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PREFACE

Since the first report of specific DNA amplification using the polymerase
chain reaction (PCR) in 1985, the number of different applications has
grown steadily, as have the modifications of the basic method. This
increase has been claimed to be exponential - like the PCR itself. In any
case, detailed discussion of the full range of biological problems under
investigation as well as all of the various experimental approaches utilizing
PCR is beyond the scope of this book. Conceived as a snapshot of a
rapidly moving field, the book’s contributed chapters have been organized
into three sections: Basic Methodology, Research Applications, and Medical
Applications. I have used the brief introduction to each section to cite
some of the more recent literature relevant to each area and to "fill gaps"
by directing the reader to topics not covered. Some chapters provide
detailed protocols, listing favorite "PCR recipes,” while others give an
overview of a particular field. My hope is that an interested reader, armed
with the knowledge of some of the methodological issues and of some of
the applications, could proceed to devise PCR-based approaches relevant to
his or her area of investigation.

I am grateful to my current and former colleagues at Cetus for their
contributions to this book and, of course, above all, to the technology that
occasioned it. To Kary Mullis, who invented the basic PCR method, and to
my colleagues in the Human Genetics Department (Randall Saiki, Stephen
Scharf, Glenn Horn, Fred Faloona, Kary Mullis, and Norm Arnheim) who
first developed it for the analysis of human genetic variation. To David
Gelfand and Susanne Stoffel who isolated and characterized the thermostable
DNA polymerase (Taq polymerase) whose use in the PCR led to the current
rapid and automated procedure and transformed the reaction from a method
of last resort to one of first choice. To Corey Levenson, Dragan Spasic,
and Lauri Goda who responded gracefully to the increased demand for
synthetic oligonucleotides gencrated by the PCR. Also to Tom White who,
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as Director of Research, saw PCR’s potential and supported its development
and to John Sninsky who, in addition to his contributions applying PCR to
virus detection, was instrumental in the program to develop the Tagq
polymerase and automated thermocylers. Finally, this book would not have
been possible without the patience and dedication of Kathy Levenson who
worked closely with the authors and, with the help of Dean Grantham,
transformed the sporadic trickle of manuscripts into camera-ready copy.
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PART ONE

BASIC
METHODOLOGY

In the short history of molecular biology, the emergence of a new technique
(e.g., Southern blotting, molecular cloning, pulsed field gel electrophoresis)
has often transformed the way we think about approaching both fundamental
and applied biological problems. The capacity to amplify specific segments
of DNA, made possible by the polymerase chain reaction (PCR), represents
such a change. The PCR is an in vitro method for the enzymatic synthesis
of specific DNA sequences, using two oligonucleotide primers that hybridize
to opposite strands and flank the region of interest in the target DNA. A
repetitive series of cycles involving template denaturation, primer annealing,
and the extension of the annealed primers by DNA polymerase results in
the exponential accumulation of a specific fragment whose termini are
defined by the 5’ ends of the primers. Because the primer extension
products synthesized in one cycle can serve as a template in the next, the
number of target DNA copies approximately doubles at every cycle. Thus,
20 cycles of PCR yields about a million-fold (2*) amplification. This
method, which was invented by Kary Mullis,"* was originally applied by a
group in the Human Genetics Department at Cetus to the amplification of

1



2 Part One

human [-globin DNA and to the prenatal diagnosis of sickle-cell
anemia.>**

Initially, the PCR used the Klenow fragment of E. coli DNA polymerase
I to extend the annealed primers. This enzyme was inactivated by the high
temperature required to separate the two DNA strands at the outset of each
PCR cycle. Consequently, fresh enzyme had to be added during every
cycle.  The introduction of the thermostable DNA polymerase (7Taq
polymerase) isolated from Thermus aquaticus (see Chapter 2) transformed
the PCR into a simple and robust reaction which could now be automated
by a thermal cycling device (see Chapter 3). The reaction components
(template, primers, Taq polymerase, dNTP’s, and buffer) could all be
assembled and the amplification reaction carried out by simply cycling the
temperature within the reaction tube.® The effect of varying the reaction
parameters (e.g., enzyme, primer and Mg"™ concentration as well as the
temperature cycling profile) on the specificity and yield of the amplification
is discussed in Chapter 1. Although, for any given pair of oligonucleotide
primers, an optimal set of conditions can be established, there is no single
set of conditions that will be optimal for all possible reactions.

The specificity of the PCR is typically analyzed by evaluating the
production of the target fragment relative to other products by gel
electrophoresis.  Another factor influencing the homogeneity of the PCR
product is the concentration of the target sequence in the genomic template.®
This effect was revealed by experiments® in which normal genomic DNA
(with two copies of the B-globin gene/cell) and genomic DNA with a
homozygous deletion of [B-globin were amplified with B-globin primers.
Using the normal genomic template, this reaction generated a unique B-
globin fragment with no detectable nonspecific products. Using the [-
globin deletion DNA sample, no B-globin fragment was synthesized, as
expected; however, several non-target fragments were produced. Thus, in
the absence of the "right" template, the "wrong" sequences became
amplified by the B-globin primers, illustrating the old adage, "Idle hands are
the Devil’s playthings." This effect accounts, in part, for the generally
heterogenous gel profile of PCR products synthesized from a very rare
template sequence, like HIV sequences which are present in only a small
fraction of the cells sampled. As discussed in Chapter 1, modification of
various PCR parameters to optimize the specificity of amplification may
yield more homogenous products even in rare template reactions.

The initial PCR method based on DNA synthesis by the Klenow enzyme
at 37°C was not highly specific. Although a specific target fragment could
be amplified up to a million-fold, most of what was synthesized in the PCR
was not, in fact, this target fragment. By cloning a B-globin amplification
reaction and screening the individual clones with a B-globin probe to detect
the target sequence and with one of primers to detect any amplified
sequence, the specificity of the PCR was estimated to be ~1%." Other
primer pairs were somewhat more or less specific but, in general, the
Klenow enzyme PCR was not a very specific reaction and required
subsequent analysis with a specific hybridization probe** or, in some cases,
with internal "nested primers"' to detect and characterize the amplified target
sequence.



Part One 3

The use of the Tag polymerase not only simplified the PCR procedure
(see above) but significantly increased the specificity and the overall yield
of the reaction. The higher temperature optimum for the Tag polymerase
(~75°C) allowed the use of higher temperatures for primer annealing and
extension, thereby increasing the overall stringency of the reaction and
minimizing the extension of primers that were mismatched with the
template. At 37°C, many of these mismatched primers are sufficiently
stable to be extended by the Klenow enzyme, resulting in non-specific
amplification products. The increase in the specificity of the Tag PCR
results in an improved yield of the amplified target fragment by reducing
the competition by non-target products for enzyme and primers. In the later
cycles, the amount of enzyme is no longer sufficient to extend all the
annealed primer/template complexes in a single cycle period, resulting in a
reduced efficiency and a "plateau” in the amplification reaction. This
plateau is reached later (e.g., about 30 cycles rather than 20 starting with 1
pg of genomic DNA) in the Tag PCR than in the reaction with the Klenow
enzyme due to the increased specificity of the former reactions. Other
factors like the reassociation of the template strands at high product
concentration may also contribute to the plateau effect and are discussed in
Chapter 1. In addition to the increase in the specificity and yield of PCR
made possible by Taqg polymerase, the use of this enzyme allows the
amplification of much longer fragments (up to 10 kb, albeit with reduced
efficiency)® than does the Klenow enzyme (<400 bp).

Although the PCR is considered primarily a method for producing copies
of a specific sequence, it is also a very powerful and precise way of
altering a particular template sequence. Since the oligonucleotide primers
become physically incorporated into the amplified product and mismatches
between the 5’ end of the primer and initial template' are tolerated, it is
possible to introduce new sequence information adjacent to the target
sequence via the primers. Thus, for cloning a given sequence, one is no
longer constrained by the restriction sites Nature provides but can add any
restriction enzyme recognition sequence to the 5° ends of the primer’
leading to the formation of a new restriction site in the double-stranded
amplification product. Similarly, regulatory elements such as a T7 promoter
can be added,' allowing the synthesis of RNA copies from the PCR product
using T7 RNA polymerase. Furthermore, specific nucleotide substitutions,
insertions, and deletions can also be introduced into the amplified product
with the appropriate primers.

Unlike these directed mutations, changes introduced into the sequence of
the PCR products due to nucleotide misincorporation can create potential
problems. An estimate of the fidelity of Tag polymerase during the PCR
was made by the sequence analysis of multiple M13 clones generated by
cloning the products of a particular amplification reaction. In this initial
study,® the frequency of errors was found to be ~1/400 and the error rate

TAfter the first few cycles, virtually all of the templates have been
synthesized in previous cycles and, therefore, contain the primer sequences.
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was calculated to be ~2x10* nt/cycle. More recent studies, carried out on a
different gene using the current, optimized protocol (reduced Mg*™ and
dNTP concentrations), found a lower frequency of errors.” The original
estimate is in reasonable agreement with the report of a 10* nt error rate
determined by the in vitro replication of a [-galactosidase template by the
Taq polymerase.”  Although different template sequences may have a
somewhat different "mutability" and different reaction conditions may
influence the fidelity of the Tag polymerase, the original "high" error rate
estimated for Taq polymerase PCR (~10) does not pose a problem for
most applications. In the analysis of the population of amplified products,
as in oligonucleotide probe hybridization or in direct sequencing, the rare
errors in individual products are not detectable. However, in the sequence
analysis of individual clones derived from a PCR, sequences must be
determined from multiple clones to distinguish misincorporated nucleotides
from the faithful copes of the template sequence. Other DNA polymerases
with an active "proof-reading” function, like T4 DNA polymerase, can carry
out PCR'" and may prove useful in studies where a very low error rate is
required. As discussed in Chapter 2, the Tag polymerase does not contain
measurable 3’-to-5’ exonuclease "proof-reading” activity.

An important property of the PCR, particularly in diagnostic applications,
is the capacity to amplify a target sequence from crude DNA preparations’
as well as from degraded DNA templates.” The DNA in a sample need
not be chemically pure to serve as a template provided that the sample does
not contain inhibitors of Tag polymerase. The effect of various rapid
protocols for sample preparation on the PCR is discussed in Chapter 4.
The ability to amplify specific sequences from crude DNA samples has
important implications for research applications, (e.g., sperm lysates®™; see
Chapter 12), for medical diagnostic applications (e.g., mouthwash' or
archival paraffin-embedded tissue samples) and for forensics (e.g.,
individual hairs'® see Chapter 17).

The possibility of contamination in the amplification reaction is an issue
with broad implications for both research and diagnostic applications.
Given the capacity of PCR to synthesize millions of DNA copies,
contamination of the sample reaction with either products of a previous
reaction (product carryover) or with material from an exogenous source is a
potential problem - particularly in those reactions initiated with only a few
templates. The amplification of individual sperm (see Chapter 12), of
single hairs (see Chapter 17), and of HIV genomic sequences (see Chapter
19) all require rigorous measures to minimize and monitor potential
contamination.  In general, careful laboratory procedure, prealiquoting
reagents, the use of positive displacement pipettes, and the physical
separation of the reaction preparation from the analysis of the reaction
products are all precautions that reduce the risk. Carrying out only the
minimal number of PCR cycles required for analysis also minimizes the
chance that a rare contaminating template will be amplified. A panel of
"blank" reactions with no template DNA is necessary to detect potential
contamination. In genetic typing, a sample that has been contaminated can
often be identified by a genotyping result with more than 2 alleles (see
Chapters 16 and 17).
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The PCR, like recombinant DNA technology, has had an enormous
impact in both basic and diagnostic aspects of molecular biology because it
can produce large amounts of a specific DNA fragment from small amounts
of a complex template. Recombinant DNA techniques create molecular
clones by conferring on a specific sequence the ability to replicate by
inserting it into a vector and introducing the vector into a host cell. PCR
represents a form of "in vitro cloning” that can generate, as well as modify,
DNA fragments of defined length and sequence in a simple automated
reaction.

In its early, heady days, Erwin Chargaff once described molecular
biology dismissively as "the practice of biochemistry without a license." Its
spectacular success over the last 30 years suggests that significant progress
can be made even in the absence of an established theoretical foundation.
One element in the rapid development of molecular biology has been its
characteristic embrace of new techniques and the aggressive pursuit of the
new questions made possible by their use. PCR has facilitated molecular
analysis in many disparate fields of biological research; given the ease and
simplicity of PCR amplification, it can be said to allow the practice of
molecular biology without a permit. It is likely that future practitioners will
continue to find new applications and modifications of this powerful
technology.
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