite the presence of two nicks (Fig. 3.10).
After transformation, these nicks are sealed by the host cell DNA ligase
system. Digested fragments from the source DNA are also joined to each
other by T4 DNA ligase. However, these unwanted ligation products do
not contain an origin of replication and therefore will not replicate fol-
lowing introduction into a host cell.

Transformation and Selection

The next step in a recombinant DNA experiment requires the uptake of the
cloned plasmid DNA by a bacterial cell, usually E. coli. The process of intro-
ducing purified DNA into a bacterial cell is called transformation, and a cell
that is capable of taking up DNA is said to be competent. Competence
occurs naturally in many bacteria. In different bacterial species, usually
when cell density is high or starvation is impending, a set of proteins is
produced that facilitates the uptake of DNA molecules. This phenomenon
allows genes to be transferred between different bacteria. A natural transfor-
mation process often entails (1) the binding of double-stranded DNA to
components of the cell wall; (2) entry of the DNA into an inner compartment
(periplasm), where it is protected from enzymes that degrade nucleic acids
(nucleases); (3) transmission of one strand into the cytoplasm while the
other one is degraded; and (4) if the DNA is a linear molecule, integration
into the host chromosome. If the introduced DNA is a plasmid, it is main-
tained in the cytoplasm after the second strand is synthesized. Competence
and transformation are not intrinsic properties of E. coli. However, compe-
tence can be induced in E. coli by various special treatments, such as cold
calcium chloride, which in turn enhance the acquisition of DNA by the cell.
A brief heat shock facilitates the uptake of exogenous DNA molecules.
Two parameters—transformation frequency and transformation effi-
ciency—are used to assess the success of DNA transformation. The transfor-
mation frequency is the ratio of transformed cells to the total number of
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FIGURE 310 Cloning foreign DNA into a plasmid vector. After restriction endonu-
clease cleavage and alkaline phosphatase treatment, the plasmid DNA is ligated to
the restriction endonuclease-digested target DNA, and two of the four nicks are
sealed. This molecular configuration is stable, and the two DNA molecules are
covalently joined. After introduction into a host cell, ensuing replication cycles
produce new complete circular DNA molecules with no nicks.

treated cells. The transformation efficiency is the number of transformed
cells as a function of the amount of DNA that was originally added to the
cells. Generally, transformation is an inefficient process, with typically no
more than 1 cell in 1,000 being transformed. After transformation, most of the
cells have not acquired a new plasmid. Furthermore, a few cells are trans-
formed by recircularized plasmid DNA that escaped dephosphorylation by
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alkaline phosphatase, others acquire ligated and nonligated nonplasmid
DNA, and a few are transformed by the plasmid-insert DNA construct.

As noted earlier, extrachromosomal DNA that lacks an origin of repli-
cation cannot be maintained within a bacterial cell. Thus, the uptake of
nonplasmid DNA is usually of no consequence in a recombinant DNA
experiment. To ensure that a plasmid-cloned DNA construct is perpetu-
ated in its original form, the E. coli host cells should have certain features.
For example, the absence of restriction endonucleases ensures that DNA
constructs will not be degraded after transformation. In addition, the integ-
rity of DNA constructs is more likely to be maintained in host cells that are
unable to carry out exchanges between DNA molecules because the host
cells are recombination negative (RecA~). Also, cells that do not produce
the endonuclease encoded by the endAl gene have increased transforma-
tion frequencies.

After the transformation step, it is necessary to identify, as easily as
possible, those cells that contain plasmids with cloned DNA. In a pBR322
system in which the target DNA was inserted into the BamHI site, this
specific identification is accomplished using the two antibiotic resistance
markers that are carried on the plasmid. Following transformation, the
cells are incubated in medium without antibiotics to allow the antibiotic
resistance genes to be expressed, and then the transformation mixture is
plated onto medium that contains the antibiotic ampicillin. Cells that carry
pBR322 with or without insert DNA can grow under these conditions
because the Amp* gene on pBR322 is intact. The nontransformed cells are
sensitive to ampicillin.

The BamHI site of pBR322 is within the Tet" gene (Fig. 3.9), so the inser-
tion of DNA into this gene disrupts the coding sequence and tetracycline
resistance is lost. Therefore, cells with these plasmid-cloned DNA con-
structs are resistant to ampicillin and sensitive to tetracycline. Cells with
recircularized pBR322 DNA, however, have an intact Tet" gene and are
resistant to both ampicillin and tetracycline. The second step in the selec-
tion scheme distinguishes between these two possibilities. Cells that grow
on the ampicillin-containing medium are transferred to a tetracycline-con-
taining medium. The relative positions of the cells transferred to the tetra-
cycline-agar plate are the same as those of the colonies from which they
were transferred on the original ampicillin-agar plate. Cells that form colo-
nies on the tetracycline-agar plates carry recircularized pBR322 without
insert DNA, because as noted above, these cells are resistant to both ampi-
cillin and tetracycline. Those cells that do not grow on the tetracycline-agar
plates, however, are sensitive to tetracycline and carry pBR322—cloned
DNA constructs (Fig. 3.11).

Individual cultures that are sensitive to tetracycline are established
from each of the colonies on the ampicillin—agar plates. Later, additional
screening procedures can be conducted to verify that these cells, called
transformants, carry the desired pBR322—cloned DNA construct. The
HindIII and Sall sites in the tetracycline resistance gene and the Pstl site in
the ampicillin resistance gene of pBR322 provide alternative potential
cloning locations. When the Pstl recognition site is used for cloning, the
principle of the selection scheme is the same but the antibiotic sensitivities
are reversed; thus, the first set of plates contains tetracycline and the second
set contains ampicillin.

The pBR322 selection scheme for identifying transformed cells with
insert DNA-vector constructs relies on replica plating. This technique,



which can be used in many different ways for various purposes, was
originally devised to isolate mutant bacterial colonies that require a supple-
ment for growth, i.e., auxotrophic mutants (Fig. 3.12).

Other Plasmid Cloning Vectors

The plasmid pBR322 was a well-conceived cloning vector. However, it has
only a few unique cloning sites, and the selection procedure is time-con-
suming. Thus, inevitably, other systems were developed. For example, the

FIGURE 3.11 Strategy for selecting host cells that have been transformed with pBR322.
(1) The transformation mixture, which contains three cell types, viz., nontrans-
formed cells, cells with the intact original plasmid, and cells with DNA cloned into
the BamHI site of pBR322, is plated on complete medium with ampicillin. (2) The
mixture is diluted beforehand to ensure separate colonies are formed on the agar.
The nontransformed cells (Amp?®) are killed. The cells with the intact plasmid and
cloned DNA-plasmid constructs are Amp* and therefore form colonies. Samples of
the surviving colonies on the ampicillin plate are transferred to a plate with com-
plete medium and tetracycline, keeping the same position of each colony on the
second plate, i.e., replica plating. Only cells with intact plasmids (Tet”) will form
colonies in the presence of tetracycline. (3) The colonies that did not grow on the
tetracycline plate (dashed circles) but grew on the ampicillin plate carry pBR322
with DNA that was cloned into the BamHI site. The colonies with cloned DNA
inserts are picked from the original plate, pooled, and grown. The red square rep-
resents an orientation marker that keeps the master and replica plates aligned.

& 08 08

No plasmid Intact plasmid Cloned plasmid
Amp® Tet® Amp’ Tet" Amp' Tet®

1 | Plate on complete
medium with ampicillin

Only Amp" cells
survive and grow

2 | Replica plate on Pick, pool, and grow
complete medium cells from Amp* Tet®
with tetracycline colonies

Only Tet" cells Cells with pBR322-cloned
survive and grow DNA inserts
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A

Orientation
marker

FIGURE 312 Screening bacterial colonies for mutant strains by replica plating. (A)
Replica-plating (colony transfer) device; (B) replica-plating technique. Cells from
each separated colony on a master plate (1) adhere to the velveteen of the replica-
plating device after it is gently pressed against the agar surface (2). The adhering
cells are transferred (3), in succession, to a petri plate with complete medium (4)
and to one with selective medium (5). The pattern of the colonies is consistent
among the replicated plates because the orientation markers (red squares) are
aligned for each transfer. In this example, minimal medium is the selective medium
used to identify colonies that require a nutritional supplement for growth, i.e., aux-
otrophic mutants. The missing colony (dashed circle) on the minimal medium (5)
denotes an auxotrophic mutation. The equivalent location on the plate with com-
plete medium (4) has the colony with the auxotrophic mutation that can be picked
and grown (6). Further analysis of the isolated strain is necessary to determine the
nature of the auxotrophic mutation.

plasmid pUC19 is 2,686 bp long and contains an Amp* gene; a segment of
the B-galactosidase gene (lacZ’) of the lactose operon of E. coli under the
control of the regulatable lac promoter; a lacl gene that produces a repressor
protein that regulates the expression of the lacZ’ gene from the lac pro-
moter; a short DNA sequence with many unique cloning sites (e.g., EcoRI,
Sacl, Kpnl, Xmal, Smal, BamHI, Xbal, Sall, Hincll, Accl, BspMI, PstI, Sphl,
and HindIlI), which is called a multiple cloning site (multiple cloning



sequence, multicloning site, or polylinker); and the origin of DNA replica-
tion from pBR322 (Fig. 3.13).

The pUC19 selection procedure has the following rationale. When cells
carrying unmodified pUC19 are grown in the presence of isopropyl-B-p-
thiogalactopyranoside (IPTG), which is an inducer of the lac operon, the
protein product of the lacl gene can no longer bind to the promoter—oper-
ator region of the lacZ’ gene, so the lacZ’ gene in the plasmid is transcribed
and translated. The LacZ’ protein combines with a protein (LacZa) that is
encoded by chromosomal DNA to form an active hybrid B-galactosidase.
In pUC19, the multiple cloning site is incorporated into the lacZ’ gene in the
plasmid without interfering with the production of the functional hybrid
B-galactosidase. Finally, if the substrate 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-Gal) is present in the medium, it is hydrolyzed by
this hybrid B-galactosidase to a blue product. Under these conditions, colo-
nies containing unmodified pUC19 appear blue.

For a pUC19 cloning experiment, DNA from a source organism is cut
with one of the restriction endonucleases for which there is a recognition
site in the multiple cloning site (Fig. 3.14). This source DNA is mixed with
pUC19 plasmid DNA that has been treated with the same restriction endo-
nuclease and then with alkaline phosphatase. After ligation with T4 DNA
ligase, the reaction mixture is introduced by transformation into a host cell
which can synthesize that part of B-galactosidase (LacZo) that combines
with the product of the lacZ’ gene to form a functional enzyme. The treated
host cells are plated onto medium that contains ampicillin, IPTG, and
X-Gal.

Nontransformed cells cannot grow in the presence of ampicillin. Cells
with recircularized plasmids can grow with ampicillin in the medium, and
because they can form functional B-galactosidase, they produce blue colo-
nies. In contrast, host cells that carry a plasmid-cloned DNA construct
produce white colonies on the same medium. The reason for this is that,
usually, DNA inserted into a restriction endonuclease site within the mul-
tiple cloning site disrupts the correct sequence of DNA codons (reading
frame) of the lacZ’ gene and prevents the production of a functional LacZ’
protein, so no active hybrid B-galactosidase is produced (Fig. 3.14). In the

FIGURE 313 Genetic map of the plasmid cloning vector pUC19. The multiple cloning
site contains unique sites for the restriction endonucleases that are used for the
insertion of cloned DNA. The plasmid contains an Amp* gene, an origin of replica-
tion that functions in E. coli, and the lacl gene, which produces a repressor that
blocks the transcription of the lacZ’ gene in the absence of the inducer IPTG. The
complete DNA sequence of pUC19 is 2,686 bp long.

Amp* ‘ Multiple cloning sequence
gene

Origin of replication
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BanlII Aval

Ecl13611 Xmal SbfI

Sacl Smal Xbal Pstl HindIII

agtgaattCGAGCTCGGTACCCGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGcegtaatcatggtcat
EcoRI BamHI Sall Sphl
Apol Hincll
Accl
BspMI

--AlaLeuSerAsnSerSerProValArgProAspGluLeuThrSerArgCysAlaHisLeuSerProThrIleMetThr

26

1

FIGURE 3.4 Plasmid pUC19 multiple cloning site. The multiple cloning site (upper-
case nucleotides) is inserted into the lacZ’ gene (lowercase nucleotides). Some of the
unique restriction endonuclease sites of the multiple cloning site are named and
demarcated by horizontal lines. The double arrows mark the lacZ’-multiple cloning
site DNA sequence that encodes the first 26 amino acids of the hybrid LacZ’ protein.
Insertion of DNA into any of the unique restriction endonuclease sites of the mul-
tiple cloning site changes the reading frame of the lacZ’ gene and prevents the cor-
rect translation of the LacZ’ protein.

absence of B-galactosidase activity, the X-Gal in the medium is not con-
verted to the blue compound, so these colonies remain white. The white
(positive) colonies subsequently must be screened to identify those that
carry a specific target DNA sequence.

In addition to ampicillin and tetracycline, other antibiotics are used as
selective agents in various cloning vectors (Table 3.5). Moreover, a number
of inventive selection systems have been devised to identify cells with
insert-vector constructs. For example, a vector that is derived from the
pUC series carries a gene that, when expressed, encodes a protein that kills
the cell (suicide protein). This cell-killing gene is fused in the correct
reading frame to the lacZ’ gene so that it is transcribed from the regulatable
lacZ’ gene promoter. A cell with an intact plasmid and no IPTG in the
medium does not synthesize the suicide protein. Cells with a plasmid and
no insert, in the presence of IPTG, synthesize the suicide protein and are
killed. With an insert and IPTG, a nonfunctional suicide protein is pro-
duced because the insert, in all likelihood, disrupts the reading frame of the
suicide gene. Nontransformed cells are sensitive to an antibiotic, whereas
transformed cells have as part of the vector a gene that confers resistance
to the antibiotic. In other words, in this case, the only surviving cells in the
presence of IPTG and antibiotic are those that carry a plasmid with a DNA
insert.

Although a number of vectors have ingenious designs, in principle they
all retain the two basic requirements of recombinant DNA technology. There
is both a choice of cloning sites and an easy way of identifying cells with
plasmid—cloned DNA constructs. It should be noted that unique restriction
endonuclease sites have a dual function in recombinant DNA research. They
are required for inserting DNA into a cloning vector, and they allow an
inserted DNA sequence to be recovered from the vector. In other words,
after a piece of DNA has been cloned into a plasmid that was cut with the
same restriction endonuclease, it can be retrieved by cutting the purified
plasmid—cloned DNA construct with that restriction endonuclease because
the insertion event recreates the recognition site at each end of the cloned
DNA sequence. A recovered DNA fragment can be cloned into specialized
cloning vectors for DNA sequencing or vectors that have been specifically



designed to achieve high levels of expression (transcription and translation)
of the cloned gene. In fact, thousands of vectors have been developed for a
variety of purposes and for many different organisms.

Even though E. coli, which is well-known as a laboratory organism, is
used for all routine molecular-cloning procedures, other bacteria, such as
Bacillus subtilis and Agrobacterium tumefaciens, often act as the final host
cells. For many applications, cloning vectors that function in E. coli may be
provided with a second origin of replication that enables the plasmid to
replicate in the alternative host cell. With these shuttle cloning vectors, the
initial cloning steps are conducted with E. coli before the fully developed
construct is introduced into a different host cell. In addition, a number of
plasmid vectors have been constructed with a single broad-host-range
origin of DNA replication instead of a narrow-host-range origin of replica-
tion. These vectors can be used with a variety of microorganisms.

Shuttle vectors have some drawbacks. The addition of a segment of
DNA containing the second origin of replication increases the size of the
vector and reduces the amount of DNA that can be inserted, and in some
instances, shuttle vectors are not efficiently propagated in the host cell.
Also, broad-host-range cloning vectors can be unstable and can be lost
from a preferred host cell. To overcome these limitations, a system was
devised for cloning a DNA insert into an E. coli-based plasmid and then
combining the part of the plasmid that carries both the cloned DNA and an
antibiotic resistance gene with a part of a host cell-specific plasmid carrying
its own origin of replication. The first step in the creation of this shuttle
vector requires engineering two different recognition sites for the restric-
tion endonuclease Sfil. The sequence of this site is SGSENNNNNEESS, where Y
represents any base pair (Fig. 3.15A). Two different Sfil sites (Sfil, and Sfil,)
are designed to have different variable sequences so that after digestion
with Sfil, the extensions of the Sfil, site are not complementary to those of
the Sfil, site (Fig. 3.15B). Next, the two Sfil sequences are inserted into both
the E. coli-based and host cell-specific plasmids so that they flank the region
containing the antibiotic resistance gene and the cloning site on the E. coli-
based plasmid (Fig. 3.16A) and the origin of replication on the host cell-
specific plasmid (Fig. 3.16B). After a DNA sequence is cloned into the E.
coli-based plasmid and the construct is grown in E. coli, the E. coli-based
and host cell-specific plasmids are purified separately, mixed, and digested
with Sfil. The Sfil -Sfil, and Sfil ~Sfil; extensions base pair, and after liga-
tion, several different “chimeric” circular DNA molecules are formed. The

TABLE 3.5 Some antibiotics commonly used as selective agents

Antibiotic (abbreviations) Description

Recombinant DNA Technology

Ampicillin (Ap, Amp) Inhibits cell wall formation; inactivated by B-lactamase
Hygromycin B (HygB) Blocks translocation from amino acyl site to peptidyl site; inactivated by a phosphotransferase

Kanamycin (Km, Kan) Binds to 30S subunit and prevents translocation from aminoacyl-tRNA site to peptidyl site;

inactivated by a phosphotransferase

Neomycin (Nm, Neo) Binds to 30S subunit and inhibits protein synthesis; inactivated by a phosphotransferase
Streptomyecin (Sm, Str) Blocks protein initiation complex formation and causes misreading during translation; inacti-

vated by a phosphotransferase

Tetracycline (Tc, Tet) Prevents binding of aminoacyl-tRNA to 30S ribosomal subunit; resistance gene encodes an
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GGCCNNNNNGGCC
CCGGNNNNNCCGG

f

Sfil,
GGCCACTGAGGCC
CCGGTGACTCCGG

l Sfil

GGCCACTG AGGCC
CCGGT GACTCCGG

Sfil,
GGCCCGACGGGCC
CCGGCCTGCCCGG

l Sfil

GGCCCGGAC GCGGCC
CCGGC CTGCCCGG

FIGURE 3.15 (A) Sfil recognition site. The
arrows mark the cleavage sites, and Y
represents any base pair. (B) The Sfil,
and Sfil, recognition sites are designed
so that after digestion with the restric-
tion endonuclease Sfil, the Sfil, exten-
sions will not base pair with the Sfil,
extensions. The nucleotide differences
between the Sfil, (red) and Sfil, (orange)
recognition sites are noted.

mixture is transformed into the host cell and selected on medium con-
taining an antibiotic, i.e., chloramphenicol. Cells without any plasmid and
those with plasmids without the chloramphenicol resistance gene cannot
grow in the presence of chloramphenicol. Also, plasmids that do not carry
an origin of replication or that carry the origin of replication from the E.
coli-based plasmid are not replicated in the host cell and therefore are not
maintained. Only cells transformed with a chimeric plasmid that carries
the part of the E. coli-based plasmid with the chloramphenicol resistance
gene and the cloned gene joined to the fragment of the host cell-specific
plasmid that contains the origin of replication that functions in the host cell
are resistant to chloramphenicol and, consequently, can grow (Fig. 3.16C).
The “Sfil,-Sfil,” procedure, which can be adapted for any host cell that has
a plasmid, is called vector backbone exchange.

Creating and Screening a Library
Making a Genomic Library

One of the fundamental objectives of molecular biotechnology is the isola-
tion of genes that encode proteins for industrial, agricultural, and medical
applications. In prokaryotic organisms, structural genes form a continuous
coding domain in the genomic DNA, whereas in eukaryotes, the coding
regions (exons) of structural genes are separated by noncoding regions
(introns). Consequently, different cloning strategies have to be used for
cloning prokaryotic and eukaryotic genes.

In a prokaryote, the desired sequence (target DNA, or gene of interest)
is typically a minuscule portion (about 0.02%) of the total chromosomal
DNA. The problem, then, is how to clone and select the targeted DNA
sequence. To do this, the complete DNA of an organism, i.e., the genome,
is cut with a restriction endonuclease, and each fragment is inserted into a
vector. Then, the specific clone that carries the target DNA sequence must
be identified, isolated, and characterized. The process of subdividing
genomic DNA into clonable elements and inserting them into host cells is
called creating a library (clone bank, gene bank, or genomic library). A
complete library, by definition, contains all of the genomic DNA of the
source organism.

One way to create a genomic library is to first treat the DNA from a
source organism with a four-cutter restriction endonuclease, e.g., Sau3Al,
which theoretically cleaves the DNA approximately once in every 256 bp.
The conditions of the digestion reaction are set to give a partial, not a com-
plete, digestion. In this way, all possible fragment sizes are generated (Fig.
3.17). Partial digestions are carried out with a low concentration of restric-
tion endonuclease or shortened incubation times. The fragments become
smaller as the reaction period is extended (Fig. 3.18). To ensure that the
entire genome, or most of it, is contained within the clones of a library, the
sum of the inserted DNA in the clones of the library should be three or more
times the amount of DNA in the genome. For example, if a genome has 4 x
10° bp and the average size of an insert is 1,000 bp, then 12,000 clones are
required for threefold coverage, i.e., 3[(4 x 10°)/10°]. For the human genome
(3.3 x 10? bp), about 80,000 bacterial artificial chromosome (BAC) clones that
have an average insert size of 150,000 bp compose a library with fourfold
coverage, i.e., 4[(3.3 x 10°)/(15 x 10%)]. From a statistical perspective, the
relationship N = In(1 - P)/In(1 - f) (where N is the number of clones, P is the
probability of finding a specific gene, and f is the ratio of the length of the



A Cloned gene B

E. coli-based Ery* Host cell-specific
plasmid plasmid

Sfil,

Mix and digest with Sfil
Ligate and transform host cells

C Cloned gene
Sfil,

Sfil, i

FIGURE 3.16 Vector backbone exchange. Shown are an E. coli-based plasmid with a
cloned DNA sequence, a chloramphenicol resistance gene (Cm’), and an E. coli-spe-
cific origin of replication (ori¥) (A) and a host cell-specific plasmid with a host-spe-
cific origin of replication (ori') and an erythromyecin resistance gene (Ery) (B) that
have each been engineered with Sfil, and Sfil, recognition sites. Treatment of the
plasmids shown in panels A and B with Sfil generates two fragments from each
plasmid with Sfil, and Sfil, extensions. Several different circular chimeric DNA mol-
ecules are formed after base pairing between complementary extensions and liga-
tion (not shown). (C) After transformation of the mixture of chimeric DNA molecules
into the host cell, only cells carrying a chimeric plasmid that has an origin of replica-
tion that functions in the host cell, as well as the cloned DNA sequence and the
chloramphenicol resistance gene from the E. coli-based plasmid, will be selected on
medium containing chloramphenicol.

average insert to the size of the entire genome) provides an estimate of the
number of clones that is necessary for a comprehensive genomic library. On
this basis, about 700,000 clones are required for a 99% chance of discovering
a particular sequence in a human genomic library with an average insert
size of 20 kb. Finally, because restriction endonuclease sites are not ran-
domly located, some fragments may be too large to be cloned. When this
occurs, it may be difficult or even impossible to find a specific target DNA
sequence because the library is incomplete. This problem can be overcome
by forming libraries with different restriction endonucleases. Clearly, the
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FIGURE 3.17 Partial digestion of a fragment of DNA with a type II restriction endo-
nuclease. Partial digestions are usually performed by varying either the length of
time or the amount of enzyme used for the digestion. In some of the DNA mole-
cules, the restriction endonuclease has cut at all sites (each labeled RE1). In other
molecules, fewer cleavages have occurred. The desired outcome is a sample with
DNA molecules of all possible lengths.

number of clones in a genomic library depends on the extent of the cov-
erage, the size of the genome of the organism (Table 3.6), and the average
size of the insert in the vector.

After a library is created, the clone(s) with the target sequence must be
identified. Four popular methods of identification are used: DNA hybrid-
ization with a labeled DNA probe followed by radiographic screening for
the probe label, immunological screening for the protein product, assaying
for protein activity, and functional (genetic) complementation.

Screening by DNA Hybridization

The presence of a target nucleotide sequence in a DNA sample can be
determined with a DNA probe. This procedure, called DNA hybridization,
depends on the formation of stable base pairs between the probe and the
target sequence. DNA hybridization is feasible because naturally occurring
double-stranded DNA can be converted into single-stranded DNA by heat
or alkali treatment. Heating DNA breaks the hydrogen bonds that hold the
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FIGURE 3.8 Effect of increasing the time of restriction endo-
nuclease digestion of a DNA sample. (A) The restriction

BT

TABLE 3.6 DNA contents of various organisms

Organism
Mycoplasma genitalium
Methanococcus jannaschii

Haemophilus influenzae Rd

Neisseria meningitidis
Lactococcus lactis
Mycobacterium leprae
Vibrio cholerae

B. subtilis

E. coli K-12

E. coli O157:H7
Pseudomonas aeruginosa
Mesorhizobium loti
Saccharomyces cerevisiae
Caenorhabditis elegans
Arabidopsis thaliana
Drosophila melanogaster
Fugu rubripes

Solanum tuberosum

Zea mays

Mus musculus

Homo sapiens

Hordeum vulgare
Triticum aestivum

Genome size (millions of base pairs)

0.58
1.66
1.83
2.27
2.36
3.26
4.00
420
4.60
5.50
6.30
7.59
13
97
125
165
400
840
2,700
3,000
3,300
5,500
17,300

endonuclease sites (arrows) of a DNA molecule are shown.
(B) As the duration of restriction endonuclease treatment is
extended, cleavage occurs at an increased number of sites
(lanes 1 to 5). Lane 1 represents the size of the DNA mole-
cule at the time of addition of restriction endonuclease.
Lanes 2 to 5 depict the extents of DNA cleavage after
increasing exposures to restriction endonuclease.
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1 Prepare target DNA

ATCGTAGTCGTAGGTCGGTTAGCTTGAACC TTTCCCCAAAAGGGGGCCCCCTTTTAAAA
TAGCATCAGCATCCAGCCAATCGAACTTGG AAAGGGGTTTTCCCCCGGGGGAAAATTTT
Extract ‘
Denature
Immobilize l
ATCGTAGTCGTAGGTCGGTTAGCTTGAACC TTTCCCCAAAAGGGGGCCCCCTTTTAAAA
TAGCATCAGCATCCAGCCAATCGAACTTGG AAAGGGGTTTTCCCCCGGGGGAAAATTTT
2 Prepare probe DNA
TAGGTCGG
ATCCAGCC
TAGGTCGG*
ATCCAGCC*
3 Hybridization
ATCCAGCC*
ATCGTAGTCGTAGGTCGGTTAGCTTGAACC TTTCCCCAAAAGGGGGCCCCCTTTTAAAA
TAGGTCGG*
TAGCATCAGCATCCAGCCAATCGAACTTGG AAAGGGGTTTTCCCCCGGGGGAAAATTTT

FIGURE 319 DNA hybridization. (1) The DNA of samples containing the putative
target DNA is denatured, and the single strands are kept apart, usually by binding
them to a solid support, such as a nitrocellulose or nylon membrane. (2) The probe,
which is often 100 to 1,000 bp in length, is labeled, denatured, and mixed with the
denatured putative target DNA under hybridization conditions. (3) After the
hybridization reaction, the membrane is washed to remove nonhybridized probe
DNA and assayed for the presence of any hybridized labeled tag. If the probe does
not hybridize, no label is detected. The asterisks denote the labeled tags (signal) of
the probe DNA.

bases together (denaturation) but does not affect the phosphodiester bonds
of the DNA backbone. If the heated solution is rapidly cooled, the strands
remain single stranded. However, if the temperature of a heated DNA solu-
tion is lowered slowly, the double-stranded, helical conformation of DNA
can be reestablished because of the base pairing of complementary nucle-
otides (renaturation). The process of heating and slowly cooling double-
stranded DNA is called annealing. When DNA fragments from different
sources with some shared (homologous) sequences are mixed, heated to
100°C, and slowly cooled, there will be some hybrid DNA molecules
among the annealed products, that is, double-stranded DNA in which the
strands come from the different sources.

In general, for a DNA hybridization assay, the target DNA is denatured
and the single strands are irreversibly bound to a matrix, e.g., nitrocellulose
or nylon. Then, the single strands of a DNA probe, which are labeled with
either a radioisotope or another tagging system, are incubated with the



bound DNA sample. If the sequence of nucleotides in the DNA probe is
complementary to a nucleotide sequence in the sample, then base pairing,
i.e., hybridization, occurs (Fig. 3.19). The hybridization can be detected by
autoradiography (Box 3.2) or other visualization procedures depending on
the nature of the probe label. If the nucleotide sequence of the probe does
not base pair with a DNA sequence in the sample, then no hybridization
occurs and the assay gives a negative result. Generally, probes range in
length from 100 to more than 1,000 bp, although both larger and smaller
probes can be used. Depending on the conditions of the hybridization reac-
tion, stable base pairing requires a match of >80% within a segment of 50
bases.

DNA probes can be labeled in various ways. One strategy, which is
called the random-primer method, utilizes a mixture of synthetic random
oligonucleotides (oligomers) containing all possible combinations of
sequences of 6 nucleotides (hexamers) that act as primers for DNA syn-
thesis. On the basis of the chance occurrence of complementary sequences,
some of the oligomers in the sample will hybridize to complementary
sequences on the unlabeled probe DNA template (Fig. 3.20). After the oli-
gomer sample is mixed with the denatured probe template DNA, the four
deoxyribonucleotides (deoxyribonucleoside triphosphates [dNTPs]) and a
portion of E. coli DNA polymerase I called the Klenow fragment are added.
The dNTPs are deoxyadenosine triphosphate (dATP), deoxyribosylthy-
mine triphosphate (dTTP), deoxyguanosine triphosphate (dGTP), and
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BOX 3.2

Proteins and nucleic acids that are
radiolabeled and separated by gel
electrophoresis can be visualized by
placing an X-ray film on a dried gel
and developing the film after a suit-
able exposure time. All autoradio-
graphic steps are carried out in the
dark to avoid inadvertent exposure of
the X-ray film to light. A number of
autoradiographic techniques have
been devised for the quantitative and
qualitative analysis of proteins and
nucleic acids.

One of the major applications of
autoradiography is the detection of

Autoradiography

Autoradiography is used to detect
the location of a radiolabeled
entity in a cell or sample of fraction-
ated macromolecules. In principle,
autoradiography consists of placing a
radioactive source next to a radiosen-
sitive photographic film that contains
silver bromide. The energy from the
decay of the radioisotope hits the pho-
tographic emulsion and produces elec-
trons that are trapped by specks of
silver bromide crystals in the emul-
sion. The negatively charged specks

attract silver ions, and metallic silver
is formed. The grains of metallic silver
are visualized by developing the pho-
tographic film. Thus, an exposed dark
region on a developed film indicates
that the underlying material was radi-
olabeled. Parenthetically, fluorography
is the term used for the exposure of
light-sensitive photographic film to
molecules that directly or indirectly
generate light as the source of energy
that reduces silver in the photographic
emulsion.

the hybridization of a radiolabeled
DNA probe to a DNA molecule that
has been electrophoretically fraction-
ated. However, DNA molecules in a
gel are not accessible to hybridization
with a DNA probe. Consequently, the
DNA molecules in the gel are trans-
ferred by blotting or electrotransfer to
a nitrocellulose or nylon membrane.
The transfer process retains the same
positions on the membrane as the
DNA molecules had in the gel. The
DNA molecules that are transferred to

a membrane are denatured, bound to
the membrane, and hybridized with a
radiolabeled DNA probe. Auto-
radiography of the membrane reveals
whether the probe hybridized to a
particular DNA band(s).

The transfer of DNA from a gel to a
membrane is called Southern blotting
(Southern DNA blotting) after Edwin
Southern, who devised the original
DNA blotting strategy. Northern blot-
ting and Western blotting are methods
for the transfer of RNA and protein,
respectively, from a gel to a mem-
brane. The terms “Northern” and
“Western” have nothing to do with
direction and were coined by molec-
ular biologists both to give Edwin
Southern further credit for developing
the notion of blotting macromolecules
from a gel to a membrane and to dis-
tinguish the macromolecules that are
transferred. The designations
“Northern” and “Western” are also
examples of molecular biology humor.
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FIGURE 3.20 Production of labeled probe DNA by the random-primer method. The
duplex DNA containing the sequence that is to act as the probe is denatured, and
an oligonucleotide sample containing all possible sequences of 6 nucleotides is
added. It is a statistical certainty that some of the molecules of the oligonucleotide
mixture will hybridize to the unlabeled, denatured probe DNA. In the presence of
Klenow fragment and the four dNTPs, one of which is labeled with a tag (*), the
base-paired oligonucleotides act as primers for DNA synthesis. The synthesized
DNA is labeled and used as a probe to detect the presence of a DNA sequence in a
DNA sample. In this case, the labeled probe consists of a number of separate DNA
molecules that together constitute almost the entire sequence of the original unla-
beled template DNA.



deoxycytidine triphosphate (dCTP). The Klenow fragment retains both
DNA polymerase and 3’ exonuclease activities but lacks the 5" exonuclease
activity that is normally associated with E. coli DNA polymerase I (Fig.
3.21). The 3’ exonuclease is retained because it reduces the misincorpora-
tion of erroneous dNTPs during the synthesis of the new DNA strand;
however, 5 exonuclease activity is abolished because it would degrade
some of the newly synthesized DNA. With the available 3" hydroxyl groups
provided by the base-paired random primers and the strands of the probe
as templates, new DNA synthesis occurs (Fig. 3.20). If a radioactive label is
used, then one of the ANTPs contains the isotope P in the a-position phos-
phate. Autoradiography is used to determine whether the labeled probe
sequences hybridize to sequences of a target DNA sample. Often today, the
deoxyribonucleotides, including the labeled dNTP, are incorporated into
the probe sequence using the polymerase chain reaction (PCR), generating
high yields of labeled probe DNA (see chapter 4).

For nonisotopic detection of hybridization, biotin can be attached to
one of the four dNTPs that are incorporated during the DNA synthesis
step. When a biotin-labeled probe hybridizes to the sample DNA, detection

FIGURE 3.21 Schematic representation of the enzymatic activities of E. coli DNA poly-
merase I. (A) The polymerase (red) adds deoxyribonucleotides to the 3" hydroxyl
groups of the growing chains. (B) The 5" exonuclease (blue) removes successive
nucleotides from 5" phosphate ends. (C) The 3’ exonuclease (yellow) removes suc-
cessive nucleotides from 3" hydroxyl ends.
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is based on the binding of an intermediary compound (e.g., streptavidin) to
biotin (see chapter 9). The intermediary compound carries an appropriate
enzyme that, depending on the assay system, may either form a chro-
mogenic (colored) molecule that can be visualized directly or produce a
chemiluminescent response that can be detected by autoradiography.

There are at least two possible sources of probes for screening a
genomic library. First, cloned DNA from a closely related organism (a het-
erologous probe) can be used. In this case, the conditions of the hybridiza-
tion reaction can be adjusted to permit considerable mismatch between the
probe and the target DNA to compensate for the natural differences
between the two sequences. Second, a probe can be produced by chemical
synthesis. The nucleotide sequence of a synthetic probe is based on the
probable nucleotide sequence that is deduced from the known amino acid
sequence of the protein encoded by the target gene.

Genomic libraries are often screened by plating out the transformed
cells on the growth medium of a master plate and then transferring sam-
ples of each colony to a solid matrix, such as a nitrocellulose or nylon
membrane. The cells on the membrane are broken open (lysed), the protein
is removed, and the DNA is bound to the membrane. At this stage, a
labeled probe is added, and if hybridization occurs, signals are observed on
an autoradiograph. The colonies from the master plate that correspond to
samples containing hybridized DNA are then isolated and cultured (Fig.
3.22). Because most libraries are created from partial digestions of genomic
DNA, a number of colonies may give a positive response to the probe. The
next task is to determine which clone, if any, contains the complete
sequence of the target gene. Preliminary analyses that use the results of gel
electrophoresis and restriction endonuclease mapping reveal the length of
each insert and identify those inserts that are the same and those that share
overlapping sequences. If an insert in any one of the clones is large enough
to include the full gene, then the complete gene can be recognized after
DNA sequencing because it will have start and stop codons and a contig-
uous set of nucleotides that code for the target protein. Alternatively, a gene
can be assembled by using overlapping sequences from different clones.

Unfortunately, there is no guarantee that the complete sequence of a
target gene will be present in a particular library. If the search for an intact
gene fails, then another library can be created with a different restriction
endonuclease and screened with either the original probe or probes derived
from the first library. On the other hand, as discussed below, libraries that
contain DNA fragments larger than the average prokaryotic gene can be
created with specialized vectors to increase the chance that some members
of the library will carry a complete version of the target gene.

Screening by Immunological Assay

Alternative methods are used to screen a library when a DNA probe is not
available. For example, if a cloned DNA sequence is transcribed and trans-
lated, the presence of the protein, or even part of it, can be determined by
an immunological assay. Technically, this procedure has much in common
with a DNA hybridization assay. All the clones of the library are grown on
several master plates. A sample of each colony is transferred to a known
position on a matrix, where the cells are lysed and the released proteins are
attached to the matrix. The matrix with the bound proteins is treated with
an antibody (primary antibody) that specifically binds to the protein
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FIGURE 3.22 Screening a library with a labeled DNA probe (colony hybridization).
Cells from the transformation reaction are plated onto solid agar medium under
conditions that permit transformed, but not nontransformed, cells to grow. (1)
From each discrete colony formed on the master plate, a sample is transferred to a
solid matrix, such as a nitrocellulose or nylon membrane. The pattern of the colo-
nies on the master plate is retained on the matrix. (2) The cells on the matrix are
lysed, and the released DNA is denatured, deproteinized, and irreversibly bound
to the matrix. (3) A labeled DNA probe is added to the matrix under hybridization
conditions. After the nonhybridized probe molecules are washed away, the matrix
is processed by autoradiography to determine which cells have bound labeled
DNA. (4) A colony on the master plate that corresponds to the region of positive
response on the X-ray film is identified. Cells from the positive colony on the
master plate are subcultured because they may carry the desired plasmid—cloned
DNA construct.

encoded by the target gene. Following the interaction of the primary anti-
body with the target protein (antigen), any unbound antibody is washed
away, and the matrix is treated with a second antibody (secondary anti-
body) that is specific for the primary antibody. In many assay systems, the
secondary antibody has an enzyme, such as alkaline phosphatase, attached
to it. After the matrix is washed, a colorless substrate is added. If the sec-
ondary antibody has bound to the primary antibody, the colorless substrate
is hydrolyzed by the attached enzyme and produces a colored compound
that accumulates at the site of the reaction (Fig. 3.23).

The colonies on the master plate that correspond to positive results
(colored spots) on the matrix contain either an intact gene or a portion of
the gene that is large enough to produce a protein product that is recog-
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Master

nized by the primary antibody. After detection by immunoassay of genomic
DNA libraries, the positive clones must be characterized to determine
which, if any, carry a complete gene.

Screening by Protein Activity

DNA hybridization and immunological assays work well for many kinds
of genes and gene products. If the target gene produces an enzyme that is
not normally made by the host cell, a direct (in situ) plate assay can be

FIGURE 3.23 Immunological screening of a gene library (colony immunoassay). Cells
from the transformation reaction are plated onto solid agar medium under condi-
tions that permit transformed, but not nontransformed, cells to grow. (1) From the
discrete colonies formed on this master plate, a sample from each colony is trans-
ferred to a solid matrix, such as a nitrocellulose or nylon membrane. (2) The cells on
the matrix are lysed, and their proteins are bound to the matrix. (3) The matrix is
treated with a primary antibody that binds only to the target protein. (4) Unbound
primary antibody is washed away, and the matrix is treated with a secondary anti-
body that binds only to the primary antibody. (5) Any unbound secondary antibody
is washed away, and a colorimetric reaction is carried out. The reaction can occur
only if the secondary antibody, which is attached to an enzyme (E) that performs
the reaction, is present. (6) A colony on the master plate that corresponds to a posi-
tive response on the matrix is identified. Cells from the positive colony on the
master plate are subcultured because they may carry the plasmid-insert DNA con-
struct that encodes the protein that binds the primary antibody.
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devised to identify members of a library that carry the particular gene
encoding that enzyme. The genes for o-amylase, endoglucanase,
B-glucosidase, and many other enzymes from various organisms have been
isolated in this way. This approach has proven effective for isolating genes
encoding biotechnologically useful enzymes from microorganisms present
in environmental samples. Most of the organisms contained in these sam-
ples cannot be grown in the laboratory, outside of their natural environ-
ment. However, the total genomic DNA from these organisms can be
extracted directly from the sample, for example, a soil sample, and used to
prepare a metagenomic library that can be expressed in a host bacterium,
such as E. coli, and screened for target protein activity. This technique has
enabled the isolation of many novel proteins with interesting properties
without the need to first culture the natural host microorganism.

In some cases, the cells of a genomic library are plated onto medium
supplemented with a specific substrate; if the substrate is hydrolyzed, a
colorimetric reaction identifies the colony that carries the target gene (Fig.
3.24). For example, to detect a cloned bacterial lipase gene, transformed
cells are grown in the presence of trioleoglycerol and the fluorescent dye
rhodamine B. As a result of hydrolysis of the substrate, positive colonies
have orange fluorescent halos when viewed under ultraviolet light. Other
detection systems do not rely on a colorimetric reaction for discovering a
particular gene. For example, a transformed cell with a conjugated bile acid
hydrolase gene from Lactobacillus plantarum was detected by growing the
members of the genomic library in the presence of bile salts. In this case, a
hydrolase-positive colony was easily identified because it became sur-
rounded with a ring of precipitated, free bile acids.

Functional (genetic) complementation is another useful way of isolating
genes that encode enzymes. In this procedure, the host cell does not have the
enzyme activity of interest because the gene encoding the enzyme carries a
mutation that abolishes the activity of the enzyme. Next, a DNA library is
constructed that carries fragments of genomic DNA from an organism that
has the desired enzyme activity. Host cells with the genetic deficiency are
transformed with plasmids of the DNA library, and transformed cells that
have restored normal enzyme function are selected (Fig. 3.25). The genomic
DNA that is used to prepare the library can be from a variety of donor organ-
isms, such as the wild-type strain of the host bacterium that carries a func-
tional copy of the gene encoding the enzyme, a different organism that can
be either another prokaryote or perhaps a eukaryote, or uncultured organ-
isms that are present in an environmental sample. E. coli and yeast cells with
mutations that affect various biochemical pathways have frequently been
used as host cells for functional complementation gene cloning. In many of
these experiments, the protein derived from the cloned gene enables the host
cell to grow on minimal medium; whereas growth of the mutant cells
requires the addition of a specific compound to the medium. Furthermore,
genes that play a role in antibiotic biosynthesis, root nodulation, and other
processes have been isolated in this way.

In practice, the availability of genomic sequences from a great number
of organisms, in which the protein coding regions have been identified and
in many cases assigned a known or predicted function, has rendered library
screening unnecessary for some applications. Where the nucleotide sequence
of a gene of interest is known, the gene can be cloned by designing short
oligonucleotide primers that bind specifically to complementary sequences
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FIGURE3.24 Screening a genomic library
for enzyme activity. Cells of a genomic
library are plated onto solid medium
containing the substrate for the enzyme
of interest. If a functional enzyme is
produced by a colony that carries a
cloned gene encoding the enzyme, the
substrate is converted to a colored
product that can be easily detected.
Note that other, noncolored colonies on
the medium also contain fragments of
the genomic library, but they do not
carry the gene for the enzyme of
interest.
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FIGURE 3.25 Gene cloning by functional complementation. Host cells that are defec-
tive in a certain function, e.g., A—, are transformed with plasmids from a genomic
library derived from cells that are normal with respect to function A, i.e., A+. Only
transformed cells that carry a cloned gene that confers the A+ function will grow on
minimal medium. The cells that show complementation are isolated, and the insert
of the vector is studied to characterize the gene that corrects the defect in the mutant
host cells.

within the target gene in a sample of genomic DNA and from which DNA
synthesis can be initiated in a reaction known as the PCR (see chapter 4).

Cloning DNA Sequences That Encode Eukaryotic Proteins

Special strategies are required for cloning and expressing eukaryotic
coding regions in prokaryotic cells. Basically, a eukaryotic structural gene
will not function in a prokaryotic organism because there is no mechanism
for removing introns from transcribed RNA. Moreover, a eukaryotic DNA
sequence needs prokaryotic transcriptional and translational control
sequences to be properly expressed. Parenthetically, a cloned prokaryotic



gene also has the same constraint unless the insert carries regulatory
sequences that are compatible with the transcription and translation sys-
tems of the host cell. For eukaryotic genes, the “intron problem” is over-
come by synthesizing double-stranded DNA copies (complementary DNA
[cDNA]) of purified messenger RNA (mRNA) molecules that lack introns
and cloning the cDNA molecules into a vector to create a cDNA library.
Often, a cDNA library represents the mRNA sequences from a single spe-
cific tissue.

Functional eukaryotic mRNA does not have introns because they have
been removed by the splicing machinery of the eukaryotic cell. The mRNA
has a G cap at the 5" end and, usually, a string of up to 200 adenine residues
[poly(A) tail] at the 3" end. The poly(A) tail provides the means for sepa-
rating the mRNA fraction of a tissue from the more abundant ribosomal
RNA (rRNA) and transfer RNA (tRNA). Short chains of 15 thymidine resi-
dues (oligodeoxythymidylic acid [oligo(dT), or dTs]) are attached to cellu-
lose beads, and the oligo(dT)-cellulose beads are packed into a column.
Total RNA extracted from eukaryotic cells or tissues is passed through the
oligo(dT)—cellulose column, and the poly(A) tails of the mRNA molecules
bind by base pairing to the oligo(dT) chains. The tRNA and rRNA molecules,
which lack poly(A) tails, pass through the column. The mRNA is removed
(eluted) from the column by treatment with a buffer that breaks the A:T
hydrogen bonds, thereby releasing the base-paired mRNAs (Fig. 3.26).

Before the mRNA molecules can be cloned into a vector, they must be
converted to double-stranded DNA. This synthesis is accomplished by
using, in succession, two different kinds of nucleic acid polymerases.
Reverse transcriptase synthesizes the first DNA strand, and E. coli DNA
polymerase I synthesizes the second (Fig. 3.27). After the mRNA fraction is
purified, short unattached sequences of oligo(dT) molecules are added to
the sample, along with the enzyme reverse transcriptase and the four
dNTPs. An oligo(dT) molecule base pairs with the adenine residues of the
poly(A) tail of an mRNA and provides an available 3" hydroxyl group to
prime the synthesis of the first cDNA strand.

Reverse transcriptase, which is encoded by certain RNA viruses (retro-
viruses), uses an RNA strand as a template while directing deoxyribonucle-
otides into the growing chain. Thus, when an A, G, C, or U nucleotide of
the template RNA strand is encountered, the complementary deoxyribo-
nucleotide (i.e., T, C, G, or A) is incorporated into the growing DNA strand.
Unfortunately, full-length first cDNA strands are not always produced by
reverse transcriptase in vitro. Incomplete first DNA strands are due to the
inability of reverse transcriptase to proceed to the ends of long mRNA tem-
plates, frequent pausing of the enzyme during synthesis, and intrastrand
base-paired configurations (secondary structure) impeding synthesis.

The second, complementary DNA strands are generated by treating the
RNA-DNA (heteroduplex) molecules with ribonuclease H (RNase H),
which nicks the mRNA strands, thereby providing a free 3" hydroxyl group
for initiation of DNA synthesis. As synthesis of the second strand progresses
from the nicks, the 5" exonuclease activity of DNA polymerase I removes
any nucleotides that are encountered. The eventual length of the second
strand depends on the length of the first DNA strand and the location of the
nick in the mRNA molecule relative to the 3’ end of the first DNA strand.
The synthesis of second strands is often initiated several nucleotides from
the 5" end of the mRNA. However, obtaining some full-length cDNAs for
cloning is usually not a problem because most eukaryotic mRNAs have
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FIGURE 3.26 Schematic representation of oligo(dT)—cellulose separation of polyade-
nylated mRNA from total cellular RNA.

noncoding leader sequences that range from 40 to 80 nucleotides in length
and precede the coding sequence. In other words, a few of the cDNAs will
have a complete protein coding sequence and a truncated leader sequence.
After the second DNA strand synthesis is terminated, the ends of the cDNA
molecules are blunt-ended (end repaired, or polished) with T4 DNA poly-
merase, which removes 3’ extensions and fills in from 3" recessed ends.
Chemically synthesized adaptors with extensions for a restriction endonu-
clease recognition sequence are ligated to the ends of the cDNA molecules
to facilitate cloning of the cDNAs into a vector (Fig. 3.27).

A cDNA library is screened by DNA hybridization to identify clones
that carry a specific plasmid-cDNA construct. Positive clones must be
examined further to determine which one(s) carries the complete coding
sequence for the target protein. Once a full-length cDNA is discovered, the
sequence can be retrieved and cloned into a vector that is designed to sup-
port its expression in a prokaryotic cell.

As noted above, the standard cDNA synthesis protocols produce both
complete (full-length) and incomplete molecules. Unfortunately, much
time and effort can be spent on identifying clones of a cDNA library with
full-length sequences. Various strategies have been devised to overcome
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FIGURE 3.27 Synthesis of cDNA. (A)
Oligo(dT) primer is added to a purified
mRNA preparation, and reverse tran-
scriptase with the four dNTPs is used for
the production of a complementary
(cDNA) strand from the RNA template.
Reverse transcriptase does not always
produce full-length cDNA copies from
every mRNA template due to mRNA
secondary structure, i.e., hairpin loops or
other factors. For second-strand DNA
synthesis, the mRNA is nicked by RNase
H, which creates initiation sites for E. coli
DNA polymerase I. The 5 exonuclease
activity of DNA polymerase I removes
both RNA and DNA sequences that are
encountered as synthesis from the nick
closest to the 5" end of the mRNA pro-
gresses. (B) The cDNA molecules are end
repaired with T4 DNA polymerase, and
adaptors containing restriction enzyme
recognition sequences are ligated to the
ends to increase the efficiency of
cloning.
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this inconvenience. A method for generating full-length cDNA molecules
that is based on PCR is presented in chapter 4. Here, a multistep procedure
for capturing full-length first-strand cDNAs that are used as templates for
the synthesis of second strands is described (Fig. 3.28). Briefly, the primer
for first-strand DNA synthesis is a polydeoxythymidylic acid [poly(dT)]
sequence at the 3" end of a synthetic nucleic acid sequence that also con-
tains a recognition site for a restriction endonuclease. This dual-function
oligonucleotide is called a primer—adaptor. The disaccharide trehalose is
added to the reverse transcriptase reaction to stabilize the enzyme and
allow DNA synthesis to proceed at a high temperature. Secondary struc-
ture (due to intrastrand base pairing) in the mRNAs is disrupted by high
temperature, and the likelihood that complete molecules will be synthe-
sized is increased. In addition, one of the four dNTPs in the reverse tran-
scriptase reaction mixture is 5-methyl-dCTP, which is incorporated into the
growing strand. The presence of methyl groups in one strand (hemimethy-
lation) of double-stranded DNA protects the DNA from being cleaved by
certain restriction endonucleases. This DNA modification is important for
the final step of the procedure.

After the first strand is synthesized, biotin is chemically attached to the
ribose sugars of the cap nucleotide at the 5 end and the nucleotide at the 3
end of the mRNA molecules. Deoxyribose is not biotinylated under these
conditions. Next, the hybrid RNA-DNA molecules are treated with RNase
L. This enzyme cleaves single-stranded RNA; it does not attack RNA that is
base paired with DNA or DNA strands. As a result, both the 5 single-
stranded regions of the mRNAs with incomplete cDNAs and the nonpaired
segments of the poly(A) tails of the mRNA molecules are degraded. The
mRNA strands of completely synthesized cDNA strands are not affected by
this enzyme. The sample is then mixed with streptavidin-coated magnetic
beads. Biotin has a high affinity for streptavidin. After RNase I treatment,
the only biotinylated RNA-DNA hybrid molecules that remain are those
with a biotinylated cap. In other words, only full-length cDNAs are cap-
tured because the 5" end of the mRNA is base paired with the cDNA and is
therefore protected from cleavage by RNase I, leaving the biotin molecule
attached. A magnet is used to separate out the beads from solution. Next,
the RNA of the streptavidin-bound RNA-DNA hybrids is hydrolyzed with
RNase H, which cuts base-paired RNA and releases the full-length cDNA
strands into solution.

Since the sequences at the 3’ ends of the first-strand cDNAs are not
known, a string of guanine nucleotides is added to the 3" hydroxyl ends to
provide a complementary sequence for a DNA primer that initiates the
synthesis of second cDNA strands. The addition of the guanine nucleotides
is performed by the enzyme terminal deoxynucleotidyl transferase, which
adds dNTPs sequentially by phosphodiester bond formation to the 3’
hydroxyl end of a polynucleotide in the absence of a template strand. If
only one type of dNTP is present in the terminal transferase reaction mix-
ture, in this case dGTP, a homopolymeric tail is formed. After polydeox-
yguanylic acid [poly(dG)] tailing, a polydeoxycytidylic acid [poly(dC)]
primer—adaptor is added that base pairs with the poly(dG) tail and pro-
vides an available 3’ hydroxyl group for second-strand cDNA synthesis.
The adaptor portion of this oligonucleotide contains the sequence for
another restriction endonuclease site. Second-strand cDNA synthesis is car-
ried out at high temperatures with thermostabilized DNA polymerase,
RNase H, and DNA ligase. As with the synthesis of the first cDNA strand,
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FIGURE 3.28 Schematic representation of a method for selecting and
cloning full-length cDNA molecules. (1) Purified mRNA (blue) is mixed
with an oligonucleotide (primer—adaptor) with an oligo(dT) sequence
and restriction endonuclease site (yellow). (2) Reverse transcriptase
synthesizes the first cONA strand (red) with 5-methyl-dCTP (red boxes)
as one of the four dNTPs. Both incomplete and complete DNA strands
are synthesized. (3) Biotin (light-blue boxes labeled B) is attached to the
ends of mRNA molecules. RNase I-susceptible regions are marked by
square brackets. (4) Single-stranded segments of RNA are degraded by
RNase 1. (5) Biotinylated molecules bind to streptavidin-coated mag-
netic beads (pink). After RNase I treatment, full-length RNA-DNA
hybrids are biotinylated, and therefore, they bind to streptavidin.
Incomplete cDNAs are not biotinylated and do not bind to streptavidin.
(6) RNase H treatment degrades the RNA of streptavidin-bound
RNA-DNA hybrids and releases full-length, first-strand cDNA mole-
cules. (7) A poly(dG) tail is added to the 3" hydroxyl end of the first
c¢DNA strand. (8) An oligonucleotide (primer—adaptor) with an oligode-
oxycytidylic acid [oligo(dC)] sequence and a restriction endonuclease
site (green) pairs with the oligodeoxyguanylic acid [oligo(dG)] tail and
provides a 3" hydroxyl group for synthesis of the second DNA strand by
DNA polymerase. (9) During the synthesis of the second ¢cDNA strand
by DNA polymerase, none of the dNTPs are methylated; RNase H
removes any remaining base-paired RNA, and DNA ligase joins DNA
segments that were synthesized internally from bits of mRNA that
escaped degradation. The oligo(dC) primer—adaptor sequence acts as a
template for DNA synthesis from the 3’ hydroxyl group at the end of the
poly(dG) tail. (10) The final full-length cDNAs are cut with two restric-
tion endonucleases, one for each end, and cloned into a vector that has
complementary extensions. Hemimethylation protects the cDNA from
cleavage by the restriction endonucleases that are used for cloning
because these enzymes cannot cut methylated restriction endonuclease
sites.
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the high temperature diminishes intrastrand folding and increases the effi-
ciency of synthesis of a full-length strand. The dCTP in the dNTP mixture
used for second-strand synthesis is not methylated. RNase H removes any
RNA that escaped the previous treatment, and DNA ligase joins segments
that were primed by remaining bits of RNA. The final product is a full-
length, double-stranded cDNA that is furnished with nonmethylated
restriction endonuclease recognition sites at both ends. These sites are
cleaved with the appropriate restriction endonucleases and cloned into a
vector that has complementary extensions. Hemimethylation, generated by
incorporation of methylated nucleotides during the synthesis of the first
cDNA strand, protects a cDNA from cleavage if it contains the same restric-
tion endonuclease sites that are used for cloning because the restriction
endonucleases do not cut at methylated sites.

Vectors for Cloning Large Pieces of DNA
Bacteriophage A Vectors

The plasmid-based vectors used for cloning DNA molecules generally
carry up to 10 kb of inserted DNA. However, for the formation of a library,
it is often helpful to be able to maintain larger pieces of DNA. To this end,
various high-capacity cloning systems have been developed (Table 3.7).
The E. coli virus (bacteriophage, or phage) A has been engineered to be a
vector for inserts in the range of 15 to 20 kb.

After bacteriophage A infects E. coli by injection of its DNA, two pos-
sibilities exist. It can enter a lytic cycle that, after 20 minutes, leads to the
lysis of the host cell and the release of about 100 phage particles.
Alternatively, the injected bacteriophage A DNA can be integrated into the
E. coli chromosome as a prophage and can be maintained more or less
indefinitely as a benign guest (lysogen) through successive cell divisions
(Fig. 3.29). However, under conditions of nutritional or environmental
stress, the chromosomally integrated bacteriophage A DNA is excised and
enters a lytic cycle. The bacteriophage A DNA is about 50 kb in length, of
which approximately 20 kb is essential for the integration—excision (I/E)
events. For forming genomic libraries, it was reasoned that this 20 kb of
DNA could be replaced with 20 kb of cloned DNA and, subsequently, this
recombined DNA molecule could be perpetuated as a “recombinant” bac-
teriophage A through compulsory lytic cycles.

To appreciate how bacteriophage A cloning systems function, some
understanding of the molecular aspects of the lytic cycle is necessary. An

TABLE 3.7 Insert capacities of some commonly used vector systems

Vector system Host cell Insert capacity (kb)
Plasmid E. coli 0.1-10
Bacteriophage A ME. coli 10-20
Cosmid E. coli 35-45
Fosmid E. coli 35-45
Bacteriophage P1 E. coli 80-100
BAC E. coli 50-300

P1 bacteriophage-derived E. coli 100-300

artificial chromosome
Yeast artificial chromosome Yeast 100-2,000
Human artificial chromosome Cultured human cells >2,000
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FIGURE 3.29 Life cycle of bacteriophage A. Lysogeny occurs when the bacteriophage
A genome (red) becomes integrated into the host chromosome (blue); otherwise, the

lytic cycle is initiated, resulting in the production and release by cell lysis of about
100 bacteriophage particles about 20 minutes after infection.

infective bacteriophage A consists of a tubular protein tail with a protein
tail fiber and a protein head packed with 50 kb of DNA. The production
and assembly of the heads and tails and the packaging of DNA are a highly
coordinated sequence of events. The DNA within the head of a A particle is
a 50-kb linear molecule with a 12-base single-stranded extension at the 5
end of each strand. These extensions are called cohesive (cos) ends because
they contain sequences that are complementary to each other. After the
injection of the A DNA through the tail into E. coli, the cos ends base pair to
form a circular DNA molecule. During the early phase of the lytic cycle,
DNA replication from the circular molecule creates a linear form of A DNA
that is composed of several contiguous lengths of 50-kb units, i.e., concate-
mers (Fig. 3.30A). Each newly assembled head is filled with one 50-kb unit
of DNA, and finally, the tail assembly is added to complete the formation
of an infective particle (Fig. 3.30B). The volume of the bacteriophage A head
is sufficient for about 50 kb. If less than 38 kb of DNA is packed into a head,
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a noninfective bacteriophage particle is produced. More than 52 kb of DNA
cannot fit into a head. The location of the cos sequences, which are 50 kb
apart in the multiple-length linear A DNA, ensures that each head receives
the correct amount of DNA. Located at the opening of the head is an
enzyme that recognizes the double-stranded cos sequence and cuts the
DNA at this site as the DNA is inserted into the head. By mixing purified
empty heads, bacteriophage A DNA (50 kb), and tail assemblies, infective
particles are produced in a reaction tube.

One of the many bacteriophage A cloning vectors that have been
devised has two BamHI sites that flank the I/E region. When purified DNA
from this bacteriophage is cut with BamHI, three segments are created. The
left arm (L region) contains the genetic information for the production of
heads and tails, the right arm (R region) carries the genes for DNA replica-
tion and cell lysis, and the middle (I/E) fragment has the genes for the
integration and excision processes. The objective of this genetic-engineering

FIGURE 3.30 Packaging of bacteriophage A DNA into heads during the lytic cycle.
(A) DNA replication from the circular form of bacteriophage A creates a linear form
that has contiguous, multiple lengths (concatemers) of bacteriophage DNA with
units of approximately 50 kb each. (B) Each newly assembled head is filled with a
50-kb unit of A DNA before the tail assembly is attached.
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protocol is to replace the middle, I/E, segment of the A DNA with cloned
DNA that is approximately 20 kb in length (Fig. 3.31). The BamHI-treated
bacteriophage A DNA sample is enriched for L and R arms by size fraction-
ation and removal of I/E segments. The source DNA is cut with either
BamHI or Sau3Al, and DNA pieces that are 15 to 20 kb in length are iso-
lated. The digested source DNA and the L and R regions are combined and
incubated with T4 DNA ligase. Then, empty bacteriophage heads and tail
assemblies are added. Under these conditions, 50-kb units of DNA, with
insert DNA flanked by L and R regions with cos ends, are packaged into
the heads, and infective bacteriophage particles are formed. Other products
from the ligation reaction cannot be packaged because they are either too
large (>52 kb) or too small (<38 kb). Also, any 50-kb DNA molecules
without a functional origin of replication and cos ends cannot be perpetu-
ated. Recombinant bacteriophage A undergoes lytic cycles and is main-
tained by growth in E. coli.

To identify the recombinant bacteriophage that carries the target gene
in the bacteriophage A library, the individual zones of lysis (plaques), each

Bacteriophage A Source DNA
BamHI BamHI BamHI BamHI
cos \ \
HIANRRNNRRNANERNNRRNANERY
1/E cos
BamHI

l BamHI

/E

I T

Fractionate

" T
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T4 DNA ligase
: : :
Arms only ’ L H ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ H R ‘ Source DNA only
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Infect E. coli
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FIGURE 3.31 A bacteriophage A cloning
system. Bacteriophage A is engineered to
have two BamHI sites that flank the I/E
region. For cloning, the source DNA is
cut with BamHI and fractionated by size
to isolate pieces that are about 15 to 20 kb
long. The bacteriophage A DNA is also
cut with BamHI, and size fractionation
removes the I/E segment. The L and R
arms, plus the 15- to 20-kb source DNA
molecules, are mixed with T4 DNA
ligase. The ligation reaction produces a
number of different DNA molecules,
including ligated source DNA only, com-
bined L and R arms only, and molecules
that have a source DNA molecule flanked
by L and R arms. The last molecules are
packaged into bacteriophage heads in
vitro, and infective particles are formed
after the addition of tail assemblies. The
recombined bacteriophage A is perpetu-
ated by infection of E. coli. Some 50-kb
source DNA ligation products may be
packaged into heads, but since this DNA
lacks both a functional origin of replica-
tion and cos ends, it cannot be perpetu-
ated. Other ligation products are either
too small or too large to be packaged. For
some bacteriophage A cloning systems
(not shown here), high packaging effi-
ciency is achieved by setting the condi-
tions of ligation to favor concatemer
formation to imitate how the phage
heads are normally filled.
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of which contains a recombinant bacteriophage, are lifted onto a matrix
and screened with either DNA probes or antibodies. For DNA hybridiza-
tion, the bacteriophage proteins are removed and the DNA is denatured
and bound to a matrix. For immunological assays, the proteins encoded by
cloned genes that are synthesized during the lytic cycle, along with bacte-
riophage and bacterial proteins, are transferred with the plaque and subse-
quently bound to the matrix. On the basis of the sites on the matrix that
give positive responses, corresponding plaques on the original plate are
subcultured to provide a source of selected recombinant bacteriophage that
is individually cultured in E. coli.

Cosmids

Cloning vectors called cosmids can carry about 45 kb of cloned DNA and
are maintained as plasmids in E. coli. Cosmids combine the properties of
plasmids and bacteriophage A vectors. For example, the commonly used
cosmid pLFR-5 has two cos sites (cos ends) from bacteriophage A flanking
a Scal restriction endonuclease site, a multiple cloning site with six unique
recognition sites (HindlIll, Pstl, Sall, BamHI, Smal, and EcoRI), an origin of
DNA replication, and a Tet" gene (Fig. 3.32). Pieces of DNA that are approx-
imately 45 kb in length are purified by sucrose density gradient centrifuga-
tion from a partial BamHI digestion of the source DNA (Fig. 3.32). The
pLFR-5 DNA (~6 kb) is cleaved initially with Scal and then with BamHI.
The final two DNA samples are mixed and ligated. Some of the ligated
products have an ~45-kb DNA piece inserted between the two fragments
that are derived from the digestions of the pLFR-5 DNA. These molecules
are about 50 kb long and have cos sequences that are about 50 kb apart.
Consequently, these DNA constructs are successfully packaged into bacte-
riophage A heads in vitro. Reconstituted pLFR-5 without inserted DNA is
not packaged. After the assembly of bacteriophage particles, the DNA is
delivered by infection into E. coli (Fig. 3.32). Once inside the host cell, the
cos ends, which were cleaved during the in vitro packaging, base pair and
enable the linear DNA to circularize. This circular form is stable, and the
cloned DNA is maintained as a plasmid-insert DNA construct because the
vector DNA contains a complete set of plasmid functions. Moreover, the
Tet" gene allows colonies that carry the cosmid to grow in the presence of
tetracycline. Nontransformed cells are sensitive to tetracycline and die.

A fosmid is a kind of cosmid vector that carries up to 40 kb of insert
DNA and a cos site for in vitro bacteriophage A packaging. The difference
between a cosmid and a fosmid is that the origin of replication of a fosmid
is derived from the E. coli F factor (sex plasmid), hence the name. The
advantage of fosmids is that they are very stable single-copy vectors,
whereas cosmids are maintained at higher copy numbers, which often
leads to deletions or rearrangements of parts of the insert DNA.

Other E. coli bacteriophages have been used for creating vectors. For
example, the genome of the P1 bacteriophage is 115 kb long. The P1 vector
system can carry 80 to 100 kb of inserted DNA. The advantages of using
cosmids and other vectors derived from bacteriophages are twofold. First,
because the capacity of these vectors is greater than that of plasmids, gene
clusters and large genes can be cloned. Second, a larger insert in the cloning
vehicle means that fewer clones of a genomic library have to be screened
for a specific gene.
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FIGURE 3.32 A cosmid cloning system. The
cosmid contains an E. coli origin of replica-
tion (ori) that allows the cosmid to be
maintained as a plasmid in E. coli; two
intact cos sites closely flanking a unique
Scal site; a unique BamHI site near, but
outside, one of the cos sites; and a Tet"
gene. The source DNA is cut with BamHI
and fractionated by size to isolate mole-
cules that are about 45 kb long. The plasmid
DNA is cut with Scal and BamHI. The two
DNA samples are mixed and treated with
T4 DNA ligase. After ligation, some of the
joined DNA molecules will have a 45-kb
piece of DNA inserted into the BamHI site
of the plasmid; when this happens, the two
cos sequences are about 50 kb apart. These
molecules are packaged into bacteriophage
A heads in vitro, and infective particles are
formed after the addition of tail assem-
blies. Infective bacteriophage A delivers a
linearized DNA molecule with cos exten-
sions into E. coli. After entry into the host
cell, the cos ends base pair and the DNA
ligase of the host cell seals the nicks. The
circular DNA molecule that is created in
this way persists as a plasmid in the host
cell. In this case, transformed cells can be
identified because they are resistant to the
antibiotic tetracycline.
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TABLE 3.8 Estimated numbers of clones required for 99% probability of representation of every DNA region in a ge-
nomic library for various organisms and cloning vectors

No. of clones

Organism Genome size (bp) ) (5kb)  Bacteriophage A (7 kb)  Cosmid (35 kb) BAC (150 kb)
E. coli 4.6 x 10° 4,234 1,243 602 138
Yeast 1.23 x 107 11,326 3,329 1,616 375
Fruit fly 12 x 10° 110,529 32,501 15,787 3,681
Rice 5.7 x 10° 525,589 154,521 75,009 17,497
Human 33 x 10° 3,090,475 898,392 434,053 101,258
Frog 2.3 x 101 19,315,480 6,438,493 2,971,610 708,822

For the cloning vectors, the sizes in parentheses are the average sizes of the insert DNA.

High-Capacity Bacterial Vector Systems

A vector system that carries very large inserts (>100 kb) is helpful for the
analysis of complex eukaryotic genomes. For example, these types of
vector systems are indispensable for creating libraries for genome
sequencing and for carrying one or more intact genes on a single insert. In
contrast to a small-insert library, a large-insert genomic library is more
likely to include all of the genetic material of the organism with fewer
clones to maintain (Table 3.8). A low-copy-number E. coli plasmid vector
that is based on the P1 bacteriophage cloning system has been devised for
cloning DNA molecules that are from 100 to 300 kb in length. The DNA
insert—vector constructs of this system are called bacteriophage P1-derived
artificial chromosomes. Similarly, the F plasmid (F-factor replicon, sex
plasmid, or fertility plasmid) of E. coli, which is present at one or two copies
per cell, has been used, along with the lacZ’ selection system of the pUC
vectors, to construct an extremely stable cloning vector that carries DNA
inserts from 50 to 300 kb in length. The F-plasmid-based DNA insert—vector
constructs, which are used extensively, are called BACs.

Genetic Transformation of Prokaryotes
Transferring DNA into E. coli

Transformation is the process of introducing free DNA into a bacterial cell.
For E. coli, which is the main host cell for recombinant DNA research, the
uptake of plasmid DNA is usually achieved by treating mid-log-phase cells
with ice-cold calcium chloride (CaCl,) and then exposing them for 2 min-
utes to a high temperature (42°C). This treatment creates transient openings
in the cell wall that enable DNA molecules to enter the cytoplasm. This
method has a maximum transformation frequency of about 1 transformed
cell per 1,000 cells (i.e., 107%). The transformation efficiency is approxi-
mately 107 to 10® transformed colonies per microgram of intact plasmid
DNA. Although a 100% transformation frequency would be ideal, selection
schemes that enable plasmid-transformed cells to be readily identified
overcome the drawback of a low transformation frequency. In some other
bacteria, competence occurs naturally and, in some cases, can be enhanced
by the use of specific growth media or growth conditions. These bacteria
are usually easily transformed. Other DNA delivery systems must be used
for bacteria that are either refractory to chemically induced competence or
are not naturally competent.



Electroporation

The uptake of free DNA can be induced by subjecting bacteria to a high-
voltage electric field in the presence of DNA. This procedure is called elec-
troporation, a term that is a contraction of the descriptive phrase
“electric-field-mediated membrane permeabilization.” The experimental
protocols for electroporation are different for various bacterial species. For
E. coli, the cells (~50 microliters) and DNA are placed in a chamber fitted
with electrodes (Fig. 3.33A), and a single pulse of approximately 25 micro-
farads, 2.5 kilovolts, and 200 ohms is administered for about 4.6 millisec-
onds. This treatment yields transformation efficiencies of 10° transformants
per microgram of DNA for small plasmids (~3 kb) and 10° for large plas-
mids (~136 kb). Similar conditions are used to introduce BAC vector DNA
into E. coli. Thus, electroporation is an effective way to transform E. coli
with plasmids containing inserts that are longer than 100 kb. Because an
appropriate set of electroporation conditions can be found for nearly all
bacterial species, this procedure has become standard for transforming
many different types of bacteria.

Very little is known about the mechanism of DNA uptake during elec-
troporation (Fig. 3.33B). It has been deduced, along the lines of the explana-
tion of chemically induced transformation, that transient pores are formed
in the cell wall as a result of the electroshock and that, after contact with the
lipid bilayer of the cell membrane, the DNA is taken into the cell.

FIGURE 3.33 Electroporation. (A) Electroporation cuvette with a cell suspension
between two electrodes. (B) (1) Cells (yellow) and DNA (red) in suspension in an
electroporation cuvette prior to the administration of high-voltage electric field
(HVEF) pulses. (2) HVEF pulses induce openings in the cells (dashed lines) that
allow entry of DNA into the cells. (3) After HVEF pulsing, some cells acquire exog-
enous DNA, and the HVEF-induced openings are resealed.
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Conjugation

For some bacteria, the natural system of transmitting plasmids from one
strain to another has been used to transport a plasmid—insert DNA con-
struct from a donor cell to a recipient cell that is not readily transformed.
Some plasmids are genetically equipped to form cell-to-cell junctions
through which plasmid DNA is transferred from one cell to another.
Effective contact between a donor cell and a recipient cell depends on
plasmid genes that encode conjugative functions. Moreover, the mechan-
ical transfer of the DNA requires plasmid genes that encode mobilizing
functions. Most of the plasmids that are used for recombinant DNA
research lack conjugative functions, and therefore, they are not passed to
recipient cells by conjugation. However, some nonconjugative plasmid
cloning vectors can be mobilized and transferred if the conjugative func-
tions are supplied by a second plasmid in the same cell. In other words, by
introducing a plasmid with conjugative functions into a bacterial cell that
carries a mobilizable plasmid cloning vector, it is possible to transfer the
plasmid cloning vector to a recipient cell that is difficult to transform by
other means.

The typical experimental protocol for this procedure entails mixing three
strains together. When the cells are close to each other, the conjugative
plasmid, which in this case is also mobilizable, can be self-transferred to the
cell with the mobilizable plasmid cloning vector. Then, with the help of the
conjugative plasmid, the plasmid cloning vector is transferred to a targeted
recipient cell. All possible combinations of plasmid transfer occur among the

FIGURE 3.34 Tripartite mating. A helper cell self-transfers a conjugative, mobilizing
plasmid with a Tet" gene to a donor cell. The plasmid from the helper cell provides
conjugative functions for the nonconjugative, mobilizable plasmid of the donor cell,
which carries a kanamycin resistance (Kan) gene and enables transport of the latter
plasmid into the recipient cell. Unlike the recipient cells, neither helper nor donor
cells can grow on minimal medium, and they are resistant to kanamycin and sensi-
tive to tetracycline. The selection strategy identifies cells that are able to grow on
minimal medium. In this example, the cloning vector is transferred from E. coli to
P. putida. Although it is not shown, each plasmid has an origin of replication. The
plasmid from the donor cell replicates in the recipient cell.

E. coli E. coli P. putida
Q Q
Tet" gene Tet" gene
Q Q
Kan’ gene Kan’ gene
Helper Donor Recipient
Conjugative, mobilizable Mobilizable plasmid Transferred plasmid
plasmid No growth on minimal Grows on minimal
No growth on minimal medium medium

medium



cells, but the genetic features of the strains and plasmids are designed to
select for the targeted recipient cells that receive the cloning vector. For
example, one possible selection procedure uses a helper cell (E. coli) that
maintains a conjugative, mobilizable plasmid with a Tet" gene and cannot
grow on minimal growth medium; a donor cell (E. coli) that also cannot grow
on minimal growth medium and carries the nonconjugative, mobilizable
plasmid cloning vector that has a kanamycin resistance gene; and a recipient
cell (Pseudomonas putida) that can grow on minimal growth medium, has no
incompatible plasmid, and is sensitive to both tetracycline and kanamycin
(Fig. 3.34). After the conjugations are allowed to occur, the cells are grown
briefly in complete growth medium in the absence of antibiotics before being
transferred to minimal growth medium with kanamycin. Under the latter
growth conditions, only the targeted recipient cells that have acquired the
plasmid cloning vector can grow. Neither helper nor donor cells can grow on
minimal medium, and the recipient cells that did not receive a plasmid from
a donor cell cannot grow in the presence of kanamycin. Occasionally, the
targeted recipient cell may receive both types of plasmids. However, this rare
event can be detected by replica plating onto minimal medium with both
tetracycline and kanamyvcin. Colonies that are formed in the presence of both
antibiotics acquire two different plasmids, and those that grow only when
kanamycin is present have the cloning vector. Since the transfer of plasmid
DNA requires conjugation among three bacterial strains, the process has
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been designated tripartite mating.

SUMMARY

Recombinant DNA technology comprises a battery of
experimental procedures that are used for inserting DNA
segments from one organism into a vector, often a bacterial
plasmid, and perpetuating the insert DNA—vector DNA com-
bination in a host cell. Large amounts of the insert (cloned)
DNA can be retrieved when required. The process would not
be possible without type II restriction endonucleases that
cleave DNA molecules reproducibly into fragments of discrete
sizes. These enzymes bind to specific sequences within a DNA
molecule and symmetrically cut phosphodiester bonds of
each strand at the recognition site. In addition, many other
enzymes, such as T4 DNA ligase and DNA polymerase, are
important for cloning genes.

A representative gene-cloning experiment has a number of
steps. (1) DNA is isolated from an organism that contains the
target gene and is cut with a restriction endonuclease. (2) A
DNA cloning vector is cut with the same restriction endonu-
clease used to digest the source DNA. The cloning vector has
only one of these restriction endonuclease sites. (3) The two
DNA samples are mixed with T4 DNA ligase, and various
combinations of DNA molecules, including vector DNA and
DNA from the source organism, are generated by the enzy-
matic formation of phosphodiester bonds at the ends of DNA
strands. (4) Host cells, usually E. coli, are transformed with
DNA molecules from the ligase reaction, which produces
some cells that carry vector—insert DNA constructs. Because
the vector has a DNA sequence (origin of replication) that
enables it to be replicated in the host cell, the entire construct
is perpetuated. Uptake of DNA by E. coli is facilitated by

CaCl,~heat shock treatment, electroporation, or other means.
Conjugative and mobilization functions of plasmids are used
in some cases to transfer a plasmid-gene construct to a bacte-
rium that is not readily transformed.

Finally, selection schemes are available for identifying cells
with vector-insert DNA constructs. Transformed cells are dis-
tinguished from nontransformed cells by testing for resistance
to specific antibiotics or by observing specifically colored colo-
nies. Cells with a specific cloned target gene are identified by
DNA hybridization with a homologous or heterologous
probe, by immunological determination of an encoded recom-
binant protein, by the presence of a specified enzyme activity,
or by functional (genetic) complementation. The probability of
cloning a complete gene is increased by partially digesting the
source DNA with a restriction endonuclease and forming a
library of clones consisting of overlapping sequences of an
entire genome. Vectors based on bacteriophage A, bacterio-
phage P1, P1-derived plasmid (P1 artificial chromosome), and
the F plasmid (BAC) have been developed for carrying large
pieces of DNA and constructing genomic libraries from both
prokaryotic and eukaryotic organisms.

To obtain DNA segments that encode eukaryotic proteins,
purified mRNA is used as a template for the enzyme reverse
transcriptase to synthesize a cDNA strand; in turn, this strand
acts as a template for DNA polymerase to produce a second
c¢DNA strand. After enzymatic treatment, the double-stranded
c¢DNA can be cloned into a vector. Multistep strategies have
been devised to increase the likelihood that only full-length
c¢DNA molecules are synthesized and cloned.
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