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THE USES OF RECOMBINANT DNA

 

In the 1970s a new technology emerged allowing molecular biologists to isolate and
characterize genes and their protein products with unprecedented power and preci-
sion. One important result was the ability to recombine segments of DNA from
diverse sources into new composite molecules, or recombinants. In developing and
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applying this technology, the molecular biologists drew on several different areas
of basic research, including the enzymology of nucleic acid and protein synthesis,
the details of antibiotic resistance in bacteria, and the mechanisms by which viruses
infect bacteria and how those bacteria protect themselves against such infections.
The collection of techniques for manipulating DNA and making recombinant mol-
ecules is known today as recombinant DNA technology or genetic engineering. 

Recombinant DNA technology is now in routine use in basic and clinical
research. It has led to new therapeutic agents, such as pure human insulin for
diabetics that avoids immunological side reactions to insulin derived from animal
sources, and pure human growth hormone in sufficient quantities for routine therapy
of dwarfism. New diagnostic agents have been derived that allow early and precise
characterization of infections and genetic diseases, with improved prospects for
successful therapy as a result. Therapy at the level of repair of the genetic defect in
a few genetic diseases is not far away, and genetic engineering is playing a central
role in the development of new antiviral and anticancer agents. Finally, genetically
engineered microorganisms are in increasing use in industry, in the production of
organic chemicals (including pharmaceuticals), and in the detoxification of chemical
waste and spills.

To understand how these modern methods work, it is necessary first to review
some general laboratory techniques ubiquitous in genetic engineering. Among the
most important are gel electrophoresis of nucleic acids, nucleic acid hybridization
assays, and the polymerase chain reaction.

 

GEL ELECTROPHORESIS

 

When an electric field is applied through electrodes to a solution of charged mole-
cules, the positively charged molecules will move toward the negative electrode,
while the negatively charged molecules will move toward the positive electrode. The
motion of these molecules in response to the electric field is referred to as electro-
phoresis. DNA molecules of course carry a high negative charge, and so they will
electrophorese toward a positive electrode. For large DNA molecules in free solution
both the electrical force per unit length and the hydrodynamic drag per unit length
are constant (the DNA behaves as a free-draining polymer). Thus, for a given DNA
molecule, the magnitudes of both forces are each proportional to the length of that
molecule. However, the electrophoretic mobility is proportional to the 

 

ratio

 

 of these
forces, and so the electrophoretic mobility of these large DNA molecules is 

 

inde-
pendent

 

 of size. The result is that free solution electrophoresis is not a useful way
to separate large DNA molecules by length. For small DNA molecules, which behave
hydrodynamically as rods, there is a (weak) logarithmic dependence of the electro-
phoretic mobility on the length of the DNA, but this is not enough to make free
solution electrophoresis convenient for separating small DNA molecules. 

Instead of open solutions, nowadays one uses gels of agarose (a polysaccharide
extracted from certain algae) or polyacrylamide (a synthetic polymer) that are cross-
linked to form a network of pores in the gel. The gel matrix provides a sieving effect,
retarding the migration of large molecules more than of the small molecules. The
result is that small DNA molecules electrophorese through the gel more rapidly than
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large ones. The use of the gel matrix also reduces any convective mixing, an
undesirable effect that would degrade resolution. By proper choice of the gel con-
centration and of the degree of cross-linking, the pore size can be adjusted to optimize
the size resolution. It is possible to resolve DNA species that differ in length by
only one base pair, in molecules that may be hundreds of base pairs in overall length.
Electrophoresis can also be used with single-stranded DNA or RNA, with the same
sort of resolution.

DNA molecules of the same length will move through the gel at the same rate.
Assuming that the DNA sample is applied to the gel in a small volume, so that the
applied sample forms a very thin layer of liquid at one end of the gel, then the DNA
molecules will migrate through the gel as sharp bands, each band having DNA
molecules of the same length. A DNA sample with many different sizes of molecules
will thus yield many DNA bands upon electrophoresis (Figure 3.1), while a purified
DNA sample whose molecules are all of the same length will show only one band. 

In a typical experimental setup, the agarose or polyacrylamide is cast as a slab (a
slab gel); the slab may be cast vertically, between two glass plates, or (for agarose but
not polyacrylamide) it may be cast horizontally onto a single plate. Before the gel is
actually poured for casting, a plastic template with multiple teeth, which resembles a
coarse comb, is inserted at the top of the slab. This is done so that the solidified gel
will keep the impression of those teeth as a series of indentations or wells that can
hold individual DNA samples. The different DNA samples can then be run side-by-
side on the same gel, which facilitates comparison of the DNA sizes from sample to
sample. A typical slab gel might have 10 to 40 such sample wells, so that a large
number of DNA samples may be compared simultaneously (see Figure 3.2).

 

FIGURE 3.1

 

The principle of separation of DNA by gel electrophoresis. A DNA sample is
applied to the top of the gel, and the gel acts as a sieve to separate the DNA by size. 
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After a suitable period of electrophoresis, the DNA samples on the slab gel can
be visualized by staining. A common stain is the dye ethidium bromide. This dye
binds to DNA and becomes highly fluorescent when ultraviolet light is shined on
it. The regions on the gel where there is DNA will then appear as bright orange-red
bands under a blacklight, and it is easy to mark their positions by photography.
Alternatively, if the DNA is radioactively labeled, then the gel can be dried and
placed in the dark next to a sheet of unexposed x-ray film. The x-ray film will be
exposed by the radioactivity in the various DNA bands; the developed film will have
dark bands exactly where the DNA bands were located in the gel. This process of
using x-ray film to locate radioactivity is referred to as 

 

autoradiography

 

. 

 

NUCLEIC ACID HYBRIDIZATION ASSAYS 

DNA S

 

TRUCTURE

 

 

 

AND

 

 C

 

OMPLEMENTARY

 

 B

 

ASE

 

 P

 

AIRING

 

DNA in cells exists mainly as double-stranded helices. The two strands in each helix
wind about each other with the strands oriented in opposite directions (antiparallel
strands). The bases of the nucleotides are directed toward the interior of the helix,
with the negatively charged phosphodiester backbone of each strand on the outside
of the helix. This is the famous B-DNA double helix discovered by Watson and
Crick (Figure 3.3). 

In this structure, the bases on opposite strands pair up with each other in a
very specific way: adenine (A) pairs with thymine (T), and guanine (G) pairs with

 

FIGURE 3.2

 

A slab gel electrophoresis apparatus. A voltage source generates an electric
potential difference between the upper and lower buffer chambers, causing the applied DNA
sample to migrate through the gel toward the positive electrode. 
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cytosine (C). This is referred to as Watson-Crick pairing of complementary bases
(Figure 3.4). The term “complementary” is further used to describe the match of
one strand of the helix with the other, when all the bases obey Watson-Crick rules
of pairing (Figure 3.5). 

The specificity of pairing is governed by hydrogen bonding and steric fit of the
bases with each other. To fit into the interior of the helix, a purine base must match
up with a pyrimidine base; purine-purine or pyrimidine-pyrimidine pairs simply will
not fit within the steric constraints of the double helix. If forced into a double-
stranded molecule, such pairings will distort and destabilize the helix. It is possible
to mispair a purine with a pyrimidine (e.g., adenine and cytosine, or guanine and
thymine), but these pairings lack the proper match of hydrogen bond donors and
acceptors, and they destabilize the native structure appreciably. 

 

DNA R

 

ENATURATION

 

, A

 

NNEALING

 

, 

 

AND

 

 H

 

YBRIDIZATION

 

Double-stranded DNA molecules with one or more mispairs are more easily dis-
rupted or denatured than are properly and fully paired double helices; the more
mispairing, the less the stability of the molecule. If a DNA molecule, with or without
mispairs, is too unstable, then the two strands will dissociate from one another to

 

FIGURE 3.3

 

The B form of the DNA double helix, showing major and minor grooves.
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form two single-stranded DNA molecules. In general, low salt concentration or high
temperature will cause this so-called helix-coil transition.

It is possible to renature the separated strands of a DNA molecule by the process
of annealing (Figure 3.6). Here, the complementary DNA strands in a hot solution
will pair up with one another as the solution slowly cools, and eventually the
complete double helix can be recovered with all the bases properly aligned and
paired. (Rapid cooling of the solution would result in quenching, in which the pairing
of strands would be incomplete, and unstable intermediates are kinetically trapped
as the main product.) It is also possible to “hybridize” two strands of DNA that do
not have entirely complementary sequences, provided there is substantial agreement
in pairing. Such molecules are, of course, less stable than those with complete
Watson-Crick pairing, and they will tend to dissociate at lower temperatures or higher
salt concentrations than the corresponding correctly paired molecules. By manipu-
lating the temperature and salt concentration the hybridization can be controlled to
permit only correctly paired molecules to form; alternatively, less stringent condi-
tions might be used to allow a certain level of mispairing in the duplexes formed.

 

H

 

YBRIDIZATION

 

 A

 

SSAYS

 

A variety of techniques have been developed that take advantage of the ability of
single-stranded DNA (or RNA) molecules to pair up with and hybridize to other

 

FIGURE 3.4

 

Watson-Crick base pairing in DNA. Adenine is complementary to thymine, and
guanine is complementary to cytosine.
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single-stranded nucleic acid chains. These hybridization assays can be used to
determine whether a particular DNA or RNA sequence is present in a sample that
contains a wide variety of nucleic acid fragments. This can be useful in diagnosing
a viral infection, in detecting bacterial pathogens in biological samples, in screening
for different genetic alleles, and in analyzing forensic samples. 

The general procedure is as follows. A sample of nucleic acid, which may contain
a particular sequence of interest (the target sequence), is denatured and affixed to a

 

FIGURE 3.5

 

Double-stranded DNA showing complementary pairing of bases along two
antiparallel strands. Sugar moieties are represented by 

 

pentagons

 

, phosphate moieties by the

 

circles

 

, and hydrogen bonds by the 

 

dotted lines

 

 connecting the complementary bases.

 

FIGURE 3.6

 

Annealing of two complementary strands of DNA to form a fully paired double-
stranded molecule.
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suitable membrane. Then the membrane is washed with a labeled oligonucleotide
(the probe) whose sequence matches a part of that of the target. A positive signal
indicates that the probe DNA found a complementary sequence on the membrane
to hybridize with, and that consequently the target sequence was present in the
sample.

Since hybridization assays are so ubiquitous in recombinant DNA work, it is
worthwhile to look at some of the details of the method and some commonly used
variants.

The dot-blot assay is perhaps the simplest variant. DNA is prepared from a
biological sample thought to contain a selected target sequence. For example, this
target might be a key part of a viral gene that would identify that virus, and the
assay used to determine the presence or absence of that virus in the sample. Alter-
natively, the target might be the region of the human hemoglobin gene that deter-
mines the sickle cell characteristic, and the assay used to check for the presence or
absence of this allele. In any case, the sample DNA is extracted, denatured by alkali,
then simply applied in a small spot or dot to a membrane of nitrocellulose or nylon;
the term dot-blot derives from this method of applying DNA to a membrane. The
DNA is fixed in place on the membrane by heating (for nitrocellulose membranes)
or by cross-linking with ultraviolet light (for nylon membranes). The membrane is
then bathed with a solution containing the probe sequence, under selected conditions
that promote specific hybridization of the probe to the target. The membrane is washed
to remove excess probe, then dried. 

The probe species is often radioactively labeled, or it may carry a fluorescent tag,
or some other chemical or enzymatic moiety to generate a positional signal. For
radioactive labeling, a common choice of radioisotope is phosphorus-32 (or 

 

32

 

P),
because it can be incorporated as phosphate into DNA or RNA relatively easily, and
it emits energetic beta particles that are easy to detect. The radioactivity on the
membrane can be used to expose an adjacent x-ray film in a pattern corresponding to
the radioactive spots on the membrane. After a suitable exposure time, one develops
the film and studies the location and intensity of the images of the radioactive spots to
deduce the position and degree of probe hybridization on the membrane.

The Southern blot method is often used in research work, particularly in con-
structing genetic maps. It is used to detect DNA fragments that carry a specific target
sequence and that have been separated into bands of identical molecules by electro-
phoresis on a slab gel (Figure 3.7). The DNA in the slab gel is denatured by alkali,
which exposes the single strands to potential hybridization partners. Then a sheet
of nitrocellulose membrane is laid over the slab gel, and this is then covered with
many layers of absorbent paper. The stack of absorbent paper acts as a wick to draw
the moisture from the slab gel. As the water passes from the gel to through the
membrane it carries with it the denatured DNA molecules. The DNA is bound by
the nitrocellulose to form a replica of the original pattern of DNA bands on the slab
gel, or, in other words, a “blot” of the slab gel (Figure 3.8). After sufficient time for
the blotting to reach completion, the membrane is dried by baking, to fix the DNA
molecules in place. Next, the membrane is incubated with a solution containing a
labeled probe oligonucleotide, whose sequence is complementary to the target
sequence. Then excess probe is washed away and the membrane inspected for signs
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32

 

P-labeled probes are commonly used, along with autoradiography
to detect hybridization.

Another variant of the hybridization assay is the Northern blot. Here it is RNA,
not DNA, that is separated on a slab gel and transferred to a membrane. In the
original version of the method, a special chemically treated cellulose membrane was
used to hold the RNA, since nitrocellulose does not normally bind RNA. However,
conditions have now been found where nitrocellulose will indeed retain RNA mol-
ecules. Nylon membranes can also be used. Radiolabeled DNA probes and autora-
diography are then employed as above in the Southern blot method. The method is
often useful in studying how levels of RNA species in a cell vary with stages of
development and differentiation.

In all of the hybridization assays, the conditions of salt and temperature must
be carefully selected to permit proper hybridization. Typically, hybridization condi-
tions are used that are stringent enough to allow only perfectly complementary
sequences to renature. If the conditions are not sufficiently stringent, then one has
a problem with the probe binding to too many different sequences on the membrane.
In this situation there will be a large amount of background noise from the nonspe-
cifically bound probe, which may hide a weak positive signal from the probe
molecules that have bound specifically. Thus, great care must be taken in performing
the hybridization if its sensitivity is to be preserved.

The amount of probe hybridization onto a membrane-bound sample is, of course,
limited by the amount of complementary target nucleic acid present in that sample;

 

FIGURE 3.7

 

Visualization by autoradiography of electrophoresed, radiolabeled DNA. After
electrophoresis the DNA bands are blotted onto a nitrocellulose membrane, and x-ray film is
placed next to the membrane. The positions of labeled DNA bands appear when the film is
developed. 
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the greater the amount of complementary DNA (or RNA) in the sample, the stronger
the signal from the hybridization assay. A single target molecule in the sample is
usually not enough for reliable detection unless the probe is extremely radioactive,
and for a reliable assay it is desirable to have many copies of the target sequence
present in a sample. One way to do this is to “amplify” the target sequence, using
the polymerase chain reaction.

 

THE POLYMERASE CHAIN REACTION

 

One area of basic biochemical research that has paid unexpected dividends is DNA
replication. Enzymological work here has characterized the various DNA poly-
merases in bacterial and eukaryotic cells. With progress in the biochemical charac-
terization of these enzymes, new applications have been found for them in research

 

FIGURE 3.8

 

Setup for a Southern blot. The agarose gel containing the separated DNA is
placed in contact with a nitrocellulose sheet, then pressed with filter paper and paper towels.
The buffer in the wet gel moves by capillary action into the filter paper and towels; the lower
reservoir of buffer helps promote the migration of the DNA from the gel onto the nitrocellulose
sheet. 
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and medicine. One of the most important and exciting is their use in the so-called
polymerase chain reaction (PCR). PCR is a technique that produces millions of exact
copies of a selected DNA sequence out of a mixed population of DNA molecules.
The DNA amplification possible with PCR is now being used in forensic tests to
identify criminal suspects or to determine paternity, in characterizing genetic disor-
ders, and in recombinant DNA research.

 

T

 

EMPLATES

 

, P

 

RIMERS

 

, 

 

AND

 

 DNA P

 

OLYMERASE

 

PCR is based on the ability of single-stranded DNA to pair up with a complementary
single-stranded molecule to form a double-stranded molecule. This annealing or
hybridization of single-stranded DNA into duplexes occurs spontaneously under
certain well-understood conditions of temperature, pH, and salt (see above the
section on hybridization assays). With the proper choice of sequence, one can readily
anneal a short oligonucleotide to a much longer molecule and expect to have exact
base pairing so that the oligomer attaches to the long DNA at only the exact
complementary sequence. The resulting DNA molecule will have at least one duplex
region flanked by single-stranded regions (Figure 3.9).

If one then adds DNA polymerase and sufficient amounts of all four deoxyri-
bonucleotide triphosphates to a solution containing the hybridized DNA, the DNA
polymerase will bind to the duplex region and start to synthesize new DNA that is
complementary in sequence to the single-stranded region. The DNA polymerase
synthesizes new DNA by stepwise attachment of the 5

 

′

 

 phosphate of an incoming

 

FIGURE 3.9

 

The polymerase chain reaction (PCR). A target sequence is cut at either end,
denatured, and annealed with two oligonucleotide primers; the primers are complementary
to regions flanking the target sequence, on opposite strands as shown. DNA polymerase then
copies the exposed single-stranded region, which includes the target sequence. The duplex
molecules are denatured, annealed with more primers, and polymerized again. Repeated cycles
of denaturation, primer annealing, and polymerization lead to large numbers of identical DNA
molecules.
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nucleotide to an existing 3

 

′

 

 hydroxyl group on the end of the duplex region; the
incoming nucleotide triphosphate is hydrolyzed to the monophosphate, and it is the
nucleotide monophosphate that is actually incorporated into the new DNA. Synthesis
proceeds in only one direction, thus only the 3

 

′

 

 end of the oligomer receives the new
DNA. In this process, the oligomer that is elongated is referred to as a primer and
the longer polynucleotide, whose sequence is complementary to the new DNA, is
referred to as the template. Under appropriate conditions, the DNA polymerase is
capable of duplicating DNA for several hundred to a few thousand bases, so quite
long single-stranded regions can be duplicated.

 

T

 

HE

 

 PCR A

 

MPLIFICATION

 

 P

 

ROCESS

 

Suppose one were interested in detecting a particular DNA sequence, say a viral
gene in an infected cell culture, and that by other means one already knew the
sequence of the gene. The problem is to distinguish the particular viral DNA
sequence in a mixture containing DNA from all the other viral genes as well as from
the host cell. With PCR, one can amplify the desired DNA sequence to the point
where the rest of the DNA can be ignored, and so the viral gene’s presence can be
easily detected, for example, by using a hybridization assay.

To do this, one must first chemically synthesize two sets of DNA oligomers to
use as primers for DNA polymerase. The sequence of each of the primers is carefully
chosen to match the viral DNA sequence just within—or just outside, if possible—
the gene of interest, one primer for each end of the gene. The primers’ sequences
are chosen so that they will hybridize to opposite strands, with their 3

 

′

 

 ends pointing
toward one another (refer to Figure 3.9 again).

Next, the mixture of viral and host DNA is denatured by heating, and a great
excess of the two sets of primers is added. On cooling, the primers hybridize to their
respective complementary sequences on the viral DNA, and a heat-stable DNA
polymerase is added along with sufficient deoxynucleotide triphosphates for DNA
synthesis to proceed. (The biological source of the commonly used DNA polymerase
is the thermophilic bacterium

 

 Thermus aquaticus

 

, and the polymerase is known as
Taq polymerase.) The timing and concentration of reagents are controlled so that
DNA synthesis will extend from one primer sequence past the sequence comple-
mentary to the other primer. The reaction is halted by heating, which dissociates the
newly synthesized DNA from the template DNA. 

As the mixture cools, the original single-stranded viral DNA will bind primer
oligomers again; more important, the newly synthesized DNA can also bind primers,
because it was extended from one primer past the sequence complementary to the
other primer. The DNA polymerase again synthesizes DNA, this time using as
templates not only the original viral sequence but also the newly synthesized DNA.
After sufficient time, the reaction is again quenched by heating, and the DNA
duplexes dissociate. Repeating this cycle—reaction, heating and dissociation, then
cooling and hybridization of fresh primer—leads to more and more copies of the
DNA sequence that lies between the two primer sequences. Since the newly syn-
thesized DNA is itself a template for more DNA synthesis, copies will be made of
copies in an ever-widening chain of reactions, hence the term 

 

polymerase chain
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reaction

 

 (Figure 3.10). The number of copies of the selected region doubles with
each cycle (ignoring slight inefficiencies in the process). After 20 cycles, a mixture
containing a single copy of the selected sequence will have nearly 2

 

20

 

, or about one
million copies of that sequence. Virtually all the DNA now present is the desired
sequence, with the other viral and host DNA sequences constituting only a tiny
fraction of the total DNA. In this way, a DNA sample originally containing only a
single copy of the sequence of interest can be treated to enrich the sample with an
overwhelming number of copies of that sequence.

 

A

 

PPLICATIONS

 

 

 

OF

 

 PCR

 

The polymerase chain reaction has numerous applications in basic research, and its
use as a diagnostic tool is expanding. The main limitation to the method is that, to
synthesize appropriate oligonucleotide primers, the sequence of at least part of the
molecule to be amplified must be known beforehand.

Basic research applications include virtually any operation in which one would
like to produce many copies of a particular nucleic acid sequence, even though the
original may be only a single molecule in a vast mixture of all manner of sequences.
It is relatively easy to amplify with PCR a single copy of a gene to the point where
DNA sequencing can be done on it, or to make sufficient quantities of the gene’s
sequence for cloning into bacteria for studies on expression of the gene and char-
acterization of the protein product, if any.

Diagnostic applications of PCR include relatively rapid and accurate identifica-
tion of pathogens of various types, including bacteria, viruses, and parasites. DNA
can be amplified from samples of tissue or from biological fluids such as blood.

 

FIGURE 3.10

 

Polymerase chain reaction can amplify a single molecule of DNA into millions
of identical copies.
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To make a diagnosis, one chooses the proper primer sequences to amplify the
pathogen’s DNA; this can be done with quite dilute samples that contain a relatively
high level of “background” DNA from the patient’s own cells. PCR is also a valuable
tool in identifying various genetic diseases. Again, the DNA sample can come from
tissue or biological fluid. This time, the primer sequences are chosen to flank the
DNA sequence of the genetic site in question; the resulting amplified DNA is then
tested for a match to known alleles of the gene.

 

CONSTRUCTING RECOMBINANT DNA MOLECULES

 

With recombinant DNA technology, one can use bacteria, yeast, or cultures of special
types of cells from higher organisms to obtain large amounts of a protein that the
cell would not otherwise normally produce, for example, human growth hormone
production in 

 

E. coli

 

. Of course, the production of these foreign proteins means that
the cultured organism must have acquired the DNA for the gene for the particular
protein. Molecular biologists now have a very successful general strategy for doing
this. The details will differ from case to case, but the general plan is usually the same.

The steps in this strategy are 

1. Make or isolate the DNA for the gene of interest
2. Cut and join this DNA to another type of DNA molecule to prepare it for

transfer into the production organism
3. Introduce the joined DNA into the cell
4. Check the cells for the acquisition of the DNA and expression of the

foreign gene
5. Grow the cells in large amounts for peptide production

 

DNA C

 

LONES

 

The term “clone” originally referred to a population of genetically identical cells or
organisms, all having the same single ancestor and all being derived by asexual
reproduction. “Cloning” in recombinant DNA work now usually refers to the inser-
tion and multiplication of identical molecules of DNA in a host organism.

 

Sources of DNA for Cloning

 

By using the genetic code, one can take the amino acid sequence of a given protein
and come up with a series of trinucleotide codons that would direct that protein’s
synthesis. Then, thanks to advances in nucleic acid chemistry, the DNA with those
codons in the proper sequence can readily be made in a laboratory. In short, one
can synthesize an artificial gene.

For short peptides, one could simply make a single-stranded oligonucleotide for
one strand of the gene DNA, then make the complementary strand and hybridize
the two strands together. (Actually, because of the redundancy of the genetic code,
usually several different DNA sequences would code for the same amino acid
sequence.) For very long amino acid sequences, the direct chemical synthesis of the
corresponding gene might have to be done in stages. A series of single-stranded
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oligonucleotides are made that overlap in sequence, so that they can partially hybrid-
ize to their neighbors (Figure 3.11). The oligonucleotides’ sequences are chosen to
represent alternating strands. Once hybridized, the complete double-stranded DNA
gene is made by using DNA polymerase and the necessary deoxynucleotide triphos-
phates to fill in the single-stranded regions. Finally, DNA ligase is used to reseal
any nicks (broken phosphodiester linkages) in the DNA backbone. 

For proteins of high molecular weight, the direct chemical synthesis of the
corresponding gene is fairly tedious. Moreover, the direct synthesis strategy requires
knowing the entire amino acid sequence of the protein to construct the proper
nucleotide sequence in the gene. For large or rare proteins, this information may be
unknown. A general alternative strategy is then to construct a gene library or gene
bank, and then screen or select the DNA for the gene of interest from this library.
Methods for screening or selecting genes are discussed below; here the focus is on
the construction of the library.

One method is to extract the entire chromosomal DNA, then to cut the DNA
randomly into many pieces. The cutting can be done by mechanical shearing of the
DNA solution; the conditions are typically chosen to produce random fragments that
are 20,000 to 40,000 base pairs in length. This fragment size is long enough to
contain most or all of a typical gene, but short enough to be cloned by present-day
techniques. 

Another method is to extract the DNA, then treat it with an enzyme that cleaves
double-stranded DNA at specific sequences (a restriction enzyme; see below). By
partially digesting the DNA, large fragments can be generated; moreover, these
fragments will contain identical overlapping sequences at their ends that will help
later in the cloning process. 

 

FIGURE 3.11

 

Construction of a synthetic gene from chemically synthesized oligonucle-
otides. 
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How many clones must be made to be reasonably sure that a library will contain
a particular gene? This depends on the size of the genome studied and the size of
the fragment cloned; the larger the fragment or the smaller the genome, the fewer
the number of clones required for the library. Depending on the degree of certainty
demanded, a library adequate for 

 

E. coli

 

 might contain only 700 clones, but a human
genome library might require over 4 million clones.

A third alternative starts with an extract of RNA, not DNA. Mature eukaryotic
mRNA contains a long run or tail of adenine residues at its 3 end. The poly(rA) tail
can be hybridized with an oligomer of thymine residues, and the oligo(dT) can then
be used as a primer for a particular kind of DNA polymerase known as reverse
transcriptase. This enzyme, a polymerase associated with retroviruses, will use RNA
as a template to make a complementary DNA copy of the RNA, creating a DNA-
RNA double-stranded hybrid. In another round of synthesis, the enzyme can replace
the RNA strand entirely with DNA, so that the RNA-DNA hybrid is completely
converted to double-stranded DNA containing an exact copy of the original RNA
sequence. This DNA molecule is known as cDNA because it has a strand that is
complementary to (or a copy of) the original RNA. 

Unless the mRNA for a particular gene has been purified away from all the other
mRNA species, the result of using reverse transcriptase is to make cDNA copies of all
the different mRNA species originally present, including that for the gene of interest.
This mixture of cDNA species can be cloned in much the same way as genomic DNA
to give a gene library, but with the important difference that only DNA from expressed
genes (i.e., those for which mRNA is made) will be present in the library. Gene control
sequences and unexpressed genes may be missing from the library, which may limit
its usefulness. For those genes that are expressed, however, the cDNA cloning route is
often an attractive one, since it reduces the number of clones that must go into the library.
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Early basic research on viral infections of 

 

E. coli

 

 led to the discovery of enzyme
systems that protect the bacterium against viral infection. These restriction systems,
so-called because they restrict the growth of the virus, were found to be of two
general types, differing in their enzymology. Type II systems are now used in
recombinant DNA work.

Type II systems have two enzymes, a DNA methylase and a DNA endonuclease.
Both enzymes recognize and act on the same particular sequence of DNA, generally 4
to 6 base pairs in length, which is known as the recognition sequence or restriction site.
Methylation of one or two bases in the site by the methylase will usually block action
by the endonuclease at that site; if the sequence is unmethylated, the endonuclease
hydrolyzes both strands of the DNA phosphodiester backbone to cleave the DNA.
Bacterial DNA is methylated soon after it is synthesized, and thus it is protected against
cleavage. However, the DNA of an invading virus usually is not methylated properly,
and so the restriction endonuclease cleaves it into fragments to block the infection.

The recognition sequences of type II restriction endonucleases are usually symmet-
ric; they have a twofold axis of symmetry so that they read the same in the 5

 

′

 

-to-3

 

′

 

sense along opposite—but, of course, complementary—strands. Such sequences are
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called 

 

palindromes

 

. An example of an English palindrome is A MAN, A PLAN, A
CANAL, PANAMA. An example of such a palindromic DNA sequence is the
recognition sequence for the restriction endonuclease 

 

Eco

 

RI: the sequence is

(5

 

′

 

) GAATTC (3

 

′

 

)
(3

 

′

 

) CTTAAG (5

 

′)

The EcoRI endonuclease cleaves this hexanucleotide sequence on each strand
between the G and the first A residue (reading 5′-to-3′); this point of cleavage is
marked by arrows in the sequences in Table 3.1. Notice that the points of cleavage
are offset, or staggered, for EcoRI. Not all restriction endonucleases make staggered
cuts in DNA; some cleave the DNA without any offset, to produce blunt-ended cuts.

Cleavage by the EcoRI enzyme produces a single-stranded tail of four nucleotides
on the resulting DNA fragments. These tails are, of course, complementary in
sequence, and they can be paired up again under the proper conditions (hence they
are often called “sticky ends”). The breaks, or nicks, in the DNA backbone can be re-
sealed into covalent bonds by the action of the enzyme DNA ligase and an intact DNA
molecule is thus recovered. A key point here: the joining of the ends depends only on
the sequence of the single-stranded tails on the DNA. As long as the tails are comple-
mentary, any two DNA fragments can be ligated. This makes it possible to join together
into a single molecule DNA fragments from quite different sources (e.g., animal and
bacterial cells) and to rearrange DNA segments to produce novel genetic combinations
that create new enzymes, receptors, or other proteins of interest (Figure 3.12). 

As mentioned before, DNA for cloning is sometimes prepared by shearing high
molecular weight chromosomal DNA. This produces random double-strand breaks
in the DNA, so that a wide range of sizes of randomly broken DNA results. These
molecules will lack the standardized sticky ends generated by restriction enzymes
that make the annealing of different DNA molecules so easy. Also, cDNA will lack
sticky ends, because there is no reason for mRNA to have sequences at its 5′ and
3′ ends that will lead to convenient restriction sites. How are such DNA molecules
prepared for cloning?

TABLE 3.1
Properties of Selected Restriction Endonucleases

Enzyme Source Recognition Sequence

EcoRI Escherichia coli G↓AATTC
BamHI Bacillus amyloliquifaciens H G↓GATCC
BglII Bacillus globigii A↓GATCT
SalI Streptomyces albus G↓TCGAC
PstI Providencia stuartii 164 CTGCA↓G
HpaII Hemophilus parainfluenzae C↓CGG
HindII Hemophilus influenzae Rd GTPy↓PuAC
HindIII Hemophilus influenzae Rd A↓AGCTT
HaeIII Hemophilus aegyptius GG↓CC
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One method is to attach single-stranded homopolymer tails (e.g., a run of G
residues) to the 3′ ends of all the double-stranded DNA to be cloned, and comple-
mentary homopolymer tails (e.g., a run of C residues) to the 5′ ends of the cloning
vehicle DNA (see the following the section on DNA vectors). These tails are synthe-
sized and attached enzymatically, using the enzyme terminal deoxynucleotidyl trans-
ferase. Since the tails are complementary, the fragments will anneal by their tails to
form a nicked or gapped region of double-stranded DNA. DNA polymerase can then
be used to fill in the gaps in the annealed molecules, and ligase can be used to seal
up the nicks, yielding completely joined molecules, suitable now for cloning.

Another method is to enzymatically add suitable restriction sites to the blunt ends
of the DNA. For this, a specially designed blunt-ended synthetic oligonucleotide
species, known as a “linker,” is added and enzymatically ligated to the larger DNA.

FIGURE 3.12 Using “sticky ends” generated by the action of a restriction endonuclease to
recombine DNA sequences. 
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This oligonucleotide contains sequences for one or more restriction sites, and after
digestion with the proper restriction enzyme, the whole molecule will now have the
proper sticky ends.

Finally, DNA ligase can be used to join two blunt-ended fragments of DNA.
This is not very efficient, however, since the complex of enzyme with two blunt-
ended DNA molecules is not stabilized by pairing of sticky ends, and it is therefore
unlikely to form. When joining DNA, it is usually more efficient to take advantage
of the stability of the complex offered by complementary sticky ends.

DNA VECTORS

DNA vectors are special types of DNA that help in transferring foreign DNA into a
cell, replicating that DNA once it is transferred, and expressing the gene(s) on that DNA.

Vectors for cloning DNA come in several different types. Some are special strains
of virus that have been genetically altered to introduce desirable properties and
eliminate undesirable traits. Other vectors are plasmids, small circular double-
stranded DNA molecules that can replicate inside the cell independent of the host
cell’s own replication, and which frequently carry on them one or more genes for
antibiotic resistance. In general, the vector must have at least one cloning site, a
sequence that can be cleaved by a restriction endonuclease to permit its joining with
a similarly cleaved foreign DNA fragment. Table 3.2 lists some commonly used
cloning vectors, the type of host cell, and some of the properties of the vector.

TABLE 3.2
Properties of Selected Cloning Vectors

Name Type Host Cell Remarks

PBR322 Plasmid E. coli Resistance to ampicillin, tetracycline. 
General purpose vector

pUC8 Plasmid E. coli Resistance to ampicillin. lac screening. 
General purpose vector

pEMBL8 Plasmid E. coli Resistance to ampicillin. lac screening. 
Gene expression, sequencing, mutagenesis

pBluescript Plasmid E. coli Resistance to ampicillin. lac screening, 
RNA transcripts. cDNA cloning

M13mp18 Filamentous E. coli DNA sequencing, mutagenesis. lac 
screening bacteriophage

λgt10 Bacteriophage E. coli cDNA cloning 
λgt11 Bacteriophage E. coli cDNA cloning, gene expression
λZAP Bacteriophage E. coli Resistance to ampicillin. lac screening. 

cDNA cloning, gene expression, automatic 
excision into plasmid pBluescript SK

λEMBL3A Bacteriophage E. coli Genomic library construction. Reduced 
chance of escape from laboratory; 
biological containment

YEp24 Plasmid E. coli, yeast Ampicillin resistance. Yeast shuttle vector
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Assuming the vector DNA and the DNA fragment to be cloned have been
suitably prepared by one or another of the methods described earlier in this section,
the two species are joined to one another by annealing their ends and sealing the
nicks with DNA ligase (Figure 3.13).

The process of actually getting the recombinant DNA into a cell will depend
on the type of vector used. If the vector is a plasmid, the DNA is now ready for
transfection into the host cells. If the vector is a virus, it may be necessary to package
the DNA into infectious virus particles before it can be introduced into the host
cells. Infection is usually a fairly efficient means of introducing the recombinant
DNA into the host, while transfection tends to be quite inefficient. Transfection
involves special chemical and enzymatic treatment of the host cell to make its cell
membrane permeable to the DNA, and such treatment tends to reduce the viability
of the host.

There is then the problem of separating transformed cells, or transformants,
that have acquired the correct recombinant DNA from cells that have not. This
leads to the processes of screening and selecting transformants that have the desired

FIGURE 3.13 Insertion of a foreign DNA sequence into a plasmid cloning vehicle, using
restriction endonucleases and ligase. 
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characteristics, processes dependent both on the nature of the host cell and on the
type of DNA newly introduced into the cell. 

HOST CELLS FOR RECOMBINANT DNA WORK

Bacterial, yeast, and mammalian cells are all commonly used in recombinant DNA
work. The choice of the type of cell, and the particular strain of that cell type, will
depend on the type of product sought, the quantity of product desired, and the
economics of production. For example, the cell type that produces the highest level
of a particular protein may not be the best objective choice for production, if that
cell type does not properly fold and modify the protein for full activity. Usually,
each new product must be evaluated on its own when choosing a host cell line.

Some factors to consider when choosing a host cell line include (1) the growth
patterns of the cells (slow or fast); (2) the cost of growing the cells (special media
or supplements, type of growth vessel, special handling, etc.); (3) the level of
expression of the product that the cell type can achieve; (4) whether the cell can
secrete the product to the surrounding medium, for ease of purification; (5) whether
the cells can properly fold and modify a protein product for full activity; and
(6) the availability of suitable vectors for transforming the host cells and for “shut-
tling” pieces of DNA between different cell types. With this variety of factors to
consider, most choices end up as compromises over several factors.

The advantages of using bacteria include their rapid growth on low-cost media.
Scaleup from laboratory to industrial production volumes is usually straightforward,
too. With the proper choice of vector, one can obtain excellent levels of production
of protein. The workhorse bacterium E. coli is genetically well characterized and is
the most popular choice here, although strains of Salmonella and Bacillus are in use
as well. Disadvantages of using bacteria include the lack of proper protein glyco-
sylation and other types of modification, their tendency to deposit as insoluble
intracellular aggregates any protein at high levels of expression, the lack of a good
means of secreting “foreign” proteins to the medium, and the improper processing
of transcripts from eukaryotic genes that contain intervening, noncoding sequences,
or introns.

Yeast offers certain advantages over bacteria, notably the capacities to process
RNA transcripts to remove introns, and to glycosylate proteins (this latter capacity
may occasionally be a disadvantage, since yeast often hyperglycosylate foreign
proteins). Other advantages of yeast are their relatively rapid growth and the low
cost of the media. Yeast also can secrete protein products to the medium more readily
than can E. coli. Recently, certain plasmid types have been developed that can
replicate in either yeast or E. coli, and that have restriction sites suitable for cloning
work. These so-called shuttle vectors—they can shuttle DNA between the two host
species—can be used to combine the genetic engineering and expression advantages
in both yeast and E. coli. 

One disadvantage of yeast as host cells is the possible difference in glycosylation
pattern for proteins made in yeast versus the original eukaryotic source; furthermore,
the glycosylation may vary among batches of yeast-produced protein, depending on
the growth conditions used. Another problem is that refolding of overexpressed and
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aggregated proteins is often needed. Finally, the level of protein production in yeast
is often appreciably lower than that obtainable with bacteria.

Eukaryotic cell types that are frequently used include Chinese hamster ovary
(CHO) cells, baby hamster kidney (BHK) cells, and various tumor-derived cell lines.
Cell lines derived from insects are also used. These eukaryotic cells grow much
more slowly than yeast or bacteria (a doubling time of 18 to 24 hours versus 20 to
90 minutes for bacteria), and they are more sensitive to shearing forces and to
changes in pH, temperature, oxygen level, and metabolites. Culturing these cells is
thus a considerable problem, particularly for large-scale production. Levels of protein
expression can be variable, as well. However, two major advantages of using these
cell types are their ability to process RNA transcripts properly for gene expression,
and their ability to properly modify the expressed protein by cleavage, glycosylation,
refolding, and so on. One further advantage is that, with the proper control sequences,
the protein product can be secreted to the medium after processing, which protects
it from various proteases inside the cell and also helps in the purification process.

METHODS FOR SCREENING AND SELECTING TRANSFORMANTS

A screen is basically a test of an individual cell line for the presence or absence of
a specific trait, for example, the production of a certain nonessential enzyme. A
selection operates on an entire population of cell lines simultaneously, to permit the
growth and propagation of only those cells with the desired trait. A selection might
involve, for example, antibiotic resistance or the ability to grow without certain
nutrient supplements. Generally speaking, selection of transformants is a more
powerful and efficient method than screening, but sometimes an appropriate selection
method is not available for the specific trait of interest in a transformant, and one
must resort to screening.

For genetic engineering with E. coli, a popular plasmid cloning vector, pBR322,
carries the genes for resistance to ampicillin and tetracycline. Thus, a transformant
that has acquired a copy of pBR322 DNA would also have acquired the traits of
resistance to both antibiotics. Such a transformant could then easily be selected by
growing the bacterial population in a medium that contains one or both of the
antibiotics; bacteria that were not transformed simply do not grow.

Now suppose that this vector carries a piece of foreign DNA that is inserted into
the plasmid DNA in such a way that it does not affect either of the genes for antibiotic
resistance. Selection for antibiotic resistance would not be enough to guarantee that
the selectees also carry the foreign DNA, since the selection did not operate on traits
derived from that DNA. One must now use a screen of one type or another to find
the desired clones.

If the foreign DNA is a gene that codes for, say, an enzyme not present in the
host cell, then it might be possible to screen clones by looking for that enzyme’s
activity. Alternatively, certain immunological techniques could be used to detect the
presence of the unique protein being produced by the desired clones. However,
unless the enzyme assay is easy and fast, or suitable antibodies are available, it may
not be feasible to use such screens. Moreover, there is no guarantee that a bacterial
host would properly express a eukaryotic gene and make a detectable protein, since
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bacteria do differ considerably in expression mechanisms from other organisms. A
better type of screen is one that would detect the foreign DNA directly without
relying on any protein production. Several such screening methods have been devel-
oped with this in mind.

One method involves purifying the plasmid DNA from each antibiotic-resistant
bacterial isolate, and digesting that DNA with a battery of restriction endonucleases.
The resulting fragments can be separated from one another by gel electrophoresis
and the fragmentation pattern studied for each isolate. By comparing this pattern
with the pattern for plasmid DNA without the foreign DNA, one could then deduce
which isolates had indeed received the recombinant plasmid as opposed to those that
had picked up only the ordinary plasmid. A variation on this method is to use PCR,
choosing primer sequences to match the DNA sequence on either end of the foreign
DNA (this assumes that one already knows those sequences, of course). One then
attempts to amplify the DNA between the primer sequences in the usual way. Clones
containing the foreign DNA will yield easily detected amounts of amplified DNA,
while clones without the foreign insert will not respond to amplification and so can
be readily identified.

Another DNA screening method uses a type of hybridization assay. In this
method, bacterial colonies are grown at low density in petri dishes on nutrient agar.
A membrane of nitrocellulose is then lightly pressed onto the agar surface to pick
up a trace of bacteria from each colony, so that the membrane carries a replica of
the pattern of colonies on the agar. The bacteria on the membrane are killed and
broken open, and their DNA denatured. The membrane now has spots or dots of
single-stranded DNA, each spot representing one of the original bacterial colonies.
The DNA in the spots is fixed in place by heat treatment. Next, the spotted nitro-
cellulose membrane is bathed in a solution containing a labeled probe oligomer
whose sequence is complementary to a portion of gene of interest. After rinsing off
excess probe and drying the membrane, one can use either autoradiography or a
special scanning apparatus to detect spots on the membrane where the probe hybrid-
ized, and so to identify colonies carrying the proper recombinant DNA. 

This method is often used in screening gene libraries made from sheared genomic
DNA or from cDNA. There is, however, the technical difficulty of deciding on the
sequence to be used in the probe, if the cloned gene’s sequence is not yet known.
Fortunately, there are some ways around this problem.

First, there may already be available information on the amino acid sequence
of the protein product of the gene. By using the genetic code in reverse, one can
guess a suitable sequence of codons and use this as the basis for the probe sequence.
Second, the gene of interest may have a homolog in a different organism, and the
sequence of this homologous gene (assuming that it is known) can be used to
direct synthesis of a probe. Third, the gene may be member of a family of related
genes in the same organism, and the sequence of one or more of these related
genes can be used in choosing the probe’s sequence. Fourth, the gene may be
expressed at a high level in the original organism. Presumably there would be
abundant mRNA in the organism corresponding to transcripts of that gene. A
cDNA library made from the extracted mRNA would likely have more clones of
the highly expressed gene than of any other gene. One could then pick a clone at
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random, purify the recombinant DNA, label it, and use it as a probe. By doing
this with many different clones, then picking the one that hybridizes to a large
fraction of the clones in the library, one has a good chance of obtaining the cDNA
clone for the gene of interest. 

EXPRESSION OF FOREIGN GENES

To use host cells to produce a foreign protein, it is not enough to transform the
cells with the foreign gene’s DNA inserted into a vector molecule. The gene must
be properly expressed in the host as well. This means that the foreign gene DNA
must have the proper sequences to direct (1) transcription of the gene, (2) translation
of the resulting mRNA, and (3) the proper processing of the peptide product, if
necessary. These sequences include a promoter sequence for the binding of RNA
polymerase and the control of transcription, a ribosome-binding sequence and a
start codon (the triplet ATG, specifying the amino acid methionine) along with
a stop codon for proper translation, and sequences in the resulting peptide product
to direct proteolytic cleavage, glycosylation, and other types of protein modifi-
cation.

One common strategy to accomplish all of this is to use a vector that has the
necessary promoter and ribosome-binding sequences next to the restriction site where
the foreign DNA is inserted. Another strategy is to insert the foreign gene into an
existing gene on the vector, to produce a fused mRNA that contains the codons for
the vector’s gene joined to the codons for the foreign gene. In either case, the reading
frame for the inserted sequence must be properly aligned to get synthesis of the
correct amino acid sequence. A popular choice for control sequences and for fused
mRNA production in E. coli involves the gene for beta-galactosidase, an enzyme
involved in sugar metabolism in the bacterium. The promoter for this gene generally
directs high levels of production of beta-galactosidase mRNA, so one can expect
good gene expression for the foreign gene. 

When the fused-gene method is used, one recovers a “fusion polypeptide,” in
which the foreign protein has extra amino acids (from the vector’s gene, e.g., beta-
galactosidase) at one end. This run of extra amino acids, now covalently linked to
the foreign polypeptide, is sometimes a useful feature for stabilizing, protecting, and
marking the foreign gene product for later purification. After recovering the fusion
polypeptide from the cell culture, it may be necessary to cleave it to purify the
desired foreign gene product away from the vector’s gene product. This can be done
with cyanogen bromide (CNBr), which cleaves polypeptides specifically at methion-
ine residues. Since the foreign polypeptide usually has a methionine as its first amino
acid, CNBr can neatly cleave the fusion polypeptide exactly at the point where the
two peptides join. The CNBr cleavage method is useful for foreign polypeptides that
do not have any methionine residues anywhere except at the N-terminus. (If there
are any internal methionine residues, they will be cleaved along with the one at the
fusion point, which could inactivate the foreign gene product one is trying to recover.)
The desired polypeptide can now be separated from the mixture of cleavage products
by standard methods, for example, by chromatography.
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ENGINEERING PROTEIN SEQUENCES

One of the major applications of recombinant DNA technology has been to produce
large amounts of commercially relevant proteins, including enzymes, receptors, and
peptide messengers of various sorts. The sequences of these proteins, at least in the
initial stages of investigation and production, have been those found in nature, so
that the structure and function of the protein products of cloning would be the same
as those of “natural” proteins extracted from tissue, serum, and so forth. 

With the advances in chemical synthesis of DNA, in DNA sequencing, and in
the cloning of DNA segments, scientists can now alter the DNA coding sequence
in a cloned gene at precise locations. They can now correlate those changes with
gene expression and with the structure and function of the protein gene product to
understand better the biological functioning of the gene and its product in vivo and
perhaps to obtain “improved” genes or protein products. 

SITE-DIRECTED MUTAGENESIS

There are several strategies for producing changes, that is, mutations, in a DNA
sequence, some of them considerably more specific than others. Mutations at random
locations (random mutagenesis) can be produced by any number of chemical or
physical agents that cause DNA damage and subsequent changes in the sequence
during its repair or replication. Random mutagenesis is fairly easy to do, but because
it is random it is not an efficient way to study, for example, the connection of an
enzyme’s amino acid sequence and its catalytic efficiency or specificity.

A more efficient approach to this sort of study would be to pick out particular
amino acids (perhaps those in the enzyme’s catalytic site) and replace them with
different amino acids in a systematic way. This would of course require mutations
in the DNA sequence at particular sites. This process is known as site-directed or
site-specific mutagenesis, and there are several different methods of doing it. Two
of the more direct methods are described in the following.

If the amino acid sequence of a target protein is already known, then a synthetic
gene can be constructed for the protein by using the genetic code in reverse and
chemically synthesizing the indicated DNA sequence. To produce a new gene with
substitutions in one or another of its amino acids, one can simply synthesize and
clone the appropriately altered DNA sequence. In general, however, this method is
limited to genes for small peptides where the corresponding nucleotide sequences
are short and relatively easy to make. This process will be described below in more
detail in connection with the cloning of the human somatostatin gene. 

Another method of producing changes at a particular site in a cloned gene is to
use heteroduplex mutagenesis (Figure 3.14). Assuming that the DNA of interest has
been cloned in a plasmid, one can enzymatically nick the DNA and then digest one
or another of the strands in the plasmid to produce a “gapped” duplex, the gap being
the single-stranded region on the plasmid. Next, one chemically synthesizes an
oligonucleotide that is (almost) complementary to the cloned gene over a short region
where the mutation is wanted. This synthetic oligonucleotide will differ from com-
plete complementarity just at the codon for the amino acid to be replaced; at that
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point a different codon is used, so that one, two, or three of the bases will not match
those on the gene cloned in the plasmid. The synthetic oligonucleotide is annealed
to the gapped duplex and enzymatically incorporated into a fully duplex molecule
by using a polymerase, ligase, and added nucleotide triphosphates. 

This duplex with mismatches can be transferred into E. coli just as any other
plasmid, and there it will replicate. Half of the progeny plasmids will have the
original DNA sequence, but the other half will be the result of copying the strand
with the altered sequence, and so these progeny will code for the mutant protein.
The mutant progeny can be identified by screening with a hybridization probe, and
the bacteria harboring them can be used as a source of the mutant protein.

EXAMPLES OF APPLIED RECOMBINANT
DNA TECHNOLOGY

One of the principal applications of recombinant DNA technology is to the industrial
production of proteins and polypeptides that have a high intrinsic value. These
products would include, for example, the pharmaceutically valuable peptide hor-
mones; there is also much interest in enzymes with industrial applications (e.g., lipases
to improve the performance of laundry detergents, or glucose isomerase, used in the
bulk conversion of starch to the widely used sweetener fructose). Another principal
application is the engineering of microorganisms to perform industrial chemical
processes better (e.g., to increase antibiotic yield from bacterial fermentations) or to
reduce the use of toxic feedstocks or intermediates in the production of bulk quantities
of high-value small organic compounds (e.g., catechols, benzoquinones, etc.). A third

FIGURE 3.14 Site-specific mutagenesis. A plasmid containing a gene to be mutagenized is
nicked and the nick enlarged enzymatically. A synthetic oligomer containing the desired
altered sequence is annealed to the exposed or gapped DNA to form a heteroduplex with a
mismatch in base pairing at the site where the sequence is to be altered. Enzymatic repair of
the gaps and subsequent transfection into the host and replication of the DNA will give
bacteria carrying the mutated gene.
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application, of great interest to those involved in drug discovery and development, is
the functional expression of mammalian drug receptors in bacteria or yeast, for
improved throughput when screening compound libraries. Here we give a few case
histories of such applications.

CLONING OF HUMAN SOMATOSTATIN IN E. COLI

Somatostatin is a polypeptide hormone involved in regulating growth; it is important
in the treatment of various human growth disorders. The hormone is small, only 14
amino acids in length, making it a good candidate for cloning. In fact, it was the
first human protein cloned in E. coli. 

The amino acid sequence of the hormone is (NH2)-Ala-Gly-Cys-Lys-Asn-Phe-
Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-(COOH). Using the genetic code, it is straight-
forward to deduce an appropriate DNA sequence that would code for this polypeptide.
For production of the hormone in E. coli, the gene fusion method was used. 

To do this, a synthetic oligonucleotide containing the coding sequence was made,
with some special features. First, two stop codons were attached to the C-terminal
Cys codon, to arrest any translation beyond the synthetic gene. Second, a methionine
codon was placed before the N-terminal Ala codon, to have a CNBr cleavage site
in the expected fusion polypeptide. Third, nucleotide sequences for restriction sites
for the EcoRI and BamHI restriction endonucleases were placed on the ends, to
generate appropriate sticky ends after cleavage, for ligation of the oligomer into a
plasmid vector.

The double-stranded oligomer was then joined with a plasmid that carried a
portion of the beta-galactosidase gene and its associated control sequences, with
EcoRI and BamHI restriction sites in the beta-galactosidase coding region. After
transfection of a special strain of E. coli and selection of the proper recombinants,
the fusion polypeptide was purified away from all the other bacterial proteins and
subjected to CNBr cleavage. This released the 14 amino acid hormone fragment,
which was readily separated from the fragments of beta-galactosidase. 

ENGINEERING BACTERIA FOR INDUSTRIAL PRODUCTION

OF VALUABLE SMALL ORGANICS

Quinic acid is a small organic compound very useful in chemical syntheses as a
chiral starting point; it also serves as a precursor to benzoquinone and hydroquinone,
which are bulk commodity industrial chemicals. Hydroquinone is used as a devel-
oping agent in photography and for production of antioxidants, while benzoquinone
is used as a building block for many different industrial organic compounds. A
traditional source of quinic acid is the bark of Cinchona but the production of
multiton quantities from this source, as would be needed for industry, is problematic.
The standard industrial synthetic route to quinoid compounds (e.g., benzoquinone
and hydroquinone) starts with benzene, derived from petroleum feedstocks, and
involves toxic intermediates; benzene is a well-known carcinogen. It is therefore
desirable to produce compounds like quinic acid more cheaply, to avoid or reduce
the use or production of toxic compounds, and in the long run, to reduce dependence

PH1873_C003.fm  Page 57  Thursday, June 9, 2005  12:24 PM

© 2006 by Taylor & Francis Group, LLC



58 Pharmaceutical Biotechnology

on petroleum feedstocks by changing to renewable carbon sources such as corn and
biomass. To achieve these aims, the bacterial (E. coli) production of quinic acid
from glucose was undertaken. E. coli does not naturally produce quinic acid, so this
process involved considerable genetic engineering, as well as an appreciation of
details of microbial metabolism. 

The bacterium Klebsiella pneumonia can use quinic acid as a carbon source for
its growth; the first step here is oxidation of quinic acid to 3-deoxyhydroquinate
(DHQ), which is catalyzed by the enzyme quinic acid dehydrogenase. Actually,
thermodynamics predicts that the reverse reaction is favored. So if a second bacte-
rium, which made DHQ, had inserted into it the gene for the dehydrogenase, and if
this second bacterim did not normally metabolize quinic acid, then this would result
in the second organism synthesizing quinic acid from DHQ. 

Accordingly, a strain of E. coli was first engineered to produce elevated levels
of DHQ by increasing the levels of certain key enzymes: transketolase, 3-deoxy-D-
arabino-heptulosonic acid 7-phospate (DAHP) synthase, and DHQ synthase. Also,
the strain has reduced levels of DHQ dehydratase, which if present would divert
some of the metabolic flow into the biosynthesis of aromatic amino acids; its
blockage results in higher production of quinic acid. 

In the second stage of the engineering process, the enzyme from Klebsiella was
inserted into this E. coli strain, and the bacterium grown on glucose as carbon source.
A notable conversion of 80 mM glucose into 25 mM quinic acid was achieved. This
is a promising route to the production of valuable aromatic compounds from simple,
renewable feedstocks like glucose, while avoiding toxic starting materials or inter-
mediates.

CLONING RECEPTORS IN BACTERIA

Many important pathways of drug action involve membrane-bound G-protein–coupled
receptors (GPCRs). These receptors bind agonist ligands (hormones, neurotransmit-
ters, etc.) with their extracellular regions; they then transduce and amplify the
external chemical signal by interaction through their intracellular regions with het-
erotrimeric G-proteins. The intracellular G-proteins then modulate the activity of a
wide variety of enzymes and ion channels, and so affect or regulate many different
cellular functions. GPCRs are thus an important class of targets for drug action.

Drug screening relies on the availability of large quantities of receptors. The
traditional source of GPCRs is membrane preparations from mammalian tissue.
However, this is an expensive source which may not be convenient for drug-
screening operations. In some cases, mammalian cell lines can be engineered to
overproduce the desired GPCR, but the cell lines are difficult and slow to grow,
and are often genetically unstable, losing the ability to overproduce the desired
receptor. For simple binding studies, such as might be used in a high-throughput
screening operation, the receptor could more cheaply and simply be produced with
genetically engineered bacteria, and the intact whole-cell bacterium used in the
binding assay. However, bacteria lack endogenous signal transducers (e.g, the G-
proteins) so that functional responses (as opposed to simple binding) generally
cannot be measured. Still, bacteria are much cheaper to grow than mammalian
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cell lines, and they lack endogenous receptors, and so produce a low background
in the binding assays. 

An early example of cloning of a GPCR was the expression of human β1 and
β2 adrenergic receptors in E. coli. The genes coding for these receptors were first
isolated using a cDNA library of the human genome. The coding regions were fused
to the 5′ end of a part of the bacterial lamB gene, as carried by the multicopy plasmid
vector pAJC-264. The lamB gene product is a bacterial outer membrane protein
responsible for the transport of maltose and maltodextrins; its fusion to the genes
for the receptor could thus help to direct the fusion product polypeptide to the outer
membrane of the bacterium, obviously a desirable location for a membrane-bound
receptor. The plasmid vector pAJC-264 carries a gene coding for resistance to the
antibiotic ampicillin, thus allowing for selection of transformed bacteria. It is also
designed to express the cloned gene upon addition of isopropyl-thiogalactoside, or
IPTG, to the growth medium. This is a common technique to postpone expression
of a cloned gene until a sufficient bacterial growth level has been reached, where-
upon the biosynthetic resources of the bacterium can be redirected toward synthesis
of the recombinant polypeptide by inducing gene expression with IPTG. The
multicopy feature of this plasmid allows for each bacterium to carry several copies
of the same vector and thus to have several copies of the cloned gene; this can help
raise the overall level of gene expression and increase yields of the desired protein
product.

The plasmids (designated pSMLβ1 and pSMLβ2, respectively) were separately
used to transform E. coli. After obtaining stable clones for each plasmid (there can
sometimes be spontaneous loss of the entire plasmid or a part of the plasmid),
synthesis of the lamB-β-adrenergic receptor fusion was induced with IPTG. Expression
of the receptor was verified by a radioligand binding assay, using the β-adrenergic
antagonist 125I-iodocyanopindolol. Binding was specific and saturable, as would be
expected for functional β-adrenergic receptors. Binding competition assays, using
various β-adrenergic agonists and antagonists, showed the same order of binding
affinity as for receptors prepared from mammalian tissue. Expression of the β2
receptor was higher than for the β1 receptor, with about 220 active β2 receptors per
bacterium versus about 50 active β1 receptors per bacterium. The lower expression
level of the β1 receptor was attributed to action of bacterial proteases at a sensitive
site in this latter protein. However, the level of expression for the β1 receptor is still
acceptable for pharmacological screening assays. Furthermore, background binding
was quite low by comparison to assays with mammalian tissue or cell lines. Finally,
one liter of bacteria, grown to an optimal cell density, could provide material for
about 13,000 assays; this is quite significantly easier and cheaper than culturing
mammalian cell lines in sufficient volume for the same number of assays.
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