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Preface

From the very beginning of the biotechnology revolution in the early
1970s, many scientists understood that this new technology would rad-
ically change the way that we think about health care. They understood
early on, well before any products were commercialized, that medical sci-
ence was about to undergo a major paradigm shift in which all of our
previous assumptions and approaches would change dramatically. Forty
years later, biotechnology has delivered on much of its early promise.
Hundreds of new therapeutic agents, diagnostic tests, and vaccines have
been developed and are currently available in the marketplace. Moreover,
it is clear that we are presently just at the tip of a very large iceberg, with
many more products in the pipeline. It is likely that, in the next 10 to 15
years, biotechnology will deliver not only new products to diagnose, pre-
vent, and treat human disease but also entirely new approaches to treating
a wide range of hitherto difficult-to-treat or untreatable diseases.

We have written Medical Biotechnology with the premise that it might
serve as a textbook for a wide range of courses intended for premedical
and medical students, dental students, pharmacists, optometrists, nurses,
nutritionists, genetic counselors, hospital administrators, and other indi-
viduals who are stakeholders in the understanding and advancement of
biotechnology and its impact on the practice of modern medicine. The
book is intended to be as jargon-free and as easy to read as possible. In
some respects, our goal is to demystify the discipline of medical biotech-
nology. This is not a medical textbook per se. However, a discussion of
some salient features of selected diseases is presented to illustrate the ap-
plications of many biotechniques and biochemical mechanisms. Thus, this
book may be considered a biomedical road map that provides a funda-
mental understanding of many approaches being pursued by scientists to
diagnose, prevent, and treat a wide range of ailments. Indeed, this presents
a large challenge, and the future is difficult to predict. Nevertheless, we
hope that this volume will provide a useful introduction to medical bio-
technology for a wide range of individuals.

Xvii
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Fundamental Technologies

Molecular Cloning

Molecular biotechnology uses a variety of techniques for isolating genes and
transferring them from one organism to another. At the root of these tech-
nologies is the ability to join a sequence of deoxyribonucleic acid (DNA) of
interest to a vector that can then be introduced into a suitable host. This pro-
cess is known as recombinant DNA technology or molecular cloning. A vast
number of variations on this basic process has been devised. Development
of the core technologies depended on an understanding of fundamental pro-
cesses in molecular biology, bacterial genetics, and nucleic acid enzymology
(Box 1.1). The beginning of the application of these technologies for the pur-
pose of manipulating DNA has been credited to Stanley Cohen of Stanford
University, Stanford, California, who was developing methods to transfer
plasmids, small circular DNA molecules, into bacterial cells, and Herbert
Boyer at the University of California at San Francisco, who was working
with enzymes that cut DNA at specific nucleotide sequences. They hypothe-
sized that Boyer’s enzymes could be used to insert a specific segment of DNA
into a plasmid and then the recombinant plasmid could be introduced into a
host bacterium using Cohen’s method. Within a few years, the method was
used successfully to produce human insulin, which is used in the treatment
of diabetes, in Escherichia coli. In the 25 years since the first commercial
production of recombinant human insulin, more than 200 new drugs pro-
duced by recombinant DNA technology have been used to treat over 300
million people for diseases such as cancer, multiple sclerosis, cystic fibrosis,
and cardiovascular disease and to provide protection against infectious dis-
eases. Moreover, over 400 new drugs are in the process of being tested in
human trials to treat a variety of serious human diseases.

Preparation of DNA for Cloning

In theory, DNA from any organism can be cloned. The target DNA may
be obtained directly from genomic DNA, derived from messenger ribonu-
cleic acid (mRNA), subcloned from previously cloned DNA, or synthe-
sized in vitro. The target DNA may contain the complete coding sequence

doi:10.1128/9781555818890.ch1 3
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CHAPTER 1

box 1.1

The Development of Recombinant DNA Technology

ost important technologies
are developed in small steps,
and recombinant DNA

technology is no exception. The ability
to join DNA molecules from differ-
ent sources to produce life-changing
therapeutic agents like human insulin
depends on the contributions of many
researchers. The early 1970s were

ripe for the development of recombi-
nant DNA technology following the
milestone discoveries of the structure
of DNA by Watson and Crick (Watson
and Crick, 1953) and the cracking

of the genetic code by Nirenberg,
Matthaei, and Jones (Nirenberg and
Matthaei, 1961; Nirenberg et al.,
1962). Building on this, rapid prog-
ress was made in understanding the
structure of genes and the manner in
which they are expressed. Isolating and

DNA

deoxyribonucleic acid

mRNA

messenger ribonucleic acid

preparing genes for cloning would not
be possible without type II restriction
endonucleases that cut DNA in a
sequence-specific and highly reproduc-
ible manner (Kelly and Smith, 1970).
Advancing the discovery by Herbert
Boyer and colleagues (Hedgpeth et al.,
1972), who showed that the RI restric-
tion endonuclease from E. coli (now
known as EcoRI) made a staggered
cut at a specific nucleotide sequence in
each strand of double-stranded DNA,
Mertz and Davis (Mertz and Davis,
1972) reported that the complemen-
tary ends produced by EcoRI could

1973) had been experimenting with
constructing plasmids by shearing large
plasmids into smaller random pieces
and introducing the mixture of pieces
into the bacterium E. coli. One of the
pieces was propagated. However, the
randomness of plasmid fragmentation
reduced the usefulness of the process.
During a now-legendary lunchtime
conversation at a scientific meeting in
1973, Cohen and Boyer reasoned that
EcoRI could be used to splice a specific
segment of DNA into a plasmid, and
then the recombinant plasmid could be
introduced into and maintained in E.
coli (Cohen et al., 1973). Recombinant
DNA technology was born. The poten-
tial of the technology was immediately
evident to Cohen and others: “It may
be possible to introduce in E. coli,

genes specifying metabolic or synthetic
functions such as photosynthesis, or
antibiotic production indigenous to
other biological classes.” The first com-
mercial product produced using this
technology was human insulin.

be rejoined by DNA ligase in vitro.
Of course, joining of the restriction
endonuclease-digested molecules
required the discovery of DNA ligase
(Gellert et al., 1968). In the meantime,
Cohen and Chang (Cohen and Chang,

for a protein, a part of the protein coding sequence, a random fragment
of genomic DNA, or a segment of DNA that contains regulatory elements
that control expression of a gene. Prior to cloning, both the source DNA
that contains the target sequence and the cloning vector must be cut
into discrete fragments, predictably and reproducibly, so that they can
be joined (ligated) together to form a stable molecule. Bacterial enzymes
known as type II restriction endonucleases, or (more commonly) restric-
tion enzymes, are used for this purpose. These enzymes recognize and cut
DNA molecules at specific base pair sequences and are produced natu-
rally by bacteria to cleave foreign DNA, such as that of infecting bacterial
viruses (bacteriophage). A bacterium that produces a specific restriction
endonuclease also has a corresponding system to modify the sequence
recognized by the restriction endonuclease in its own DNA to protect it
from being degraded.

A large number of restriction endonucleases from different bacteria is
available to facilitate cloning. The sequence and length of the recognition
site vary among the different enzymes and can be four or more nucleotide
pairs. One example is the restriction endonuclease HindIII from the bac-
terium Haemophilus influenzae. HindIIl is a homodimeric protein (made
up of two identical polypeptides) that specifically recognizes and binds to
the DNA sequence #45STT (Fig. 1.1A). Note that the recognition sequence
is a palindrome, that is, the sequence of nucleotides in each of the two
strands of the binding site is identical when either is read in the same
polarity, i.e., 5" to 3’. HindIII cuts within the DNA-binding site between
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Figure 1.1 Type II restriction endonucleases bind to and cut
within a specific DNA sequence. (A) HindIII makes a staggered
cut in the DNA strands producing single-stranded, complemen-
tary ends (sticky ends) with a 5’ phosphate group extension.
(B) Pstl also makes a staggered cut in both strands but produces
sticky ends with a 3" hydroxyl group extension. (C) Cleavage of

DNA with Smal produces blunt ends. Arrows show the sites of
cleavage in the DNA backbone. S, deoxyribose sugar; P, phos-
phate group; OH, hydroxyl group; A, adenine; C, cytosine; G,
guanine; T, thymine. The restriction endonuclease recognition
site is shaded. doi:10.1128/9781555818890.ch1.f1.1
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the adjacent adenine nucleotides on each strand (Fig. 1.1A). Specifically,
it cleaves the bond between the oxygen attached to the 3’ carbon of the
sugar of one nucleotide and the phosphate group attached to the 5’ car-
bon of the sugar of the adjacent nucleotide. The symmetrical staggered
cleavage of DNA by HindIII produces two single-stranded, complemen-
tary ends, each with extensions of four nucleotides, known as sticky ends.
Each single-stranded extension terminates with a 5’ phosphate group,
and the 3’ hydroxyl group of the opposite strand is recessed (Fig. 1.1A).
Some other restriction enzymes, such as Pstl, leave 3" hydroxyl extensions
with recessed 5’ phosphate ends (Fig. 1.1B), while others, such as Smal,
cut the backbone of both strands within a recognition site to produce
blunt-ended DNA molecules (Fig. 1.1C).

Restriction enzymes isolated from different bacteria may recognize
and cut DNA at the same site (Fig. 1.2A). These enzymes are known as
isoschizomers. Some recognize and bind to the same sequence of DNA
but cleave at different positions (neoschizomers), producing different
single-stranded extensions (Fig. 1.2B). Other restriction endonucleases
(isocaudomers) produce the same nucleotide extensions but have differ-
ent recognition sites (Fig. 1.2C). In some cases, a restriction endonuclease
will cleave a sequence only if one of the nucleotides in the recognition
site is methylated. These characteristics of restriction endonucleases are
considered when designing a cloning experiment.

Many other enzymes are used to prepare DNA for cloning. In addi-
tion to restriction endonucleases, nucleases that degrade single-stranded
extensions, such as S1 nuclease and mung bean nuclease, are used to gen-
erate blunt ends for cloning (Fig. 1.3A). This is useful when the recogni-
tion sequences for restriction enzymes that produce complementary sticky
ends are not available on both the vector and target DNA molecules. Blunt
ends can also be produced by extending 3’ recessed ends using a DNA
polymerase such as Klenow polymerase derived from E. coli DNA poly-
merase | (Fig. 1.3B). Phosphatases such as calf intestinal alkaline phos-
phatase cleave the 5’ phosphate groups from restriction enzyme-digested

Figure 1.2 Restriction endonucleases have been isolated from many different bacteria.
(A) Isoschizomers such as BspEI from a Bacillus species and Acclll from Acinetobacter
calcoaceticus bind the same DNA sequence and cut at the same sites. (B) Neoschi-
zomers such as Narl from Nocardia argentinensis and Sfol from Serratia fonticola
bind the same DNA sequence but cut at different sites. (C) Isocaudomers such as Ncol
from Nocardia corallina and Pagl from Pseudomonas alcaligenes bind different DNA
sequences but produce the same sticky ends. Bases in the restriction enzyme recogni-
tion sequence are shown. Arrows show the sites of cleavage in the DNA backbone.
doi:10.1128/9781555818890.ch1.f1.2

C
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Figure 1.3 Some other enzymes used to prepare DNA for cloning. (A) Mung bean
nuclease degrades single-stranded 5’ and 3’ extensions to generate blunt ends.
(B) Klenow polymerase extends 3’ recessed ends to generate blunt ends. (C) Calf alka-
line phosphatase removes the 5’ phosphate group from the ends of linear DNA mole-
cules. (D) T4 polynucleotide kinase catalyzes the addition of a 5’ phosphate group to
the ends of linear DNA fragments. Dotted lines indicate that only one end of the linear
DNA molecule is shown. doi:10.1128/9781555818890.ch1.f1.3

DNA (Fig. 1.3C). A 5’ phosphate group is required for formation of a
phosphodiester bond between nucleotides, and therefore, its removal pre-
vents recircularization (self-ligation) of vector DNA. On the other hand,
kinases add phosphate groups to the ends of DNA molecules. Among
other activities, T4 polynucleotide kinase catalyzes the transfer of the ter-
minal (y) phosphate from a nucleoside triphosphate to the 5’ hydroxyl
group of a polynucleotide (Fig. 1.3D). This enzyme is employed to pre-
pare chemically synthesized DNA for cloning, as such DNAs are often
missing a 5’ phosphate group required for ligation to vector DNA.

Insertion of Target DNA into a Plasmid Vector

When two different DNA molecules are digested with the same restriction
endonuclease, that produces the same sticky ends in both molecules, and
then mixed together, new DNA combinations can be formed as a result
of base-pairing between the extended regions (Fig. 1.4). The enzyme DNA
ligase, usually from the E. coli bacteriophage T4, is used to reform the
phosphodiester bond between the 3’ hydroxyl group and the 5’ phos-
phate group at the ends of DNA strands that are already held together by
the hydrogen bonds between the complementary bases of the extensions
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BamHI recognition site

(Fig. 1.4). DNA ligase also joins blunt ends, although this is generally
much less efficient.

Ligation of restriction enzyme-digested DNA provides a means to sta-
bly insert target DNA into a vector for introduction and propagation in
a suitable host cell. Many different vectors have been developed to act
as carriers for target DNA. Most are derived from natural gene carriers,
such as genomes of viruses that infect eukaryotic or prokaryotic cells and

Figure 1.4 Ligation of two different DNA fragments after digestion of both with
restriction endonuclease BamHI. Complementary nucleotides in the single-stranded
extensions form hydrogen bonds. T4 DNA ligase catalyzes the formation of phos-
phodiester bonds by joining 5’ phosphate and 3’ hydroxyl groups at nicks in the
backbone of the double-stranded DNA. d0i:10.1128/9781555818890.ch1.f1.4
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integrate into the host genome or plasmids that are found in bacterial or
fungal cells. Others are synthetically constructed artificial chromosomes
designed for delivery of large pieces of target DNA (>100 kilobase pairs
[kb]) into bacterial, yeast, or mammalian host cells. Many different vec-
tors that carry sequences required for specific functions, for example, for
expression of foreign DNA in a host cell, are described throughout this
book. Here, vectors based on bacterial plasmids are used to illustrate the
basic features of a cloning vector.

Plasmids are small, usually circular, double-stranded DNA molecules
that are found naturally in many bacteria. They can range in size from less
than 1 kb to more than 500 kb and are maintained as extrachromosomal
entities that replicate independently of the bacterial chromosome. While
they are not usually essential for bacterial cell survival under laboratory
conditions, plasmids often carry genes that are advantageous under par-
ticular conditions. For example, they may carry genes that encode resis-
tance to antibiotics or heavy metals, genes for the degradation of unusual
organic compounds, or genes required for toxin production. Each plas-
mid has a sequence that functions as an origin of DNA replication that is
required for it to replicate in a host cell. Some plasmids carry information
for their own transfer from one cell to another.

The number of copies of a plasmid that are present in a host cell is
controlled by factors that regulate plasmid replication and are charac-
teristic of that plasmid. High-copy-number plasmids are present in 10
to more than 100 copies per cell. Other, low-copy-number plasmids are
maintained in 1 to 4 copies per cell. When two or more different plasmids
cannot coexist in the same host cell, they are said to belong to the same
plasmid incompatibility group. But plasmids from different incompatibil-
ity groups can be maintained together in the same cell. This coexistence
is independent of the copy numbers of the individual plasmids. Some mi-
croorganisms have been found to contain as many as 8 to 10 different
plasmids. In these instances, each plasmid can carry out different func-
tions and have its own unique copy number, and each belongs to a differ-
ent incompatibility group. Some plasmids can replicate in only one host
species because they require very specific proteins for their replication
as determined by their origin of replication. These are generally referred
to as narrow-host-range plasmids. On the other hand, broad-host-range
plasmids have less specific origins of replication and can replicate in a
number of bacterial species.

As autonomous, self-replicating genetic elements, plasmids are useful
vectors for carrying cloned DNA. However, naturally occurring plasmids
often lack several important features that are required for a good cloning
vector. These include a choice of unique (single) restriction endonuclease
recognition sites into which the target DNA can be cloned and one or
more selectable genetic markers for identifying recipient cells that carry
the cloning vector—insert DNA construct. Most of the plasmids that are
currently used as cloning vectors have been genetically modified to in-
clude these features.

An example of a commonly used plasmid cloning vector is pUC19,
which is derived from a natural E. coli plasmid. The plasmid pUC19 is
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