CHAPTER 4

Basic Tools of
Recombinant DNA

Thc deciphering of the genetic code was the crowning achievement of

the decade of research following the discovery of the DNA double
helix. That research program had been set out clearly in the Central
Dogma, and by the mid-1960s, it had been confirmed experimentally.
Semiconservative DNA replication as suggested by the double helix had
been demonstrated and an cnzyme carrying out DNA synthesis had been
found. The role of an RNA intermediary—messenger RNA (mRNA)—
had been confirmed and its existence demonstrated. Protein synthesis had
been studied intensively by biochemists and many of the components
involved—mRNA, activated amino acids, transfer RNA (tRNA), and ribo-
somes—had been isolated and their functions elucidated. With the deci-
phering of the genetic code, it was possible now in theory to understand
the information contained in any DNA or RNA molecule. A new disci-
pline, molecular genetics, had been born.

To many of the biologists who had played a part in that birth, it seemed
that molecular genetics was entering a period of consolidation. They felt
there would be further growth, but that this would be incremental; new
conceptual advances scemed unlikely as the fine details of the old prob-
lems were worked out and biochemists dissected in ever more minute
detail the pathways involved. At that time, in the 1960s, molecular genet-
ics was almost entirely based on the study of bacteria and phages. New

advances would come in working out the functioning of genes in higher
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organisms, but the experimental tools were lacking
and it scemed as far in the future as putting a man
on the moon. So to avoid possibly marking time,
several distinguished contributors to our primary
knowledge on the storage of genetic information in
DNA left molecular genetics to start up new careers
in neurobiology. What they could not have foreseen
was the very rapid development over the next
decade of the enzymological and chemical tech-
niques that gave rise to recombinant DNA, which by
now has come to include any technique for manipu-
lating DNA or RNA.

Recombinant DNA techniques are so powerful
because they provide the tools to study the genetics of
any organism by isolating the DNA of virtually any
gene. A particular gene can be isolated and produced
in large quandtics through cloning and its genetic
information can be read by sequencing. The functions
of that gene can then be analyzed by using in vitro
mutagenesis to make a specific alteration in that infor-
mation before reintroducing the mutated DNA into
the organism to determine the effects of the mutation.
By the late 1970s, as it became clear that these tools
offered the fastest and surest route to understanding
the molecular mechanisms of formerly intractable
processes such as development and cell division, they
were scized eagerly by biologists in almost every field.
The subsequent period of scientific excitement and
achievement has scen few, if any, parallels in the histo-
ry of biological research.

In this and the next two chapters, we cxamine
some of the tools on the molecular biologist’s work-
bench. In this chapter, we look at the basic tech-
niques of recombinant DNA: enzymes that cut, join,
and synthesize DNA; electrophoresis for separating
DNA molecules; DNA sequencing and chemical
synthesis; the polymerase chain reaction; and the use
of hybridization to select specific DNA sequences.
In Chapter 5, we will turn to what techniques used
for isolating genes have taught us about the struc-
tures of genomes, and in Chapter 6 we review the
current technologies for studying the function of
DNA sequences within cells.

Restriction Enzymes Cut DNA at Specific
Sequences

Protein chemists had been able to put proteases, in
particular, those enzymes that cut polypeptide
chains at specific sites, to good use in determining
the structure of proteins. By using different prote-

ases, cutting at different specific sites, different
smaller fragments (peptides) can be obtained and
their amino acid sequences determined. The original
order of the peptides in the protein can then be
established by looking for overlaps in amino acid
scquence between the peptides.

Unfortunately for early nucleic acid biochemists,
all the known nucleases, the enzymes that were first
found to break the phosphodiester bonds of nucleic
acids, showed very littde sequence dependency. The
prevailing opinion was that, in contrast to protcases,
highly specific nucleases would never be found and
therefore the isolation of discrete DNA fragments,
even from viral DNA, would not be possible. Doubt
was cast on this view with the observations, begin-
ning as early as 1953, that when DNA molecules
from one strain of Escherichia coli were introduced
into a different E. coli strain (e.g., E. coli strain B and
E. coli strain C), the DNA was nearly always quickly
fragmented into smaller pieces. Occasionally, howev-
er, the infecting DNA molecule somehow became
modified and remained intact, so that it could now
replicate in the new bacterial strain. This phenome-
non was rccognized as being similar to host restric-
tion when bacteriophages infect bacteria. Most of the
bacteriophage DNA is destroyed by bacterial
enzymes, but a small amount cscapes destruction and
phages containing this DNA can efficienty infect
that same bacterial strain. [t was clear that the bacte-
rial DNA must in some way be modified to escape
destruction by its own enzymes, and that occasional-
ly the phage DNA was modified in the same way.

In 1966 chemical analysis of such modified DNA
molecules revealed the presence of methylated bases
not present in the unmodified DNA. Methylated
bases are not inserted as such into growing DNA
chains; rather, they arise through the enzymadcally
catalyzed addition of methyl groups to newly synthe-
sized DNA chains. The stage was thus set. In the
1960s, Stuart Linn and Werner Arber, working in
Geneva, found in extracts of cells of E. colt strain B
both a specific modification enzyme that methylated
unmethylated DNA and a restriction nuclease that
broke down unmethylated DNA. The term “restric-
tion™ was applied to the nuclease because this enzyme
recognized specific unmethylated sequences on the
DNA molecule. Over the next several years, other
restriction nucleases and their companion modifica-
tion methylases were identified, suggesting that many
site-specific nucleases might exist. None of these early
E. coli restriction enzymes lived up to these hopes,
however; although the enzymes recognized specific




unmethylated sequences, they all cleaved the DNA at
random locations far removed from these sites.

The first restriction nuclease that did cleave at a
specific site in DNA was discovered in 1970 by
Hamilton Smith of Johns Hopkins University, who
followed up his accidental finding that the bacterium
Hacemophilus influenzae rapidly broke down foreign
phage DNA. This degradative activity was subsc-
quently observed in cell-free extracts and shown to
be due to a true restriction nuclease. Thomas Kelly
and Smith determined that HindI1, as this enzyme is
called, bound to the following sequence, in which
the arrows indicate the exact cleavage sites on each
DNA strand, and “Py” and “pPy” represent any
pyrimidine or purine residue:

5-GTPy | PuAC-3
3-CAPutPyTG-5

Since then, restriction enzymes that cut specific
sequences have been isolated from several hundred
bacterial strains, and more than 150 different specific
cleavage sites have been found (Table 4-1). Nearly all
restriction enzymes recognize palindromic sites—that
is, the sequences from 5” to 3” on each strand are the

Basic Tools of Recombinant DNA = 77

same. We know now that most restriction cnzymes are
dimers of two identical subunits thar fit on the DNA
so that their twofold axis of symmetry is the same as
that of the sequence. The enzyme movces along the
DNA strand, and when it reaches the target sequence,
the DNA is distorted and the strands are cut.
Restriction enzymes recognize specific sequences
of four to cight base pairs. A given 4-bp site occurs
on average cvery 256 bp, so an enzyme cutting a
four-base sequence will produce many more, much
smaller DNA fragments than an enzyme cutting an
8-bp sequence, which will occur on average every
65,536 bp. However, predicting the size of DNA
fragments produced by a restricton enzyme is com-
plicated by many factors. One factor that affects the
frequency with which DNA is cut is its base compo-
sition. Take, for example, the enzyme Notl, which
has an cight-base recognition sequence that includes
two cytidine-guanine dinucleotides ( usually abbrevi-
ated as CpG). This dinucleotide sequence occurs
much less frequently in vertebrate genomes than
would be expected statistically—at about 20% of the
expected frequency—and thus NotI cuts less fre-
quently than expected. Furthermore, cytidine is

TABLE 4-1. Some restriction enzymes and their cleavage sequences

Microorganism Enzyme abbreviation Sequence Notes

Haemophilus aegyptius Haelil 5...GG[CC...3 1
3'...cclga...5°

Thermus aquaticus Taq! 5...TICGA...3 2
¥3...AGCIT...5

Haemophilus haemolyticus Hhal 5...6CGjc...¥ 3
3...clégcg...5

Desulfovibrio desulfuricans Ddel 5...CITNAG...3 4
3...caNTIC...5

Moraxella bovis Mboll 5'...GAAGA(N)8I...3’ 5
KRR & o 7% N

Escherichia coli EcoRV 5...GAT|ATC...3" 1
3...CTAlITAG...5

EcoRl 5...GJAATTC...3" 2

3...cTTAAlg...5"

Providencia stuarti Pstl 5...CTGCA[G...3" k)
3'...caAlcGcTcC...5°

Microcoleus Mstil 5...CC[TNAGG...3 4
3...GGANTICC...5

Nocardia otitidiscaviarum Notl 5...6¢clcGccae...3 6
3’...cGccagleeca...5°

Notes

1. Enzyme produces blunt ends.

. The single strand is the 5° strand.

The single strand is the 3° strand.

The base pair N can be any purine or pyrimidine pair.

RSP N

- The enzyme does not cut within the recognition sequence, but at whatever sequence lies eight nucleotides 3 to the recognition site.
- Notl has an eight-base recognition sequence and cuts mammalian DNA very infrequently.

- et ———.
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often chemically modified by methylation and, as
Notl cannot cut methylated CpG sites, it will pro-
duce even larger fragments. Moreover, the CpG sites
are not distributed randomly throughout the
genome—they tend to be clustered in the regions 5
to genes. Notl produces fragments between 1 mil-
lion and 1.5 million base pairs in size instcad of the
65,536 base pairs cxpected of an “cight-base cutter.”
Enzymes like Notl that produce very large DNA
fragments have proved invaluable for long-range
physical mapping of mammalian DNA.

Electrophoresis Is Used to Separate
Mixtures of Nucleic Acid Fragments

Proteins and the nucleic acid fragments produced by
restriction enzymes can be analyzed by electrophore-
sis. Such molecules, differing in electrical charge,
size, and shape, move at different rates in an electri-
cal field and so can be separated under conditions in
which they retain their biological activity. It was
Arne Tiselius and Theodor Svedberg who, in 1926,
developed moving boundary electrophoresis.
Subsequently robust solid supports werc used, most
commonly filter paper and gels made of polymers
such as agarose or polyacrylamide.

The rate at which the fragments migrate through
the gel is a function of their lengths, charge, and
shape, with small fragments generally moving much
faster than large fragments (Fig. 4-1). Different sup-
ports are used depending on the absolutc sizes of
the fragments to be scparated as well as on the rela-
tive differences in the sizes of these fragments. DNA
fragments ranging in size from 100 base pairs to sev-
eral thousand base pairs can be efficiently separated
in a gel made of 1% agarose, provided thesc frag-
ments differ in size from each other by a few hun-
dred base pairs. When it is necessary to resolve frag-
ments of DNA differing from one another by only a
single nucleotide (e.g., in DNA sequencing), poly-
acrylamide gels are needed.

At first, when electrophoresis was used to analyze
viral DNA fragments produced by restriction
enzymes, the viral DNA was first radioactively
labeled and the fragments were detected by autora-
diography. A most useful advance came with the
realization that DNA-binding dyes such as ethidium
bromide could be used to stain DNA fragments
directly in the gel. The fragments appear as a series
of bands when a stained gel is illuminated with UV
light, each band corresponding to a restriction frag-
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FIGURE 4-1

DNA molecules of different sizes can be separated by elec-
trophoresis. Electrophoresis is a process in which an electri-
cal field is used to move the negatively charged DNA mole-
cules through porous agarose gels. (a) A slab of agarose is
cast with slots to take the samples. These usually include a
blue dye to make it easier to pipette the samples into the
slots. (b) The current is turned on and the DNA molecules
(negatively charged) move toward the positive electrode.
Small DNA molecules move faster than larger molecules,
and molecules of the same size move at the same speed so
that they become separated into bands. (Other factors,
including charge and shape, also influence the movement of
molecules through the gel.) () These become visible when
the gel is removed from the electrophoresis tank and stained
with ethidium bromide. This intercalates between the
nucleotides and fluoresces when illuminated with UV light.
In the gel shown, the plasmid pCDNA3.1 has been digested
with EcoRl (lane 2), Sall (lane 3), and Ncol (lane 4). Lane !
contains Hindlll-digested A DNA as size markers.




ment of specific size. The sizes can be established by
calibration with DNA molecules of known sizes.
Bands containing as little as 0.005 pg of DNA can be
visualized. Most importantly, DNA molecules move
unharmed through these gels and can be recovered
(eluted) from the gel as biologically intact double
helices for use in experiments.

Restriction Enzyme Sites Are Used to Make
Maps of DNA

Different restriction enzymes, having different target
sequences, necessarily give different restriction frag-
ments for the same DNA molecule. If restriction
enzymes are used singly and in combination, and the
lengths of the fragments are carefully determined by
electrophoresis, then the fragments can be reassem-
bled to make a restriction map of the molecule show-
ing the positions of sites cut by the enzymes. The
first such map was obtained in 1971 by Daniel
Nathans, a colleague of Hamilton Smith at Johns
Hopkins. Nathans used the HindII enzyme to cut
(“digest,” in the jargon of the field) the circular
DNA of the §V40 virus into 11 specific fragments.
By measuring the sizes of fragments produced when
the DNA was completely cut, and also the overlap-
ping intermediate-sized fragments produced by brief
treatments with HindlIl (resulting therefore in only
partial digestion of the DNA), Nathans located the
sites on the circular viral DNA that are attacked by
the restriction enzyme. With this information, it
became possible to determine the regions of biolog-
ical importance on the circular viral DNA. For exam-
ple, brief radioactive labeling of replicating viral
DNA followed by digestion with HindII allowed
Nathans to prove that the replication of SV40 DNA
always begins in onc specific HindII fragment and
proceeds bidirectionally around the circular DNA
molecule. Restriction enzymes thus provide a critical
tool for molecular biologists to predictably fragment
a given DNA molecule and to analyze its strucrure
and features in fine detail. This becomes especially
powerful when combined with techniques that
detect DNA fragments with specific sequences
(“Southern blotting,” sce Fig. 4-11).

DNA Ligase Joins the Ends of DNA
Fragments Produced by Restriction Enzymes

Restriction enzymes together with gel clectrophore-
sis provide a convenient means to purify specific
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DNA fragments and also, because of the way they
cut double-stranded DNA, a way to recombine frag-
ments. Some restriction cnzymes, such as HindlII,
cut DNA ar the center of their recognition site to
produce blunt-ended fragments; these fragments are
fully basc-paired out to their ends and have no ten-
dency to stick together (Fig. 4-2). In contrast, many
restriction enzymes make staggered or asymmetric
cuts on the two strands of the DNA to create short
complementary single-stranded tails on the ends of
cach fragment. The EcoRI recognition sequence is
GAATTC and it is cut to generate a four-base-long
tail, AATT (Fig. 4-2b). The single-stranded tail
sequences left by different restriction enzymes can
be similar even though the recognition sites are dif-
ferent. Mfel recognizes the sequence CAATTG and
cuts this to produce the same AATT tail as does
EcoRI (Fig. 4-2c).

Complementary single-stranded tails tend to
associate by base pairing and thus are often called
cohesive, or sticky, ends. For example, the linear mol-
ccules that EcoRI gencrates by cutting circular
SV40 DNA often temporarily recyclize because of
base pairing between their rails. Base pairing occurs
only between complementary base sequences, so
the cohesive AATT ends produced by EcoRI will
not, for example, pair with the AGCT ends pro-
duced by HindIII. However, any two DNA frag-
ments with complementary ends (regardless of the
organism from which they originate) can associate
by base pairing and temporarily anneal. What was
needed was a way to permanently join the associat-
ed ends.

In fact, such enzymes had already been discov-
ered in 1967. The DNA ligases play important roles
in DNA repair and DNA replication, where a ligase
links the DNA Okazaki fragments generated on the
lagging strand. By combining restriction enzymes
and ligases, scientists had the tools to cut DNA and
to paste the fragments together. Such experiments
were first done at Stanford University in 1972 by
Janet Mertz and Ronald Davis, who realized that
EcoRI in conjunction with DNA ligase provided a
general way to achieve in vitro, site-specific genetic
recombination.

Thus, by the early 1970s, techniques for manipu-
lating and isolating genes were available and plans
were under way to clone genes and produce large
quantities of the cloned genes in bacteria. But even
as the first plans were being made to carry out gene
cloning experiments, concerns began to be raised
about the safety of such experiments.
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{a) Hindll makes
blunt ends

Mfel makes

{b} EcoRl makes
sticky ends

sticky ends

FIGURE 4-2

Restriction enzymes can produce blunt ends or
“sticky” ends. (2) The HindIl restriction enzyme
cuts DNA at the center of its recognition site, leav-
ing blunt ends. These blunt ends can be ligated to
blunt ends produced by any other process. (b) The
EcoRl and Mfel restriction enzymes make stag-
gered, symmetrical cuts in DNA away from the cen-
ter of the recognition site, leaving cohesive, or
sticky, ends. A sticky end produced by EcoR! diges-
tion can anneal to any other sticky end produced by
EcoR! cleavage or any other sticky end with com-

Joining of fragments with
complementary sticky ends
using DNA ligase

Scientists Voice Concerns about the
Dangers of Gene Cloning at the Asilomar
Conference

These first concerns—prior to the cloning of any
gene—centered on proposals to clone the genomes
of DNA tumor viruses and replicate the recombinant
molecules in bacterial cells like E. cofi. The question
was: Could E. coli, present in the intestinal tract of all
human beings, act as a vector to transmit the cancer-
causing genes of tumor viruses to -human beings? In
1972, it was pointed out that the DNA of mice, and
possibly that of human beings, harbored the DNA
genomes (proviruses) of latent RNA tumor viruses.
Many of the recombinant plasmids that scientists

plementary sequence produced through other
methods. For example, the restriction enzyme Mfel
produces identical overhangs to EcoRi, although
the flanking sequences are different. Mfel sticky
ends can be ligated to those from EcoR|, although
the ligated product cannot be recut with either
enzyme because the resulting sequence is recog-
nized by neither enzyme.

would isolate in their search for specific genes might
contain as well these DNA proviruses that might be
able to cause human cancer. If so, should all recom-
binant DNA experiments using vertcbrate DNA be
regarded as possibly dangerous? The answers were
mixed. This was hardly surprising given that the nec-
essary data were not yet available to allow rational
assessment of the risks. There was virtually unani-
mous agreement, however, that resecarchers should
not have unrestricted freedom to do experiments
that might have military consequences.

Thus the first discussions of the conjectured haz-
ards of recombinant DNA techniques took place
before any experiments had been carried out.
However, the announcement of the first successful
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cloning experiments brought matters to a head as it
became clear that the future of studying the molec-
ular basis of genetics lay in using recombinant DNA
techniques. The question then was whether to move
ahead as fast as possible or to try to devise methods
that would allay worries about the possible risk of
these experiments. In July of 1974, a letter appeared
in Science urging that scientists considering recombi-
nant DNA experiments should pause until there had
been further evaluation of the risks involved. This
cvaluation took place in February of 1975, when a
group of more than 100 internationally respected
molecular biologists gathered at the Asilomar
Conference Center located near Montercy,
California. In the absence of clear knowledge
whether any danger might cxist, a nearly unanimous
consensus emerged that some restrictions on DNA
cloning were appropriate.

Afterward, the “Asilomar recommendations™
were considered by a special committee appointed
by the National Institutes of Health (NIH). In its
deliberations, the committee recommended guide-
lines that effectively precluded the use of recombi-
nant DNA techniques for studying the genes of can-
cer viruses and required the use of genetically dis-
abled bacteria that would not grow well outside the
laboratory. These recommendations became codified
in official federal regulatory guidelines that took
effect in July 1976. These regulations in the United
States were paralleled by the establishment of guidc-
lines developed by similar bodies in Europe.

A remarkable feature of the discussions about the
safety of recombinant DNA was the unprecedented
pardcipation of nonscientists in communities like
Cambridge, Massachusetts, in the debates. This led
to the appointment of lay members of the
Recombinant DNA Advisory Committee and
ensured an increasing involvement of nonscientists
in discussions about the socictal impact of genetics.
The most notable example is the Ethical, Legal, and
Social Issues (ELSI) Research Program of the
Human Genome Project (Chapter 11).

Many scientists thought that the NIH regulations
were too restrictive and in some cases scientifically
unsound. As more experiments were performed, and
more data accumulated, it became increasingly
apparent that the actual hazards of recombinant
DNA experiments were extremely small. Discussions
throughout 1978 led to new, less restrictive NIH
regulations that took effect in January 1979 and per-
mitted cloning of viral cancer genes.
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Plasmids and Viruses Are Used as Vectors to
Carry DNA Sequences

The goal of cloning is not only to isolate a specific
gene, but also to produce large quantities of the
gene for analysis and further manipulations. The
obvious way to do this was to use bacteria to repli-
cate the gene, even if the gene was not bacterial in
origin. This requires linking the cloned gene to
DNA sequences that have the appropriate signals for
directing replication of the hybrid molecule in bac-
teria. Fortunately, bacteria possess plasmids, which
have just the right properties to act as vectors for car-
rying foreign DNA fragments into bacteria. Plasmids
are tiny, circular DNA molecules—only a few thou-
sand basc pairs long—found in bacteria. There may
be as few as two or as many as several hundred in
cach bacterial cell (referred to as copy number) and
they replicate independently of the host bacterial
chromosome. Plasmids were first noticed as genetic
elements that were not linked to the main chromo-
some and that carried genes that made the bacteria
resistant to antibiotics such as tetracycline or
kanamycin. That these genes were found on plas-
mids as opposed to main-chromosomal DNA was
not a matter of chance. Antibiotic resistance requires
relatvely large amounts of the enzymes that chemi-
cally destroy the antibiotics, and because the genes
encoding these enzymes are carried on plasmids,
they are present in much higher numbers than
would be the casc if they were located on the single
bacterial chromosome. The small size of plasmids
(which makes it easier to manipulate them) and the
presence of antibiotic resistance genes (which pro-
vides a means to select for bacteria containing the
plasmids) made them ideal vectors for cloning.

In the first cloning cxperiments, Stanley Cohen
and Herbert Boyer and their collaborators at
Stanford and the University of California, San
Francisco, used two plasmids—pSC101 and
pSC102—found in E. coli (Fig. 4-3). pSC101 was
chosen as the vector because it contained only a sin-
gle EcoRI recognition site that would accept DNA
fragments cut with EcoRlI, and it could be selected
for by using the antibiotic tetracycline because it car-
ried a gene for tetracycline resistance. pSC102 con-
tained a gene for resistance to the drug kanamycin,
and this was the gene to be cloned. The two plasmids
were mixed and converted into linear molecules with
EcoRI sticky ends by trcatment with EcoRI. After
allowing the DNA fragments to link and using DNA
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FIGURE 4-3

Electron micrograph of plasmid pSC101. The plasmid is a
circle of double-stranded DNA, of 9263 base pairs approxi-
mately 1.3 um long.

ligase to make the links permanent, the recombined
DNA molecules were introduced into the bacteria.
These were plated on media containing both tetracy-
cline and kanamycin. Those bacteria that survived
and grew were resistant to both antibiotics because
they contained recombinant plasmids carrying tetra-
cycline resistance from the pSC101 plasmid and
kanamycin resistance from pSC102.

Although in the original Cohen-Boyer cxperiment
the two DNAs were both from plasmids, it was clear
that all sorts of forcign DNA, from microbes and,
most importantly, from higher plants and animals,
could be cloned into these plasmids. For example,
the E. coli chromosome with its 4 million basc pairs
contains about 500 different recognition sites for
EcoRl. By random insertion of individual EcoRI
fragments into pSC101, it would be possible to clone

all the E. coli genes. Plasmids were engineered to be
ever more useful and versatile; an early example was
pBR322 and eclements of this were used to create
others, including the popular pUC18 and pUC19.
Thesc have additional enzyme cleavage sites for
cloning, have different drug-resistance genes, and are
present at much higher copy number than other plas-
mids. All plasmids have one great advantage—they
are easily purified from E. coli (Fig. 4-4).

Encouraged by their success using plasmids, scien-
tists looked to nature to find other vectors suitable for
cloning in bacteria, and bacteriophages were an obvi-
ous choice. Transducing bacteriophages are naturally
occurring vectors that carry parts of bacterial chromo-
somes from one bacterial cell to another. (Trans-
ducing phages integratc into the host bacterial
genome to wait for the proper conditions to excise
themselves. If this excision process is not precise, the
phage may carry a segment of the bacterial genome
with it. Such transduction events had long been used
for finc-scale mapping of bacterial genes.)
Bacteriophage A was rapidly adapted as a general
cloning vector and engineered, by in vitro recombina-
don methods, to carry virtually any fragment of for-
eign DNA. Much larger fragments of DNA can be
cloned in bacteriophages than in plasmids, although
there is an upper limit set by the need to package the
DNA in the phage protein coat; a maximum of 25 kb
of DNA can be cloned in bacteriophage A. As for plas-
mids, genctic engineers created more sophisticated
phage vectors, including, for example, Agt and AZAPD.
Subsequently, other vectors with much larger capaci-
ty have been developed; bacterial artificial chromo-
somes (BACs) and yeast artificial chromosomes
(YAGs) can hold inserts as long as 100-500 kb and
250-1000 kb, respectively (Table 4-2). (Large-scale
vectors are discussed in Chapter 11.)

There Are Five Basic Steps in Cloning

Therc are five steps in the basic process of cloning
DNA, described here for cloning in plasmid vectors
(Fig. 4-5). The first is to choose the appropriate
DNA to be cloned. Sources of DNA for cloning are
genomic DNA or a so-called complementary DNA
(cDNA), a DNA copy of an mRNA made using the
enzymc reverse transcriptase,

The seccond step is to produce a collection of
DNA fragments of a size suitable for inserting into
appropriate vectors carrying one or more antibiotic
resistance gencs. Although these fragments are pre-
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FIGURE 4-4

Purification of plasmid DNA from Escherichia coli. Bacteria containing a plasmid with a cloned DNA insert
and an antibiotic resistance gene are grown in medium containing the antibiotic to select for bacteria carry-
ing the plasmid. Most plasmids used for molecular biology are multicopy (i.e., present in many copies per
cell). The medium is centrifuged to pellet the £. coli cells and the supematant is discarded. Sodium hydrox-
ide and the detergent sodium dodecyl sulfate are added to lyse the bacteria, thus freeing the plasmids.
Potassium acetale is added, which forms an insoluble precipilate of potassium dodecyl sulfate that contains
the £. coli genomic DNA and many proteins. This precipitate is removed by centrifugation; the small plas-
mid DNA remains in the supernatant, which also contains £. coli RNA. Two methods are shown for further
purification of the plasmids. One method uses density centrifugation in a cel! to separate out the plasmid
DNA from other nucleic acids. (Plasmid DNA can be very tightly coiled [“supercoiled”], or one strand can
be nicked, thus allowing it to adopt a “relaxed shape.”) Another approach is 1o use a resin that specifically
binds DNA in buffers of high salt concentration. The column with the bound plasmid DNA is washed sev-
eral times before eluting the plasmid DNA with a low salt buffer.
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TABLE 4-2. Cloning capacity of commonly used vectors

Vector Insert size range (kb)
Plasmid <10
Phage <23
Cosmid 3046
P1 artificial chromosome (PAC) 130-150
Bacterial antificial chromosome (BAC) <300
Yeast artificial chromosome (YAC) 200-2000

pared from chromosomal DNA by using a restric-
tion endonuclease, most cDNAs are of a suitable size
for cloning without any further manipulation.

The third step is to insert the DNA into the vec-
tor and usc DNA ligase to covalently link the DNA
fragment to the vector DNA. In the fourth step, the
vectors with inserted DNA fragments are introduced
into a population of bacteria; this step is called trans-
formation. The transformed bacteria are plated on
agar containing an antibiotic. Only those bacteria
containing plasmids will grow because the plasmids
confer antibiotic resistance on the bacteria. The bac-
teria arc plated at low density so that as each resistant
bacterial cell divides, it gives rise to a colony of bac-
teria, all derived from a single cell containing a single
molecule of recombinant DNA. This is the cloning
step proper. Such a collection of cloned DNA frag-
ments propagated in bacteria is called a library.

This library is a library without a catalog to tell us
which clone contains a particular sequence, so the
fifth step is to determine which colonies contain the
desired sequence. In the next sections we will review
each of these steps in more detail.

Choosing the Right Starting Material Is
Essential in Cloning

The first decision to be made is whether to clone a
gene starting with chromosomal DNA or a ¢cDNA
copy of an mRNA. The choice depends on the par-
ticular problem to be tackled. If onc is interested in
the amino acid sequence of a protein, this informa-
tion can be obtained most readily from the
nucleotide sequence of a cloned ¢cDNA. On the
other hand, if onc is interested in the regions of a
gene that regulate its expression, or in gene
sequences not contained within the mRNA, then
this information can be obtained only from genes
cloned from chromosomal DNA.

The purity of the starting DNA sample is impor-
tant because if DNA from other organisms is present
it will be represented in the final library. This type of

{(a) Selection of DNA

(b) Cut DNA with
restriction enzyme

{c) Mix with cut vector
and ligate

Plate on agar
with antibiotic

(e) Isolate
colonies

FIGURE 4-5

The five basic steps of cloning DNA in a plasmid. (2) DNA
containing the gene of interest must be prepared. (b) The
DNA is treated with a restriction enzyme to cut the DNA into
fragments of a size suitable for inserting into a vector that has
been cut with the same restriction enzyme. (¢) Third, the
DNA fragments are mixed with vector molecules and DNA
ligase is used to covalently link them. (d) In the fourth step,
the recombinant molecules are introduced into bacteria that
are plated on agar containing an antibiotic. This kills any
bacteria that have not taken up a plasmid (which carries an
antibiotic resistance gene). The bacleria are plated at low
density so that each colony arises from a single bacterial cell
carrying a plasmid. (e) Finally, those very few clones con-
taining the gene of interest are selected from the library.




DNA mixing could occur if, for example, plants har-
vested for DNA extraction had bacteria and fungi
growing on the surface of the leaves and roots. It is
also important to ensure that the DNA sample con-
tains the genc of interest. It would not be a good
idea to try to clone human Y-chromosome genes
beginning with a sample of DNA from a woman.

The mRNA that will serve as the template for the
synthesis of a cDNA must be prepared from cells that
express the gene of interest. As any given cell type
expresses only a subset of its chromosomal genes,
proper selection of the starting tissues or cells is cspe-
cially important. This may not be casy, because many
genes are expressed in only a limited number of cell
types or under certain growth conditions or at partic-
ular stages in development. The first cukaryotic gene
to be cloned was the rabbit $-globin gene because
therc was a readily available and plentiful source of B-
globin mRNA—reticulocytes in the blood; 50-90%
of the total mRNA in a reticulocytc is globin mRNA.
Similarly, pancreatic cells were used as the source of
mRNA for cDNA cloning of the insulin gene.

Techniques have improved so that we are now
able to clone ¢cDNAs from rare mRNAs, but the rel-
ative abundance of mRNAs from different genes
affects the relative number of copies of each cDNA
present in the library. There will be many more
c¢DNAs derived from an abundant mRNA than from
a rare mRNA, so that there will be many more clones
of the former than the latter in a library, making it
difficult to find clones of a rare transcript. Several
techniques have been developed for normalization
of cDNA libraries, which reduce the proportion of
clones corresponding to abundant mRNAs.

mRNA Is Converted to cDNA by Enzymatic
Reactions

The first step in constructing a cDNA library
involves isolating total cellular RNA. A fraction that
contains mostly mRNA is then isolated from the
total cellular RNA. As we will describe in detail in
Chapter 5, the majority of cukaryotic nRNA mole-
cules have a run of adenine nuclcotide residues
called a poly(A) tail at their 3° ends. This tail is
important for the function of the mRNA, but also
the poly(A) provides a very convenient way to isolate
mRNAs from total cellular RNA, the bulk of which
is ribosomal RNA and tRNA, which do not have
poly(A) tails (Fig. 4-6). (The fraction of poly(A)-
containing mRNA is usually only ~1-2% of total cel-
lular RNA.) The selection relics on the use of
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oligonucleotides composed only of deoxythymidine
(oligo(dT)), which can be linked to a solid support
such as beads of cellulose. These beads are packed
into small columns. When a preparation of total cel-
lular RNA is passed through such a column, the
poly(A) tails of the mRNA molecules bind to the
oligo(dT), thereby trapping the mRNAs to the sup-
port while the rest of the RNA flows through the
column. The bound mRNAs are then eluted from
the column and collected.

The poly(A) tails of the mRNA molecules are also
used for the next step of cDNA cloning, the prepara-
tion of a DNA copy of the RNA (Fig. 4-7). Short
oligonucleotides containing 12-20 deoxythymidines
(oligo(dT)) are mixed with the purified mRNA and
hybridized to the poly(A) tails, where they act as
primers for reverse transcriptase. This enzyme, which
is isolated from cerrain RNA tumor viruses (see
Chapter 5), can use RNA as a template to synthesize
a DNA strand. (Its name comes from its ability to
reverse the normal first step of gene expression.) The
product of the reaction is an RNA-DNA hybrid.
Using oligo(dT) as the primer has the disadvantage
that, because the reverse transcriptase must begin at
the 3’ end of its mRNA, it may not reach the 5" end
of the molecule. This is a particular problem for very
long mRNAs. To circumvent this difficulty, a second
method, randomly primed cDNA synthesis, is used.
Oligonucleotide fragments, 6-10 nucleotides long
and made up of many possible sequences, are used as
primers for the cDNA synthesis. In this way, priming
of the mRNA occurs from many positions, not only
from the 3 end. Sequences close to the 5° end of
long mRNAs are more recadily cloned using this
method. Again the product of reverse transcription is
an RNA-DNA hybrid. At this point, the RNA-DNA
hybrid molecules must be converted into double-
stranded DNA molecules that can be cloned into
appropriate vectors.

The most common way to synthesize a double-
stranded cDNA from an mRNA~cDNA hybrid makes
use of an enzyme from E. coli, RNase H, that recog-
nizes RNA-DNA hybrid molecules and digests the
RNA strand into many short picces. These RNA
pieces remain hybridized to the first cDNA strand and
serve as primers for E. coli DNA polymerase, which
uses the original cDNA as a template to synthesize the
complementary strand of DNA. Eventually, this
process completely replaces the original RNA with
DNA, except for a small piece of RNA at the extreme
5’ end. The new DNA strand is not entirely contigu-
ous but rather contains breaks (“nicks”). These breaks
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Total cell RNA are joined (ligated) by the action of DNA ligase, thus
IEE forming a double-stranded DNA molecule.

oligo(dT) cDNA Molecules Are joined to Vector DNA
cellulose :
to Create a Clone Library
[Ty itT) .
The double-stranded cDNA molecules obtained by
these procedures are then inserted into a plasmid or
a phage vector. Modern plasmid vectors have been
cextensively engineered to contain a variety of fea-
tures to aid the cloning process, including, for exam-
ple, polylinker regions containing many restriction
enzyme sites. For library construction, artificial
restriction enzyme sites are added to the ends of the
cDNAs (Fig. 4-8). The restriction enzyme sites are
contained in 8- to 12-bp oligonucleotides, synthe-
sized chemically, called f/inkers or adaptors. These
poly(A) mRNA adaptors are added to the double-stranded ¢cDNAs
:‘g‘zggz‘(z% using DNA ligase and then cut with the appropriate

restriction enzyme to produce single-stranded sticky
ends.

The ¢cDNA, now carrying sticky ends generated
by the restriction enzyme, is combined with a vector
that has been cleaved with the same enzyme, and the
ends are sealed together using ligase. The recombi-
nant molecules are now ready to be introduced into
bacterial cells using a method appropriate for the
vector type. Plasmids are introduced by a variety of
transformation procedures (detailed in Chapter 6),
whereas A phage vectors are first packaged in vitro to
form infectious phage particles that can replicate in
bacteria. Although plasmid vectors offer the advan-
tage of easc of manipulation of the inserted cDNA,
phage librarics contain a greater number of clones
and can be screened in much larger numbers.

rRNA and tRNA eluted
and discarded

10 mM Tris FIGURE 4-6
1 mM EDTA

{solation of poly(A) mRNA. Most eukaryotic mRNAs carry a
poly(A) tail, which can be used to purify the mRNA fraction
from the bulk of cellular RNA. Cellular RNA is passed over
a column consisting of an inert material, often cellulose or
agarose, to which oligonucleotides consisting entirely of
deoxythymidine (dT) residues have been attached. The
poly(A) tails hybridize to this oligo(dT), causing the mRNA to

poly{A) mRNA eluted stick to the column, whereas the rest of the RNA runs
through. After extensive washing of the column to remove

\ AAAAA the last traces of contaminating material, the column is
washed with a buffer of low ionic strength. Under these con-

ditions the poly({A)-oligo(dT) hybrids dissociate, and the
’ purified mRNA washes off the column.
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Synthesis of cDNA. poly(A) mRNA is incubated with deoxy-
thymidine-containing oligonucleotides, which hybridize to
the poly(A) tails, forming primed templates for the enzyme
reverse transcriptase. When the cDNA will be used to con-
struct a library, the oligonucleotide primers are designed so
that they contain a restriction site, such as Xhol, which will
be used to create sticky ends for ligation to the vector.
Deoxynucleotide triphosphates are added to the mRNA but
with methylated deoxycytosine instead of the usual
unmethylated deoxycytosine. On addition of reverse tran-
scriptase, CDNA molecules are synthesized on the mRNA
templates; this methylated cDNA cannot be cut at internal
Xhol sites. The result of the reverse transcriptase reaction is
a collection of RNA-DNA hybrids and the RNA strands must
be destroyed and replaced with DNA. RNase H nicks the
RNA strands and these serve as initiation sites for DNA syn-
thesis by £. coli DNA polymerase. This DNA synthesis step is
done using unmethylated deoxycytosine to ensure that the
Xhol! site in the oligonucleolide at the ends of the cDNAs can
be digested by Xhol. Eventually, most of the RNA fragments
are replaced by DNA. The double-stranded DNA molecules
are finally treated with DNA ligase, which seals up any
remaining nicks in the new DNA strand.
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How can the experimenter be certain that the
process of cloning to this point has resulted in bacte-
ria containing cloned DNA? One simple approach,
called blue/white screening, relies on the B-galactosi-
dase gene from the Jac operon (Chapter 3). The
ecnzyme f-galactosidase hydrolyzes the chemical
X-gal to produce an insoluble blue dye. The cloning
site of many vectors is within a copy of the B-galac-
tosidase gene, so that the inscrtion of DNA disrupts
the gene and bacterial colonies or phage plaques
remain colorless (“white”) if X-gal is included in the
culture medium (Fig. 4-9). In contrast, colonies or
plaques containing vectors without DNA inserts turn
blue. Blue/white screening can be used to determine
whether recombinant vectors are present at high fre-
quency in the library and picking white colonies or
plaques excludes those containing empty vectors.

Libraries of Genomic DNA Represent the
Complete Sequence of Organisms

¢DNA libraries are uscful because they represent the
proteins expressed in a given tissue and can be
directly used for the expression and study of pro-
teins. However, mRNAs only represent a snapshot of
the complete genome of an organism. To study the
entire genome (much of which is not expressed as
mRNA), it is necessary to create a library containing
all segments of the genome of an organism. This is
possible by similar techniques to those described
above for making cDNA librarics (in fact, it is sim-
pler in that one begins with double-stranded DNA
rather than having to make ¢cDNA). One limitation
of the plasmid and A vectors is that they can hold
only smail DNA fragments. This means not only that
many clones are needed to ensurc complete coverage
of genomic DNA, but also that many large genes
cannot be contained on a single clone. Other vectors
with much larger capacity, such as BACs and YACs,
are indispensable for genome-scale cloning.
Genomic libraries have long been used to study spe-
cific parts of the genome, and creation of high-qual-
ity libraries is essential for genome sequencing, as we
shall see in Chapter 11.

Nucleic Acid Probes Are Used to Locate
Clones Carrying a Desired DNA Sequence

The net result of plating out a clone library is hun-
dreds of thousands to a million phage plaques or b.ac-
terial colonies (for plasmid vectors), each containing
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a cloned DNA fragment, distributed on a set of agar
plates. Once the library has been plated out, a copy,
or replica, is prepared on nitrocellulose filters or
nylon membranes (Fig. 4-10). This process transfers
a portion of each plaque or colony to the nitrocellu-
lose and is done in such a way that the pattern of
plaques or colonies on the original plates is main-
tained on the filters. Screening is carried out by incu-
bating these nitrocellulose replicas with a nucleic acid
probe to detect sequences of interest or with an anti-
body that can detect an expressed protein of interest.

The most direct method of screening is to use
nucleic acid hybridization, a very sensitive means for
detecting DNA sequences with small pieces of DNA
(probes) that are complementary to those sequences.
This requires knowledge of the sequences being
sought. In some cases, part of the gene may already
have been cloned, and this can be used to search for
clones that contain additional sequences flanking the
starting clone. In other cases, the gene of interest
may be selected based on genome sequence informa-
tion from that organism or from another organism. If
the sequence of interest is not precisely known, it is
still possible to use hybridizadon to find partially

FIGURE 4-8

Directional cloning of double-stranded cDNA in a plasmid
vector. The cDNA is first manipulated to give it different sin-
gle-stranded tails, complementary to restriction sites on the
vector DNA. The cDNA is treated with Pflu DNA polymerase,
which has 3” to 5° exonuclease activity and 5 to 3 poly-
merase activity. These combined activities fill in 5 over-
hangs and remove 3 overhangs, producing blunt ends on
the cDNA product. Next, the EcoRI adaptors are attached to
the ends of the cONA using DNA ligase. Ligation requires a
5 -phosphate and, because the linkers are not phosphorylat-
ed, only one linker can be attached at each end of the cDNA,
to the free 5 -phosphates. This produces a sticky end com-
patible with EcoRI at one end of the cDNA. The cDNA is
then digested with Xhol. Because methylated cytosines were
used for the cDNA synthesis, the only Xhol site that can be
cut is that in the reverse transcriptase primer at the 3” end of
the original mRNA. The end product is a ¢cDNA molecule
with a sticky EcoRl at one end and a Xhol at the other. Next,
the vector DNA is treated with Xhal and EcoRl, and the cut
vector is purified. The vector and cDNAs now have compat-
ible ends and they are covalently joined with DNA ligase.
The result is a population of circular molecules, with the
cDNA directionally cloned with the original 5” end at the
EcoRl site and the 3" end at the Xhol site.




No insert

With insert

Basic Tools of Recombinant DNA = 89

FIGURE 4-9

Blue/while screening to recognize vectors
containing inserts. The Escherichia coli facZ
gene encodes the enzyme PB-galactosidase.
When bacteria making B-galactosidase are
grown on agar containing the colorless chem-
ical X-gal, cleavage of the X-gal by the
enzyme produces an insoluble blue product.
In many modern vectors, the multiple cloning
site is situated within a small 150-nucleotide

fragment of the /acZ gene (lacZ"), which pro-
duces a 50-amino-acid-long a fragment. The
multiple cloning site does not disrupt the lacZ”
reading frame. When the a fragment is com-
bined with the facZ Q fragment, they assemble

Both subunits of Only lacZ @
lacZ are made is made
Plate on agar
containing X-gal
Blue colony; White colony:
Complete No cleavage
enzyme of X-gal
cleaves X-gal

matching sequences. Hybridization between probe
and cloned gene sequences containing mismatched
bases will occur if screening is performed at lower
temperatures (c.g., 42°C instead of 65°C) and high-
er salt concentrations. The filter with spots showing
where the probe hybridized to clones is then com-
pared to the original plate to select clones containing
the sequence of interest. These clones arc removed
from the plates and the phages or plasmids are grown
in bulk to produce large quantities of the cloned
DNA for further study.

Southern and Northern Blotting Procedures
Analyze DNA and RNA by Hybridization

Once a DNA segment of interest has been cloned, it
is useful to study its posion in the genome and
expression in the organism. In 1975 Ed Southern
combined gel clectrophoresis with hybridization to
create an cxtremely powerful tool for detecting

to form an active enzyme. So, expression of
the a fragment from a plasmid in an E. coli
host producing the Q fragment leads to the for-
mation of active (-galactosidase, and colonies
grown on X-gal containing agar are blue. In
contrast, if there is a cCDNA insert in the multi-
ple cloning site, the a fragment cannot be syn-
thesized, functional B-galactosidase is not
made, and the colonies are colorless
(“white”). The blue and white colonies (or
plaques if a phage vector has been used) are
easily distinguishable, providing a ready
means for identifying clones with inserts.

sequences, the so-called Southern blotting procedure
(Fig. 4-11). Genomic DNA is cut with one or sever-
al restriction enzymes. The resultant fragments are
denatured to separate the DNA strands and separat-

cd by clectrophoresis on an agarose gel. The gel is.

then overlaid with a sheet of nitrocellulose or nylon
membrane, and a flow of buffer is sct up through the
gel, carrying the DNA fragments onto the filter,
where they bind. Thus, a replica of the distribution of
DNA in the gel is created on the filter. A radioactive-
ly labeled nucleic acid probe, complementary to the
sequences being sought, is then hybridized to the
DNA molecules bound on the filter. Unbound probe
is washed off, and the dried filter is exposed to X-ray
film. The end product is an autoradiograph with a
pattern of bands indicating the positions of DNA
fragments complementary to the probe. The sizes of
the fragments can be estimated by comparisons with
size standards run on the same gel.

Southern blotting made possible the production
of detailed restriction maps of complex genomes, in
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which specific fragments can be detected among the
millions of other fragments produced by restriction
enzyme digests. It has been used in conjunction
with electrophoretic separation of very large DNA
molecules to prepare restriction maps covering dis-
tances of hundreds of kilobases. In this way genes
can be ordered along chromosomes, revealing the
clustering of genes into functionally related groups.
Southern blotting has also been useful for looking at
the distribution of a gene across species. “Zoo blots”
are made by hybridizing a gene probe from one
species against restriction digests of genomic DNAs
from a variety of species. The degree of evolutionary
conservation of the gene is indicated by the range of
DNAs to which the probe hybridizes.

The analogous technique for analyzing RNA is
called Northern blotting. Instead of separating DNA
on a gcl, an RNA sample is electrophoresed, blotted,
and hybridized with a labeled probe of interest.
Northern blotting is particularly valuable for deter-
mining which tissues or cell types express a particular
gene, when genes are turned on, and what factors
regulate their expression. The availability of extensive
sequence information now allows the reverse experi-
ment, called a microarray. To construct a microarray,
several hundred to hundreds of thousands of known
DNA sequences (equivalent to the probes used in

FIGURE 4-10

Screening a library with a nucleic acid probe to find a
clone. Libraries are typically screened by spreading several
hundred thousand phages on 10-20 large agar plates cov-
ered with the host bacterial culture (lawn). After the phage
plaques have grown to visible size, nitrocellulose filters are
carefully laid onto the surface of the plates. Phage particles
from the plate adhere 1o the filter, creating a precise replica
on the filter of the pattern of plaques on the plate. The filters
are treated to strip off phage proteins and bind the phage
DNA to the filter surface. The filter is incubated in a solution
containing a radioactively labeled DNA or RNA probe com-
plementary in sequence to a portion of the gene being
sought. This hybridization reaction is often carried out in
sealed plastic bags. The filters are carefully washed to
remove unbound probe, which leaves behind only the probe
molecules tightly bound 1o complementary sequences with-
in phage DNA. The location of the bound probe is deter-
mined by exposing the filters to X-ray film (autoradiography).
The position is represented by a spot of exposure on the film.
By orienting the film with the original agar plate, the phage
plaque carrying the complementary sequence can be identi-
fied and the desired clone can be isolated.
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Southern blotting) are immobilized in tiny grids and
hybridized with labeled DNA or RNA. We shall
describe this extremely powerful, recently developed
method in more detail in Chapter 13.

Although the basics of Southern and Northern
blotting have remained unchanged, the method for
dctecting DNA and RNA fragments in the gels has
changed dramatically. Instead of using photographic
film to record the positions of radioactively labeled
probes, researchers use phosphorimagers, which
have screens containing crystals that respond to
radioactive emissions. When these are illuminated by
a laser, the crystals emit light, which is recorded by a
photomultiplier. This is much more rapid than using
X-ray film—exposures are measured in hours rather
than days—and much more sensitive. Furthermore,
quantitation is more accurate because the response
of the imager is linear over a wide range of radioac-
tivity. Alternatively, probes can be labeled using non-
radioactive labels. Indirect methods incorporate
nucleotides carrying a small molecule such as biotin
into a probe and detect this biotin using an antibody
carrying alkaline phosphatase. This in turn acts on a

FIGURE 4-11

Southern blotting: analyzing DNA by gel electrophoresis,
blotting, and hybridization. DNA cleaved with restriction
enzymes is applied to an agarose gel and electrophoretical-
ly separated by size. The DNA in the gel is transferred to a
nitrocellulose filter to make a precise replica of distribution
of DNA as it was in the gel. This is usually done by placing
the gel atop a sponge silting in a tray of buffer. The filter is
laid over the gel and covered with a stack of paper towels
that acts as a wick, pulling buffer up through the sponge, gel,
and filter. DNA fragments from the gel are carried up onto
the filter, where they stick tightly. The filter is removed and
hybridized with a radioactively labeled probe. Hybridization
specifically tags the DNA fragment of interest, even though
it may constitute only a minute fraction of the nucleic acids
on the filter—this is the basis of the exquisite selectivity of
the method. Unbound probe is washed off, and the filter is
exposed to X-ray film. The position of a DNA fragment com-
plementary to the probe appears as a band on the film. This
procedure is termed Southern blotting when DNA is trans-
ferred to nitrocellulose. A very similar procedure called
Northern blotting can be performed using RNA. The process
is called Western blotting when protein is transferred, usual-
ly from an SDS-polyacrylamide gel rather than an agarose
gel. In Western blotting, the protein of interest is visualized
using an antibody that specifically recognizes it within the
background of other cellular proteins.
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substrate that emits light when hydrolyzed by the
enzyme. Direct methods label a probe with dyes that
fluoresce when stimulated by a laser.

Hybridization analogous to Southern and
Northern blotting can also be performed directly on
cells, a procedure called fluorescence in situ
hybridization (FISH; Chapter 14). In FISH, fluores-
cently labeled probes are hybridized to “fixed”
(chemically preserved) cells to determine the local-
ization of a DNA or RNA sequence within the cell.

Only one other point of the compass has come
into common usage, although not dealing with
nucleic acids. In Western blotting, proteins in com-
plex mixtures are separated by electrophoresis, usu-
ally on polyacrylamide gels, and then transferred to
nitrocellulose or polyvinylidene fluoride (PVDF)
filters. Specific proteins are detected by using anti-
bodies.

Powerful Methods Are Used to
Sequence DNA

Although by the mid-1970s, genes could be isolated
and produced in large quantities for analysis, there
was no way to read the nucleotide sequence of
cloned DNA. In fact, the first nucleic acid sequences
had been determined in the 1960s, but these were of
the relatively small tRNA molecules, only 75-80
nucleotides in length. In the late 1960s, Frederick
Sanger turned his attention from sequencing pro-
teins to developing fast, simple procedures for
sequencing larger RNA molecules. These provided a
roundabout way to determine the sequence of DNA
by first using RNA polymerase to synthesize a com-
plementary RNA chain, and then sequencing this
RNA. A breakthrough came a few years later with
the advent of methods that allowed direct sequenc-
ing of DNA fragments between 100 and 500
nucleotides in length, The first of these, the
plus—minus method, was developed by Sanger in
1975, and, in conjunction with using polyacrylamide
gel electrophoresis (another Sanger innovation), a
large part of the 5386-bp sequence of the small
DNA phage ¢X174 was quickly determined
(Chapter 10). Two years later, Allan Maxam and
Walter Gilbert at Harvard, and Sanger and his col-
leagues at Cambridge, England, developed new
methods that were significant advances on the
plus-minus method.

Maxam and Gilbert’s method was based on the
chemical degradation of DNA chains. In this

method, DNA fragments are labeled at one end and
then divided into four separate samples. Each sample
undergoes a different treatment, producing DNA
fragments ending in G, C, a combination of A and
G, and a combination of C and T. The DNA frag-
ments in the completed reactions are separated by
electrophoresis in polyacrylamide gels and detected
by autoradiography. Merging the data from all the
samples gives the complete sequence. The sequence
of all the 5243 base pairs of SV40 DNA was com-
pleted quickly using this method, and that of the
small recombinant plasmid pBR322 (4362 bp) was
determined in less than a year by Greg Sutcliffe in
Gilbert’s laboratory.

It is Sanger’s sccond method for sequencing DNA
that has become the standard technique (Fig. 4-12).
Specific terminators of DNA chain clongation—
2°,3’-dideoxynucleoside triphosphates (ddNTDs)—
were synthesized. These ddNTPs are incorporated
normally into a growing DNA chain through their
5"-triphosphate groups, but they cannot join with the
next incoming deoxynucleotide triphosphate (ANTP)
because they lack the 3°-OH group needed to make
the phosphodiester bond. When a small amount of a
specific ddN'TP (say, ddATP) is included in the reac-
tion mixture along with the other three dNTDs
rcquired for DNA synthesis by DNA polymerase, the
products are a series of chains that are specifically ter-
minated wherever a ddATP is incorporated. Four
reactions are set up, each with a different ddNTP; the
DNA chains of each reaction are separated by elec-
trophoresis; and the scquence is read off.

The next major advance in DNA sequencing came
when Michael Hunkapiller and Leroy Hood devel-
oped a method for labeling each ddNTP with a dif-
ferently colored dye, so that all four reactions could
be run in a single lane on a gel. Later, semiautomat-
cd sequencing machines became available and deter-
mining the sequence of a segment of DNA became
a standard procedure in every molecular biology lab-
oratory. Continuing developments, including robots
for preparing reaction samples and fully automatic
capillary-based sequencing machines, have led to
sequencing the entire genomes of higher organisms.
At the date of this printing, the genomes of more
than 1000 viruses and 300 organisms, including
human, mouse, and rat, have been determined.
Chapters 10, 11, and 12 provide many more details
of the strategies and technologies that have enabled
us to achieve feats regarded as impossible only a few
years ago.
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FIGURE 4-12

The Sanger dideoxy DNA sequencing procedure. 2°,3 -dideoxynucleotides of each of the four bases are pre-
pared. These molecules can be incorporated into a growing DNA strand by DNA polymerase because they
have a normal 5"-triphosphate; however, once incorporated into a growing DNA strand, the dideoxynu-
cleotide (ddNTP) cannot form a phosphodiester bond with the next incoming dNTP. Growth of that particu-
lar DNA chain stops. (a) A Sanger sequencing reaction consists of a DNA strand to be sequenced, a short
piece of DNA (the primer) that is complementary to the end of that strand, a carefully controlled ratio of one
particular ddNTP with its normal dNTP, and the other three dNTPs. A small amount of one or more radioac-
tive dNTPs is also included so that DNA molecules can be visualized later by autoradiography. (b) When
DNA polymerase is added, normal polymerization will begin from the primer; when a ddNTP is incorporat-
ed by chance, the growth of that chain will stop. If the correct ratio of ddNTP:dNTP is chosen, a series of
labeled strands will result, the lengths of which are dependent on the location of a particular base relative to
the end of the DNA. (c) The resulting labeled fragments are separated by size on an acrylamide gel, and
autoradiography is performed; the pattern of the fragments gives the DNA sequence. Generally, in modern
sequencing methods the products are visualized by detecting fluorescence from dyes conjugated to the chain
terminating ddNTPs. By using a different dye for each ddNTP, a single reaction can be done and analyzed
on a single lane of a gel.
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Oligonucleotides Are Synthesized
Chemically

The ready availability of oligonucleotides of defined
sequence is critical for many recombinant DNA
techniques. Mcthods for linking nuclcotides were
worked out during the 1970s and this early phase
culminated with the synthesis of a completc alanine
tRNA by H. Gobind Khorana’s laboratory in 1972.

The emergence of quick, convenient methods for
the synthesis of moderately long oligonucleotides
with defined sequences depended on three technical
advances. The first followed the example of peptide
synthesis and attached the growing nucleotide chain
to a solid support. The polymerases in cells synthe-
size DNA and RNA in a 5" to 3° direction, wherecas
it is most frequently used for in vitro oligonucleotide
synthesis done in reverse, from 3” to 5°. Thus, the
3’-hydroxyl of the first base is tethered to the solid
support. This leaves just one end of the molecule
available for reactions, and adding and washing off
reagents is much easier with a tethered molecule.

The second advance was the development of
improved chemistries for protecting both the 5” and
the 3" end of a mono- or oligonucleotide from chem-
ical reactions by attaching &locking groups onto the
nuclcotides used in DNA synthesis. These blocking
groups are additional atoms linked to the reactive
hydroxyl and amine groups on the nucleotides, which
prevent unwanted chemical reactions between the
next added base and the growing oligonucleotide
chain. After synthesis is complete, the blocking groups
are removed, leaving a DNA molecule chemically
identical to those synthesized in cells.

The third advance came with the development of
programmable machinces that synthesize oligonucle-
otides using phosphoramidite chemistry and solid
supports. Until then, synthesis of oligonucleotides
was a time-consuming process that was limited to
linking together fewer than 20 nucleotides. Now,
completely automated machines synthesize oligonu-
cleotides as long as 100 bases in a few hours. The
limiting factor is the progressively lower yield of full-
length oligonucleotides with increasing length.

Genes Can Be Synthesized from
Oligonucleotides

Oligonucleotides are essential for many techniques
and they have also been used to synthesize genes.

Because the yield of cach reaction step of oligonu-
cleotide synthesis is less than 100%, there are limits
on the maximum length of synthctic oligonu-
cleotides. Complete genes have to be made by
stitching together multiple oligonucleotides and the
first gene thus synthesized, in 1970, was for a tRNA.
Synthesis of genes encoding small peptide hormones
such as the 42-bp human hormone somatostatin and
the two chains of human insulin, 63 and 90 bp, soon
followed. At that time, chemical synthesis provided a
way for researchers to bypass the prohibitions against
the insertion of human DNA into a bacterium.
Although those prohibitions were soon lifted, chem-
ical synthesis continued to be a practical, although
somewhat expensive, way to create genes and, by the
1980s, genes such as tissue plasminogen activator,
1610 bp in length, were being made. Further devel-
opments led to the synthesis of the complete
genomes of poliovirus (7440 bp) and of the bacte-
riophage $X174 (5386 bp).

The Polymerase Chain Reaction Amplifies
Specific Regions of a DNA Target

The polymerase chain reaction technique (PCR) was
devised by Kary Mullis in the mid-1980s and, like
DNA sequencing and synthesis, has revolutionized
the practice of molccular genetics; those who learn the
craft today find it inconceivable that any research was
done prior to 1988 when PCR became a reliable and
convenient tool. There are so many variations of the
PCR technique, and so many applications, that we can
provide only a sampling of them in this chapter. Here,
we will go over the basic features of PCR, whereas
many of the experiments described in later chapters
will provide examples of the applications of PCR.

A major problem in analyzing genes is that they are
rarc targets in a complex genome—the human
genome, for example, has about 23,000 genes.
Various procedures were devised to isolate and detect
these rare targets, but such techniques were generally
complex and time consuming. PCR changed this by
enabling us to produce cnormous numbers of a spec-
ificd DNA sequence without resorting to cloning.
PCR uses DNA polymerase to synthesize multiple
copics of a DNA sequence (“amplify”) determined by
the primers needed to initiate DNA synthesis.

The starting material for a PCR is a DNA sample
containing the sequence to be amplified. DNA
preparation for a PCR is relatively easy except for the
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most demanding of samples. The target DNA
sequences do not have to be isolated from other
DNA because they are defined by the oligonu-
clcotide primers used in the reaction. In fact, DNA
released by disrupting cells by boiling or by deter-
gents can be used direcdy without any purification.
Because PCR amplifiecs DNA, the amount of DNA
needed to initiate a PCR is very small—even a single
DNA molecule will suffice. Remarkable sources of
DNA for PCR include biopsies embedded in paraf-
fin for more than 40 years; blood samples, taken by
heel prick of newborns, for the neonatal detection of
phenylketonuria and stored as dried spots on cards;
and even the tooth of a 10- to 11-year-old Nean-
derthal child dating from 100,000 years ago.

DNA polymerase uses single-stranded DNA as a
template for the synthesis of a complementary new
strand. These single-stranded templates are pro-
duced simply by heating double-stranded DNA to
near boiling. DNA polymerase requires a small sec-
tion of double-stranded DNA to initiate (“prime”)
synthesis. Thercfore, the starting point for DNA
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synthesis in vitro can be specified by supplying an
oligonucleotide primer that anneals to the template
at that point (Fig. 4-13).

Both DNA strands of a double helix can serve as
templates for synthesis, provided an oligonucleotide
primer is supplied for each strand. The primers are
chosen to flank the region of DNA that is to be
amplified, so that the newly synthesized strands of
DNA, starting at cach primer, extend beyond the
position of the primer on the opposite strand.
Therefore new primer binding sites are generated on
each newly synthesized DNA strand. The reaction
mixture is heated to separate the strands, the primers
annecal to the newly available binding sites, and new
chains are synthesized. The cycle of heating, primer
binding, and extension is repeated (Figs. 4-14 and
4-15), so that at the end of n cycles, the reaction
mixture contains a theoretical maximum of 2” dou-
ble-stranded DNA molecules that are copies of the
sequence between the primers (Table 4-3). In prac-
tice, the typical yield is 10-30% of the theoretical
maximum. Important factors include the length and

(a)

AAGGTGAACGTGGATGAAGTTIGGTGe*]3

------------------- TTCCACTTGCACCTACTICAACCAC+]5

(b) S[+eCTGACACAACTGTGITCACTAGCAA -~--1-o---s-ssss

------------------ AAGGTGAACGTGGATGAAGTTIGGTG**]3

e GACTGTGTTGACACAAGTGATCGTT recrrerrorerrrrrorosecosceraceonron -TTCCACTTGCACCTACTTCAACCAC |5
Add primers
{c) 5[+~ CTGACACAACTGIGTITCACTAGGAA ++-rsrrrrociss seerees trerreecmeee AAGGTGAACGTGGATGAAGTTGGTGO013'
5'[ACAACTGIGITCACTAGC]3
3[seGACTGTTGACACAAGTGATCGTT ‘v rrrrrrrsroreriiies seescereerenes TTCCACTTGCACCTACTITCAACCAC+*]5

Add dNTPs and DNA polymerase

(d) 5[»*CTGACACAACTGTGTICACTAGCAA----

5'[ACAACTIGTGTITCACTAGCAA3

[+ eGACTGTTGACACAAGTGATCGT T rrrrrriocirzres

Ceieericiiieseeeie TICCACITGCACCTACTTCAACCAC**]5

FIGURE 4-13

Primers for DNA polymerase. (a) The target for amplification, a small section covering 110 bp of the -globin
gene, is shown. Two sequences separated by 60 nucleotides are detailed. Oligonucleotide primers for the PCR
are made to hybridize to the two sets of 20 nucleotides (underfined). (b) When the DNA is heated, the strands sep-
arate. () The oligonucleotide primers (shown in green) hybridize specifically to their complementary sequences
at the 3" ends of each strand of the targel sequence. (d) DNA polymerase uses these primers to begin synthesis of
new strands (shown in pink) complementary o the target DNA sequences in the 5” to 3~ directions.
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composition of the sequence to be amplified, because
DNA polymerase can falter on long sequences or in
regions of high GC content. Nevertheless, PCR can
produce so many copies that the DNA can be easily
visualized on an agarosc gel stained with ethidium
bromidc rather than having to resort to Southern
blotting,.

Optmizing a PCR requires the adjustment of
many parameters, including temperature, salt con-
centrations, and cycle durations, but the primers are
the key factor—it is they that direct where synthesis
of new DNA strands will begin. The specificity of
primer binding depends on the length of the primers
and their nucleotide composition. Oligonucleotides
between 18 and 24 nucleotides long tend to be
highly specific under standard conditions where the
temperature of the primer-binding step (called
annealing) is close to the temperature at which the
primers dissociate from the template DNA (the
melting temperature, T, ). It is also important to
choose primer pairs with similar T s, so that both
anneal at the chosen temperature. Increasing primer
length increases specificity, but at the price of
increasing the 7, . If the T, becomes too high, the

Denature DNA sample
to separate DONA strands

(94°C, 5 min)
Primers bind to
DNA strands
(30-65°C, 30 sec)
Denature to
separate DNA

strands (94°C, 30 sec)

Polymerase synthesizes
new DNA strands
{65~75°C, 2-5 min)

FIGURE 4-14

The PCR cycle. The DNA sample is heated to separate the
DNA strands (initial denaturation), and then the reaction
mixture goes through repeated cycles of primer annealing,
DNA synthesis, and denaturation. The target sequence dou-
bles in concentration for each cycle.

required annealing temperature will exceed the tem-
perature for polymerase extension and may risk inac-
curate priming.

Thermostable Polymerases Simplify and
Improve PCR

Once the extraordinary power of PCR had been rec-
ognized, many improvements were made in the basic
technique. Undoubtedly, the most significant was the
use of DNA polymerases from thermophilic bacteria
that live at very high temperatures. Because E. colj
DNA polymerase is destroyed at the temperatures
needed to scparatec double-stranded DNA, fresh
enzyme had to be added for each cycle of the reac-
tion. However, the DNA polymerase from the bac-
terium Thermus aquaticus, which lives in water at a
temperature of 75°C, has a temperature optimum of
72°C and is reasonably stable even at 94°C. Called
Taq polymerase, this enzyme remains actve through
a complete set of amplification cycles and has enabled
automation of PCR using thermocyclers, machines
designed to carry out the time and temperature cycles
for a PCR. For processing very large numbers of sam-
ples, the PCRs are set up using robots. This is essen-
tial for genome projects where millions of PCRs are
carricd out without any manual intervention.

Contamination Can Be a Problem in PCR
Studies

An unwelcome corollary of the amplification power
of the PCR is that minor contamination of the start-
ing material can have serious consequences. This is
true especially for critical applications, such as ampli-
fying DNA isolated in forensic cases where the sam-
ples taken at a crime scene are rarely in the pristine
state of samples used to preparc DNA in the labora-
tory, as we will see in Chapter 16.

An essential control is to carry out a PCR ampli-
fication without template DNA to test for contami-
nating DNA in the reaction reagents. One source of
contamination is the products of previous amplifica-
tion reactions. A completed PCR mixture may con-
tain as many as 10'3 amplified fragments, so that
even minute volumes, such as droplets in an aerosol
from a pipette tip, contain very large numbers of
amplifiable molecules. A simple and very effective
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way to reduce contamination is to physically separate
pre- and postamplification steps so that amplified
reactions are never in the same area that is used for
setting up the reactions. DNA can also be made
inactive as a template for PCR. Often, areas in the
lab set aside for PCR are treated with UV light. This
cross-links DNA, thus creating intrastrand bridges
that stop the polymerase as well as breaking DNA
strands.

More sophisticated methods can be used for espe-
cially critical studies or to deal with persistent con-
tamination. A clever method is based on the incor-
poration of deoxyuracil instead of thymidine into
PCR products. (Remarkably, this has little effect on
the properties of the amplified DNA except that
many restriction enzyme sites are lost.) When a new
reaction is set up, the enzyme uracil- N-glycosylase is
included and this degrades any previously amplified
DNA contaminating the new reaction by destroying
the uracils. dUTP can be used in the new reaction
because uracil- N-glycosylase enzyme is inactivated
by the high temperature in the new PCR.

FIGURE 4-15

The exponential increase of DNA copies during PCR. (a) The
starting material is a double-stranded DNA molecule. The
region to be amplified is marked by dashed lines. (b) The
strands are separated by heating the reaction mixture and
then cooling so that the primers anneal to the two primer-
binding sites flanking the target region, one on each strand.
(c) Taq polymerase synthesizes new strands of DNA, com-
plementary to the template, that extend a variable distance
beyond the position of the primer-binding site on the other
template. (d) The reaction mixture is heated again; the origi-
nal and newly synthesized DNA strands separate. Four bind-
ing sites are now available to the primers, one on each of the
two original strands and the two new DNA strands. (To sim-
plify the diagram, subsequent events involving the original
strands are omitted.) {e) Tag polymerase synthesizes new
complementary strands, but the extension of these chains is
limited precisely to the target sequence. The two newly syn-
thesized chains thus span exactly the region specified by the
primers. (f) The process is repeated, and primers anneal to
the newly synthesized strands (and also to the variable-
length strands, but these are omitted from the figure). (g) Tag
polymerase synthesizes complementary strands, producing
two double-stranded DNA fragments that are identical to the
target sequence. (h-k) The process is repeated and the num-
ber of target fragments doubles for each subsequent cycle of
the reaction.
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TABLE 4-3. Amplification of molecules during polymerase
chain reaction

Number of double-stranded
Cycle number target molecules

1 0

2 0

3 2

4 4

5 8

6 16

7 32

8 64

9 128
10 256
B 512
12 1,024
13 2,048
14 4,096
15 8,192
16 16,384
17 32,768
18 65,536
19 131,072
20 262,144
21 524,288
22 1,048,576
23 2,097,152
24 4,194,304
25 8,388,608
26 16,777,216
27 33,554,432
28 67,108,864
29 134,217,728
30 268,435,456
n 536,870,912
32 1,073,741,824

Fidelity of DNA Synthesis Determines the
Accuracy of PCR Amplification

Contamination is not the only possible source of error
in PCR. Like all other biochemical processes, DNA
replication is not a perfect process, and occasionally
DNA polymerase will add an incorrect nucleotide to
the growing DNA chain. The rate of misincorporation
measured in a naturally replicated DNA molecule is
approximately 1 in 10° nucleotides. Cells achieve such
extraordinary accuracy because the DNA replication
machinery removes mismatched nucleotides added to
the DNA chain. In vitro, Tag polymerase does not
have this “proofreading” capability, and using the
temperatures and salt concentrations typical in a PCR,
the enzyme incorporates one incorrect nucleotide for

abour every 2 x 10* nucleotides incorporated. This is
not a serious matter for bulk analysis of PCR products
because molecules with the same misincorporated
nucleotide will form a minute proportion of the total
number of molecules synthesized. But misincorpora-
tion is important if PCR fragments are to be used for
cloning, where cach clone is derived from a single
amplified molecule. If this molecule contains one or
more misincorporated nucleotides, then all DNA iso-
lated from that clone will-carry the identical mutation.
This problem can be reduced by beginning the PCR
with a large, rather than a small, number of template
molecules—fewer cycles of amplification are needed
and less total DNA synthesis takes place. Another way
to reduce the error rate is to use different DNA poly-
merasces. Polymerases from many thermophilic bacter-
ial species have been isolated for use in PCR, and some
of these, such as Pfis DNA polymerase, do have proof-
reading 3" to 5 exonuclease activity. The exonuclease
activity removes the mismatched nucleotides, which
allows the polymerase another opportunity to synthe-
size the correct sequence.

PCR Will Amplify Sequences from a Single
DNA Molecule

One of the most remarkable applications of PCR is in
performing linkage analysis using sperm. Human
genetic linkage analysis is difficult because it has to be
carried out using familics where the number of avail-
able offspring is often much lower than the geneticist
would like for statistical analysis. However, examin-
ing 1000 sperm is like studying a family with 1000
children, because cach sperm is the result of a meiot-
ic division. Linkage analysis can be done by choosing
a male heterozygous for the loci to be tested and
determining what proportion of his sperm cells show
recombination between the loci. But a sperm cell is
haploid, containing only one copy of each chromo-
some, and each chromosome is a single molecule of
DNA. Linkage analysis using sperm requires PCR to
work effectively and reliably in a reaction mixture
containing a single target DNA molecule!

In the example given here, alleles at three loci
werce analyzed—two on chromosome 19 (DS19549
and APOC2) and one on chromosome 9 (D9S52)
(Fig. 4-16). These loci contain microsatellite
repeats, stretches of DNA where a sequence is
repeated over and over again. D19S49 has repeats
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FIGURE 4-16
Amplifying single DNA molecules in linkage analysis using single sperm. (a) Three polymorphic regions were
used: D19849 and APOC2 on chromosome 19 and D9552 on chromosome 9. The polymorphisms arise from
differing numbers of repeat units at each locus: (CA) at D19549; (TG) at APOC2; and (ATTT) at D9S52. Sets
of three primers specific for each locus were synthesized. (b) A sperm sample was obtained from a man who
was helerozygous for each locus—(CA), and (CA),; (TG),q and (TG),,; and (ATTT),, and (ATTT),,. Single
sperm were transferred to tubes, and amplification of the three loci was carried out simultaneously using the
outer primers for each locus (P1 and P2; P4 and P6; P7 and P8). Samples were taken and the amplification
repeated using one outer and one inner primer (P1 and P3; P5 and P6; P7 and P9). Samples were run on an
acrylamide gel and stained with ethidium bromide. There should be three bands in each lane, corresponding
to DNA amplified at each locus, and the haplotypes of each sperm for these loci can be read off from the
1. gel. Thus, the sperm in lane 1 is ABC, whereas that in lane 2 is abc. However, lane 3 has no bands, presum-
T' ably because the tube contained no sperm, whereas there are two bands corresponding to both alleles of the
i D9552 locus in lane 4. This sample presumably had two sperm in it—ABC and aB8C. (¢) Data from an exper-

iment. The gel and its analysis are shown. One amplification product—for D9552—is missing in lane 14. It
is not unusual for such “dropout” to occur in multiplex reactions. The data show linkage between D19549
and APOC2. For this man, chromosome 19 has allele 8 of D19549 associated with allele C of APOC2, and
allele b with allele c. There is no linkage between alleles of D9552 and D19549-APOC2 because they are
on different chromosomes.
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of CAs, APOC2 has repeats of TG, and D9S52 has
repeats of ATTT. The alleles at these sites result
from differing numbers of repeats, the minimum
difference being one¢ repeat, equivalent to two
nucleotides at APOC2 and D19S49 and four
nucleotides at D9S§52. Sperm was obtained from
men who were heterozygous at all three loci, and
single sperm were isolated using a fluorescence-acti-
vated cell sorter, more commonly used for preparing
different types of lymphocytes. The three loci were
simultaneously amplified in what is termed a multi-
plex reaceion. Primers for multiplex PCR must be
carefully designed so that each PCR product has a
distinct size and so that the different primer sets
anneal to the template and not to one another.
Samples were electrophoresed using polyacrylamide
gels and the alleles were determined. Inspection
shows, not surprisingly, that although APOC2 and
D19849 arc linked, D9S52 is not linked because it
is on a separatc chromosome. Calculation of the
recombination frequency betwcen the two linked
loci requires statistical treatment of the data because
technical complications have to be taken into
account. For example, sorting is not perfect, so that
some tubes may have more than one sperm, where-
as other tubes may have no sperm, and sometimes
loci fail to amplify. The frequency of recombination
as calculated in this experiment was 0.083, which is
in good agreement with the value determined from
similar analysis performed on 40 families. These esti-
mates of genetic distances are for male chromo-
somes, which is an important point, given that
recombination frequencies for genes differ for male
and female meioses.

Real-Time PCR Is Used for the Rapid and
Accurate Quantitation of RNA and DNA

It is often necessary to determine the amount of a
particular DNA or RNA molecule in a sample. This
can be donc by measuring the intensities of bands on
Southern or Northern blots, but this is not a very
sensitive method; PCR provides much more versatile
and accurate methods.

In general, the greater the number of target mol-
ecules in the starting sample, the more amplified
molecules will be present at each step of the reaction.
By measuring the final PCR products on a gel, it is
possible to get some idea of how much of the target
molecule was present at the beginning of the reac-
tion. However, this is not so easy to do reliably. If the
quantities of primers and nucleotides are too low, or
there are too many cycles of PCR, the primers and
nucleotides in the reaction will be exhausted and the
reaction will reach a plateau after which no more
product can be made. At this stage, the amount of
DNA madec no longer reflects how much of the tar-
get molecule was present initially,. A much better
strategy is to use quantitative real-time PCR methods
that measure the amplification of the target molecule
continuously during a PCR. After an initial phase
where amplification is undetectable, the PCR enters
an exponential phase in which the product is almost
doubling at each step. If more target molecules are
present at the start, fewer cycles will be required to
reach the exponential phase. Comparison of the
number of cycles required to reach this point allows
the determination of the inidal template concentra-
tion of the reaction (Fig. 4-17).

FIGURE 4-17
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Real-time PCR is used to measure the quantity of target sequences in a sample. (a,b) Plots of the theoretical
accumulation of DNA molecules during a PCR. In a, the scale is linear, and the curve is close to the baseline of
cycle 25 because the number of molecules is low compared to later cycles. In b, the accumulation of molecules
is plotted on a logarithmic scale, producing a linear plot because of the exponential increase. In both cases the
curves flatten by cycle 32. (c,d) Plots of experimental data. The PCR products were detected by the dye SYBR
Creen, a nonspecific dye that fluoresces when intercalated into double-stranded DNA. The amount of PCR prod-
uct is so low in the early cycles that it cannot be detected above background fluorescence. Note that the best fit
to the exponential accumulation shown in the theoretical logarithmic graph (b) is during cycles 18-24 and it is
in this period, when the reaction is behaving truly exponentially, that comparison of template concentrations
should be made. Note that the linear portion of the plot in c—cycles 26-30—is not the correct time to do quan-
titative determinations! (e) Tenfold dilutions of the starting DNA concentrations have been compared using real-
time PCR and plotted on a linear scale. The greater the amount of template, the fewer the number of cycles are
needed to first be able to detect the product. Note that the reactions reach different steady-state levels that do
not reflect the initial differences in template concentration; the reaction corresponding to the fight blue curve has F
1000-fold more template than the red reaction, yet produces less final product. This reflects the effects of small, :
random variations during the initial stages of the reaction, which become amplified during the later stages, and
emphasizes the importance of making comparisons at the correct times.
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Several different approaches are available for
determining the amount of PCR product present at
the end of each cycle, but all rely on measuring the
amount of a fluorescent tag that is associated with
cach newly synthesized molecule. Early tags includ-
ed ethidium bromide and SYBR Green [, both of
which insert in the grooves of double-stranded
DNA. A more recent approach uses oligonu-
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cleotide probes that hybridize to an internal
sequence of the target molecule. One type of probe
is called a molecular beacon, which is an oligonu-
cleotide carrying a fluorophore at one end and a
nonfluorescent quencher at the other. The molec-
ular beacon is designed so that the fluorophore and
quencher come together, thus forming a hairpin.
When illuminated in this configuration with UV
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FIGURE 4-17 (See facing page for legend.)
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Molecular beacons for real-time PCR. (a) A molecular beacon is a short (30-bp to 40-bp) oligonucleotide
synthesized to be complementary to an internal site of the segment to be amplified. The beacon has a fluo-
rescent reporter dye attached to its 5” nucleotide and a quenching dye attached to its 3" nucleotide. The first
few, usually six, 5" nucleotides and the last 3° nucleotides are complementary so that the beacon folds onto
itself, forming a hairpin structure that brings the dye and quencher into close proximity. This association per-
mits the transfer of energy from the reporter dye to the quenching dye, so that the quenching dye absorbs the
energy emitted by the reporter dye when it is irradiated, preventing any emission of the energy as a fluores-
cent signal. (b) When the PCR is heated to dissociate the target DNA strands, the beacon hairpins also melt,
producing a linear molecule. During the annealing step of PCR, when the reaction is cooled to allow
hybridization of the primers, the molecular beacon hybridizes to the target strand. The reporter and quencher
dyes are now separated, so that the reporter flucresces when irradiated. Because the reporter fluoresces only
when bound to the target sequence, the fluorescence signal is proportional to the quantity of target mole-
cules in the PCR. The beacon does not interfere with the amplification process because it is displaced from
the target as the DNA polymerase moves along its template strand. It is then available for the next cycle.
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Detecting different human retroviruses. Primers
were designed to amplify the gag gene of HIV-1,
the env gene of HIV-2, the tax gene of HTLV-I, and
the pol gene of HTLV-II. Oligonucleotides specific
for conserved internal sequences of each amplified
viral sequence were synthesized and each labeled
with a different fluorochrome and the same non-

@ 0 10 20 3 40 o
8
g
§ 1.0+ 1.0
2 HTLV-| HTLV-
0.8 0.8
0.6 0.6-
0.4 - 0.4
0.2 0.2
0- 0

] 10 20 30 40
Thermal cycles

(b)

1.0 —100,000
HIV-2 —10,000
o 087 —1,000
o -100
§ 0.6-
g
S 0.4 —10
w
0.2
L\
o T 1 1) T i 0
0 10 20 30 40 50

Thermal cycles

light, energy from the fluorophore is absorbed by
the quencher in a process called fluorescence reso-
nance energy transfer (FRET), and no light is emit-
ted. However, when the probe is heated and
hybridizes to the amplified DNA sequence, fluo-
rophore and quencher are separated, and now the
former emits light when irradiated (Fig. 4-18). The
increasing fluorescence measured as the reaction
proceeds is a measure of the increase in the num-
ber of amplified molecules.

Multiplex PCR has been combined with molecular
beacon technology for a very sensitive means of
detecting and quantitating human retroviruses—
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fluorescent quencher. (a) The four primer-molecu-
lar beacon combinations were used in the same
reaction with one virus. The specificity of the com-
binations is clear; the HIV-1 primers (in purple)
amplify only HIV-1. (b) The technique can detect
very small numbers of one virus in the presence of
large numbers of a second. Here the PCR con-
tained a constant number of HTLV-I molecules
(100,000) and tenfold dilutions of HIV-2 mole-
cules, ranging from 100,000 to 10. The number of
PCR cycles needed to develop a measurable signal
is inversely proportional to the starting number of
HIV-2 molecules, and as few as ten HIV-2 mole-
cules can be detected in the presence of 100,000
HTLV-l molecules.
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HIV-1, HIV-2, HTLV-1, and HTLV-II. By using dif-
ferent fluorochromes, multiple beacons can be used
to report on PCR products amplified from the differ-
ent viruses in a single reaction. As few as ten mole-
cules of one virus can be detected in the presence of
100,000 molecules of a second virus (Fig. 4-19).

Recombinant DNA Comes of Age

Recombinant DNA technology has fulfilled its
promise many times over. What were once esoteric
and difficult techniques, limited to a small number
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of laboratories, now can be learned readily from one
of many manuals and there is a service industry to
supply the enzymes, oligonucleotides, and other
reagents that once had to be prepared painstakingly
by individual rescarchers. The tools of recombinant
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