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60 i Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information

i ~10" cells - mL ™" contains only ~0.1 mg of the desired DNA, which
would be all but impossible to separate from the rest of the DNA using
classical separation techniques (Sections 5-2 and 24-3). Recombinant DNA
technology, also called molecular cloning or genetic engineering, makes it
possible to isolate, amplify, and modify specific DNA sequences.

A | Cloned DNA Is an Amplified Copy
The following approach is used to obtain and amplify a segment of DNA:

1. A fragment of DNA of the appropriate size is generated by a re-
striction enzyme, by PCR (Section 3-5C), or by chemical synthesis.

2. The fragment is incorporated into another DNA molecule known as
a vector, which contains the sequences necessary to direct DNA
replication. ;

3. The vector—with the DNA of interest—is introduced into cells,
where it is replicated.

4. Cells containing the desired DNA are identified, or selected.

Cloning refers to the production of multiple identical organisms derived
from a single ancestor. The term clone refers to the collection of cells that
contain the vector carrying the DNA of interest or to the DNA itself. In
a suitable host organism, such as E. coli or yeast, large amounts of the

inserted DNA can be produced.

Ndel, HgiEIl Cloned DNA can be purified and sequenced (Section 3-4).

Narl Alternatively, if a cloned gene is flanked by the properly positioned

Aol Eco0109 / Bgll regulatory sequences for RNA and protein synthesis, the host
e may also produce large quantities of the RNA and protein spec-
i ified by that gene. Thus, cloning provides materials (nucleic

Y i acids and proteins) for other studies and also provides a
Polylinker G . f
means for studying gene expression under controlled condi-

tions.

Cloning Vectors Carry Foreign DNA. A variety of small,
autonomously replicating DNA molecules are used as
cloning vectors. Plasmids are circular DNA molecules of 1 to
, 200 kb found in bacteria or yeast cells. Plasmids can be
‘ /AL considered molecular parasites, but in many instances they
Avall L benefit their host by providing functions, such as resistance to
' o antibiotics, that the host lacks.
Some types of plasmids are present in one or a few copies per cell and
replicate only when the bacterial chromosome replicates. However, the
. plasmids used for cloning are typically present in hundreds of copies per
HgiEII cell and can be induced to replicate until the cell contains two or three
“thousand copies (representing about half of the cell’s total DNA). The
plasmids that have been constructed for laboratory use are relatively

Avall | pUCI8
(2.69 kb)

E Figure 3-24 | The plasmid pUC18. As
shown in this diagram, the circular plasmid

contains multiple restriction sites, including a small, replicate easily, carry genes specifying resistance to one or more an-
polylinker sequence that contains 13 restriction tibiotics, and contain a number of conveniently located restriction endonu-
sites that are not present elsewhere on the plasmid.  clease sites into which foreign DNA can be inserted. Plasmid vectors can
The three genes expressed by the plasmid are be used to clone DNA segments of no more than ~10 kb. The E. coli plas-

amp®, which confers resistance to the antibiotic mid designated pUC18 (Fig. 3-24) is a representative cloning vector

ampicillin;. lacZ, which encod_es the enzyme . (“pUC” stands for plasmi dcHlRiaEal Cloning). :

fﬁff?:;?:;?:i‘:;ﬁg;ﬁfi’n “f;l?;c;nf;di;rfiifgr Bacteriophage A (Fig. 3-25) is an alternative cloning vector that can ac-
commodate DNA inserts up to 16 kb. The central third of the 48.5-kb

in Section 28-2A). : s # )
NN s ) - phage genome is not required for infection and can therefore be replaced
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by foreign DNAs of similar size. The resulting recombinant, or chimera
(named after the mythological monster with a lion’s head, goat’s body, and
serpent’s tail), is packaged into phage particles that can then be introduced
into the host cells. One advantage of using phage vectors is that the re-
combinant DNA is produced in large amounts in easily purified form.
Baculoviruses, which infect insect cells, are similarly used for cloning in
cultures of insect cells. '

Much larger DNA segments—up to several hundred kilobase pairs—can
be cloned in large vectors known as bacterial artificial chromosomes
(BACs) or yeast artificial chromosomes (YACs). YACs are linear DNA
molecules that contain all the chromosomal structures required for normal
replication and segregation during yeast cell division. BACs, which repli-
cate in E. coli, are derived from circular plasmids that normally replicate
long regions of DNA and are maintained at the level of approximately one
copy per cell (properties similar to those of actual chromosomes).

Ligase Joins Two DNA Segments. A DNA segment to be cloned is
often obtained through the action of restriction endonucleases. Most
restriction enzymes cleave DNA to yield sticky ends (Section 3-4A).
Therefore, as Janet Mertz and Ron Davis first demonstrated in 1972, a
restriction fragment can be inserted into a cut made in a cloning vector by
the same restriction enzyme (Fig. 3-26). The complementary ends of the
two DNAs form base pairs (anneal) and the sugar—phosphate backbones
are covalently ligated, or spliced together, through the action of an enzyme
named DNA ligase. (A ligase produced by a bacteriophage can also join
blunt-ended restriction fragments.) A great advantage of using a restric-
tion enzyme to construct a recombinant DNA molecule is that the DNA
insert can later be precisely excised from the cloned vector by cleaving it
with the same restriction enzyme.

Selection Detects the Presence of a Cloned DNA. The expression of
a chimeric plasmid in a bacterial host was first demonstrated in 1973 by
Herbert Boyer and Stanley Cohen. A host bacterium can take up a
plasmid when the two are mixed together, but the vector becomes perma-
nently established in its bacterial host (transformation) with an efficiency
of only ~0.1%. However, a single transformed cell can multiply without
limit, producing large quantities of recombinant DNA. Bacterial cells are
typically plated on a semisolid growth medium at a low enough density
that discrete colonies, each arising from a single cell, are visible.

Foreign DNA

1. The cloning vector and

the foreign DNA are cut
by the same restriction
endonuclease.

Cloning :

-

vector

B Figure 3-26 | Construction of a recombinant DNA molecule. 62 See the
Animated Figures. i
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[ Figure 3-25 | Bacteriophage A. During
phage infection, DNA contained in the “head” of
the phage particle enters the bacterial cell, where
it is replicated ~100 times and packaged to form
progeny phage. [Electron micrograph courtesy of
ALF. Howatson. From Lewin, B., Gene Expression,
Vol. 3, Fig. 5.23, Wiley (1977).]

2. The sticky ends of the
vector and the foreign
DNA fragments anneal
and are covalently
joined by DNA ligase. DNA

Chimeric

The result is a chimeric
DNA containing a portion
of the foreign DNA
inserted into the vector.
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Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information

It is essential to select only those host organisms that have been trans-
formed and that contain a properly constructed vector. In the case of plas-
mid transformation, selection can be accomplished through the use of an-
tibiotics and/or chromogenic (color-producing) substances. For example, the
lacZ gene in the pUCLS8 plasmid (see Fig. 3-24) encodes the enzyme B-galac-
tosidase, which cleaves the colorless compound X-gal to a blue product:

Cl
HOCH, £
HO 0_ 0 J
H l
OH @ H
H i
H OH
5-Bromo-4-chloro-3-indolyl-p-p-galactoside (X-gal)
(colorless)
H,0 p-galactosidase

HOCH,
HO 0. OH
o 4
OH H
H
H OH

p-D-Galactose 5-Bromo-4-chloro-3-hydroxyindole
(blue)

Cells of E. coli that have been transformed by an unmodified pUC18 plas-
mid form blue colonies. However, if the plasmid contains a foreign DNA
insert in its polylinker region, the colonies are colorless because the insert
interrupts the protein-coding sequence of the lacZ gene and no functional
B-galactosidase is produced. Bacteria that have failed to take up any
plasmid are also colorless due to the absence of B-galactosidase, but these
cells can be excluded by adding the antibiotic ampicillin to the growth
medium (the plasmid includes the gene amp™, which confers ampicillin
resistance). Thus, successfully transformed cells form colorless colonies in the
presence of ampicillin. Genes such as amp" are known as selectable markers.

Genetically engineered bacteriophage \ vectors contain restriction sites
that flank the dispensable central third of the phage genome. This segment
can be replaced by foreign DNA, but the chimeric DNA is packaged in
phage particles only if its length is from 75 to 105% of the 48.5-kb wild-
type A genome (Fig. 3-27). Consequently, A phage vectors that have
failed to acquire a foreign DNA insert are unable to propagate because
they are too short to form infectious phage particles. Of course, the pro-
duction of infectious phage particles results not in a growing bacterial
colony but in a plaque, a region of lysed bacterial cells, on a culture plate
containing a “lawn” of the host bacteria. The recombinant DNA—now
much amplified—can be recovered from the phage particles in the plaque.

B | DNA Libraries Are Collections of Cloned DNA

In order to clone a particular DNA fragment, it must first be obtained in
relatively pure form. The magnitude of this task can be appreciated by
considering that, for example, a 1-kb fragment of human DNA represents
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¥ Figure 3-27 | Cloning with bacteriophage . Removal of a  infectious phage particle only if the insert DNA has the appropriate
nonessential portion of the phage genome allows a segment of size. 62 See the Animated Figures.

only 0.000031% of the 3.2 billion-bp human genome. Of course, identify-
ing a particular DNA fragment requires knowing something about its
nucleotide sequence or its protein product. In practice, it is usually more
difficult to identify a particular DNA fragment from an organism and then
clone it than it is to clone all the organism’s DNA that might contain the
DNA of interest and then identify the clones containing the desired
sequence.

A Genomic Library Includes All of an Organism’s DNA. The cloned
set of all DNA fragments from a particular organism is known as its
genomic library. Genomic libraries are generated by a procedure known as
shotgun cloning, The chromosomal DNA of the organism is isolated,
cleaved to fragments of clonable size, and inserted into a cloning vector.
The DNA is usually fragmented by partial rather than exhaustive restric-
tion digestion so that the genomic library contains intact representatives of
all the organism’s genes, including those that contain restriction sites. DNA
in solution can also be mechanically fragmented (sheared) by rapid stirring.

Given the large size of the genome relative to a gene, the shotgun
cloning method is subject to the laws of probability. The number of ran-
d_Omly generated fragments that must be cloned to ensure a high proba-
bmW that a desired sequence is represented at least once in the genomic
library is calculated as follows: The probability P that a set of N clones

contains a fragment that constitutes a fraction f, in bp, of the organism’s
genome is

P =1l (3-1]
Comequently,
N = log(1 — P)/log(1 — f) [3-2]

Thus, in order for P to equal 0.99 for fragments averaging 10 kb in length,
N = 2162 for the 4600-kb E, coli chromosome and 63,000 for the 137,000-kb
Drosophila genome. The use of BAC- or YAC-based genomic libraries
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