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The polymerase chain reaction (PCR) has dramatically
altered how molecular studies are conducted as well as
what questions can be asked. In addition to simplifying
molecular tasks typically carried out with the use of
recombinant DNA technology, PCR has allowed a spec-
trum of advances ranging from the identification of novel
genes and pathogens to the quantitation of characterized
nucleotide sequences. PCR can provide insights into the
intricacies of single cells as well as the evolution of species.
Some recent developments in instrumentation, method-
ology, and applications of the PCR are presented in this
review.

reaction (PCR) (1, 2) has transformed the way DNA analysis

is carried out in both research and clinical laboratories. The
PCR, which was developed by scientists at Cetus, involves the in
vitro enzymatic synthesis of millions of copies of a specific DNA
segment. The reaction is based on the annealing and extension of
two oligonucleotide primers that flank the target region in duplex
DNA,; after denaturation of the DNA, each primer hybridizes to one
of the two separated strands such that extension from each 3’
hydroxyl end is directed toward the other. The annealed primers are
then extended on the template strand with a DNA polymerase.
These three steps (denaturation, primer binding, and DNA synthe-
sis) represent a single PCR cycle. Although each step can be carried
out at a discrete temperature (for example, 94° to 98°C, 37° to 65°C,
and 72°C, respectively), a reaction cycled between the denaturation
and the primer binding temperatures generally allows sufficient time
for polymerase activity to amplify short PCR products. If the newly
synthesized strand extends to or beyond the region complementary
to the other primer, it can serve as a primer binding site and template
for a subsequent primer extension reactions. Consequently, repeated
cycles of denaturation, primer annealing, and primer extension
result in the exponential accumulation of a discrete fragment whose
termini are defined by the 5’ ends of the primers. This exponential
amplification results because under appropriate conditions the prim-
er extension products synthesized in cycle “n” function as templates
for the other primer in cycle “n + 1.” The length of the products
generated during the PCR is equal to the sum of the lengths of the
two primers plus the distance in the target DNA between the
primers. PCR can amplify double- (ds) or single-stranded (ss) DNA,
and with the reverse transcription of RNA into a cDNA copy, RNA
can also serve as a target. Because the primers become incorporated
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into the PCR product and mismatches between the primer and the
original genomic template can be tolerated, new sequence informa-
tion (specific mutations, restriction sites, regulatory elements) and
labels can be introduced via the primers into the amplified DNA
fragment (3-5).

The ability to amplify as well as modify a specific target DNA
sequence from a complex template in a simple automated procedure
has facilitated many tasks in molecular biolegy research (for exam-
ple, cloning and sequencing), thus opening up new areas for
experimental investigation. Here, we review some of the recent
developments in PCR procedures as well as some recent applica-
tions.

New Procedures and Reagents

The initial studies that developed the PCR (1, 2) utilized the
Klenow fragment of Escherichia coli DNA polymerase I to amplify
specific targets from human genomic DNA. The inactivation of this
polymerase at the high temperatures necessary for strand separation
required the addition of enzyme after the denaturation step of each
cycle. This rather tedious step was eliminated by the introduction of
a thermostable DNA polymerase, the Taq DNA polymerase, isolat-
ed from the thermophilic bacterium Thermus aquaticus (6). The use
of Taq DNA polymerase has transformed the PCR by allowing the
development of simple automated thermal cycling devices for car-
rying out the amplification reaction in a single tube containing the
necessary reagents (7). The availability of a thermostable enzyme has
not only simplified the procedure for the PCR but has increased the
specificity and yield of the amplification reaction (7). The incorpo-
ration of Taq DNA polymerase into the PCR protocol allows the
primers to be annealed and extended at much higher temperature
than was possible with Klenow fragment, eliminating much of the
nonspecific amplification. Moreover, long PCR products could be
amplified from genomic DNA, probably due to a reduction in the
secondary structure of the template strands at the elevated temper-
ature used for primer extension. The upper size limit for amplifica-
tion with the Klenow fragment was only about 400 bp. Fragments
as large as 10 kb have been synthesized with Taq DNA polymerase
and other thermostable enzymes.

Recent developments in PCR ambplification protocols have affect-

- ed critical parameters, including the misincorporation rate, specific-

ity (target versus nontarget amplification), and maximum length of
PCR products. Tag DNA polymerase has no 3’ to 5’ exonuclease
(“proofreading”) activity, but has a 5’ to 3’ exonuclease activity
during polymerization. The initial estimates of the misincorporation
rate by Taq DNA polymerase during PCR (about 10~* nucleotides
per cycle) were based on measuring the frequency of nucleotide
substitutions in the sequence analysis of cloned PCR products (7).
Since then, changes in the PCR conditions such as lower concen-

ARTICLES 1643




trations of dNTP’s and MgCl,, higher annealing temperatures, and
shorter extension times have reduced the misincorporation rate to
less than 10~ nucleotides per cycle (8, 9).

Other DNA polymerases, like the bacteriophage T4 DNA poly-
merase, appear to have a very low misincorporation rate in PCR
(10). The heat lability of this enzyme, however, limits its utility. The
thermostable VENT DNA polymerase, an enzyme recently isolated
from Thermococcus litoralis, has the 3’ to 5’ exonuclease activity, and
may therefore have a lower misincorporation rate. Further studies
will be required to determine if the capacity of this 3’ to 5’
exonuclease activity to degrade single-stranded molecules (like oli-
gonucleotide primers or PCR product prior to primer annealing)
will pose problems for PCR amplification. In addition, DNA
polymerases with 3’ to 5’ exonuclease activity probably cannot be
used in sequence-specific priming reactions because this activity
removes the mismatched base at the 3’ end of the primer.

For most PCR applications, such as direct sequencing (11, 12) or
oligonucleotide probe typing (13), it is the population of amplifi-
cation products that is analyzed, and therefore rare misincorporated
nucleotides are not detected. A specific misincorporation will be
present in a significant fraction of the PCR products only if the
insertion of an incorrect base occurs at the first cycle of a reaction
initiated with very few templates. The determination of individual
cloned sequences derived from PCR products, however, can reveal
such rare errors; the analysis of the PCR products by denaturing
gradient gel electrophoresis has also been used to reveal the presence
of sequences that contain in vitro mutations (10).

Another category of rare PCR artifacts revealed initially by
sequencing cloned PCR amplification products is the hybrid se-
quences generated by in vitro recombination or template strand
switching (the so-called “shuffle clones™) (7, 14, 15). Although
misincorporation is rare and the appearance of hybrid sequences
even less frequent, it is advisable to sequence multiple clones derived
from a single amplification reaction or to clone the PCR products
from several independent amplifications to distinguish the sequence
of the true genomic template from any potential PCR artifact. In
amplification reactions from heterozygous individuals, hybrid se-
quences can result from a primer that has been partially extended on
one allelic template switching to the other allelic template in a
subsequent cycle. In the amplification of multigene families, the
potential for switching to another template is increased. The prob-
ability of partially extended primers competing successfully with the
primer is a function of the PCR product concentration. Two recent
studies on this PCR artifactual recombination may therefore have
exaggerated its significance for genomic DNA amplification by
studying systems with very high concentrations of plasmid target
DNA sequences (14, 15).

The probability that a primer will not be fully extended (will not
reach the other primer binding site) is dependent on distance,
secondary structure, extent of DNA degradation in the template
(14), enzyme limitation, the time allowed for polymerase extension,
and the processivity of the polymerase. The use of DNA polymer-
ases with increased processivity as well as conditions that increase
processivity (for example, accessory proteins or lower salt concen-
trations) may aid in achieving full primer extension. More impor-
tantly, new DNA polymerases may allow the amplification of larger
PCR products, a development that would be valuable for the
physical mapping and sequencing aspects of the Human Genome
Project (16). Richardson and co-workers (17) have shown that a
12-kD Escherichia coli protein can increase the affinity of the
bacteriophage T7 DNA polymerase for a primer-template complex,
conferring a higher degree of processivity on the enzyme. However,

given the thermal cycling properties of the PCR, only enzymes and .

auxiliary proteins that are heat-resistant are likely to function in new
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PCR strategies.

Genetically engineered variants of the thermostable Taq DNA
polymerase exhibit properties that can be useful for amplifying
longer PCR products. For example, a mutant Taq DNA polymerase
lacking the 5’ to 3’ exonuclease (18) permits efficient amplification
of long fragments. A truncated Taq DNA polymerase (the Stoffel
fragment) that lacks the 5’ to 3’ exonuclease has been generated and
may reveal properties valuable for particular PCR applications.

In general, enzymes that have or lack the 5’ to 3’ and 3’ to 5’
exonuclease activities will perform differently in the PCR. The 5’ to
3’ exonuclease of Taq DNA polymerase has been exploited in a
detection assay based on the cleavage of an oligonucleotide probe
labeled at the 5’ end and blocked at the 3' end. The labeled
oligonucleotide hybridizes to a target sequence 3’ to one primer. In
the presence of amplified target DNA, the exonuclease activity of the
polymerase cleaves a labeled fragment from the 5’ end of the
annealed oligonucleotide during primer elongation (19). What
results is the release of a sequence-specific signal concomitant with
amplification.

Many of the new thermostable polymerases have additional useful
activities. The thermostable DNA polymerase from Thermus thermo-
Pphilus (Tth) can reverse-transcribe RNA efficiently in the presence of
MnCl, at high temperatures (20). The DNA polymerase activity is
enhanced by chelating Mn®>* and adding MgCl,, allowing the
cDNA synthesis and PCR amplification to be carried out in a
single-enzyme, single-tube reaction. In addition, these new thermo-
stable polymerases may be more resistant to blood components that
inhibit Taq DNA polymerase.

Reaction Specificity

The initial PCR amplifications with the Klenow fragment were
not highly specific; although a unique DNA fragment could be
amplified ~200,000-fold from genomic DNA, only about 1% of
the PCR product was the targeted sequence (3). A specific hybrid-
ization probe was therefore required to analyze the amplified DNA
(1, 13). Amplification with the Taq DNA polymerase greatly
increased the specificity of the reaction (7), so that for many
amplifications the PCR products could be detected as a single
ethidium bromide-stained band on an electrophoretic gel. Condi-
tions that increase the stringency of primer hybridization, such as
higher annealing temperatures and lower MgCl, concentrations,
enhance specific amplification. In addition, the concentration of
enzyme and primers as well as the annealing time, extension time,
and number of cycles also effect the specificity of the PCR. The
concentration of a specific sequence in a sample can also influence
the relative homogeneity of the PCR products. Thus, a single copy
nuclear gene present twice in every diploid cell can usually be
detected as a unique band after gel electrophoresis of the PCR
products; amplification of a sequence present in only one of 10,000
cells is likely to yield a more heterogenous gel profile.

New approaches to improve specificity have been developed.
These strategies are based on the recognition that the Taq DNA
polymerase retains considerable enzymatic activity at temperatures
well below the optimum for DNA synthesis. Thus, in the initial
heating step of the reaction, primers that anneal nonspecifically to a
partially single-stranded template region can be extended and stabi-
lized before the reaction reaches 72°C for extension of specifically
annealed primers. Some of these nonspecifically annealed and ex-
tended primers may be oriented with their 3’ hydroxyl directed
toward each other, resulting in the exponential amplification of a
nontarget fragment. If the DNA polymerase is activated only after
the reaction has reached high (>70°C) temperatures, nontarget
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amplification can be minimized (21). This can be accomplished by
manual addition of an essential reagent (DNA polymerase, magne-
sium chloride, primers) to the reaction tube at elevated tempera-
tures, an approach termed “hot start.” The addition of E. coli
ssDNA binding protein has also been reported to increase specific
amplification (22).

Hot start not only improves specificity but minimizes the forma-
tion of the so-called “primer-dimer,” a double-stranded PCR prod-
uct consisting of the two primers and their complementary se-
quences. This designation may be somewhat misleading, as sequence
analysis of some of these products indicates that additional bases are
inscrtedbctwecnthcprimcrs As a result, a fraction of these artifacts
may be due to spurious nonspecific amplification of similar but
distinct primer binding regions that are positioned in the immediate
vicinity. The synthesis of these nonspecific products appears to be a
function of the primer concentration. The initial formation of these
products can occur at low (ambient) temperatures; hot start elimi-
nates this phase of the thermal profile. Single internal nucleotide
substitutions in one of the primers may lead to differences in the size
and amount of these background products. Once formed, this
artifactual PCR product is efficiently amplified; it is often detected in
reactions with rare or no specific template. In fact, the presence of
this artifact can be used to distinguish reactions thar lack template
from unsuccessful amplifications that result from an inhibitor of Taq
DNA polymerase. In rare template reactions, these short amplifica-
tion products may compete with the target fragment for primers and

Another approach that can improve PCR specificity is to follow
the initial amplification reaction with an additional PCR with
internal, single, or double nested primers. Like the use of oligonu-
cleotide hybridization probes, this approach utilizes sequence infor-
mation internal to the two outer primers to identify the subset of
amplification products that corresponds to the target fragment. The
first usc of a nested primer strategy was in the amplification of
B-globin from human DNA with the Klenow fragment (2). Onc
complication of the conventional nesting strategy is that it requires
opening the reaction tube, climinating or decreasing the concentra-
tion of the original outer primers, and adding the inner primers.
Although this can sometimes be accomplished by simply diluting
the first reaction into a second one, this procedure is both inconve-
nient and risky, in that it provides an opportunity for contaminating
the secondary reaction with amplified product from previous reac-
tions. This problem can be overcome if the outer and inner primers
are all present in the initial reaction mix and if the thermal profile is
programmed to allow the outer primers but not the inner primers to
amplify initially and then to allow the inner but not the outer
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Fig. 1. The usc of “drop-
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were sct up by limiting dilution of cloned HIV geg sequences into human
genomic DNA (0.5 pg). The expectation of the Poisson distribution for the
concentration used (~0.5 templates per tube) is that four of cight tubes
would have one template. The use of a thermal that the
anncaling temperature by 12°C after 29 (n) cycles and decreased the
denaturation temperature by 10°C after 31 (1 + 2) cydes allowed single-
tube nested primer amplification. Primer extension was initiated by adding
the after the temperature of the reaction had reached 72°C. Details
of the reaction and the of the three primers were as described (23).
Lanes 1 and 8 show a single ethidium bromide-stained band generated from
a single HIV copy present in a highly complex template sample; no other
PCR products are observed. No arc observed in the other six
reactions, probably as a result of the absence of specific template.
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primers to amplify the targeted subset of the initial PCR products.
This can be accomplished with an outer primer that has a “GC-
clamp™ at the 5’ end such that the melting temperature of the initial
PCR product is high, and with an inner primer that is sufficienty
short (or AT-rich) so that it cannot bind to the template at the
annealing tempcerature used in the initial PCR cycling. If the initial
PCR conditions involve a thermal profile with elevated denaturation
and anncaling temperatures, then the outer pair of primers but not
the inner primers will function. After n cycles, the anncaling
temperature is dropped, allowing the inner primer or primers to
anneal. Then, after n + x cycles the denaturation temperature is
dropped, preventing the initial PCR product from denaturing and
serving as a template and a binding site for the outer primers. This
strategy, termed “drop-in, drop-out nested priming,” has been
carried out with a single inner nested primer (hemi-nesting) (23),
resulting in the amplification of a single human immunodeficiency -
virus (HIV) template in the background of genomic DNA from
~70,000 cclls (Fig. 1). The “drop-out” of the outer primer can also
be accomplished when limiting concentrations of this primer are
used, as in the strategy of “asymmetric PCR,” a protocol for
gencrating single strands of DNA (24).

Contamination of PCR Reactions

Because the PCR can generate trillions of DNA copies from a
template sequence, contamination of the amplification reaction with
products of a previous PCR reaction (product carryover), exoge-
nous DNA, or other cellular material can create problems both in
rescarch and diagnostic applications. In general, attention to careful
laboratory procedures—pre-aliquoting reagents, the use of dedicat-
ed pipettes, positive-displacement pipettes, or tips with barriers
preventing contamination of the pipette barrel, and the physical
scparation of the reaction preparaton from the area of reaction
product analysi inimizes the risk of contamination (25). Multi-
ple negative controls (no template DNA added to the reaction) are
necessary to monitor and reveal contamination. In genetic typing
the contamination of a sample reaction can often be detected by a
genotyping result with more than two alleles.

Several approaches to minimize the potendal for PCR product
carryover have been developed, all based on interfering with the
ability of the amplification products to serve as templates. One such
strategy developed independently by two groups (26, 27) utilizes the
principles of the restriction-modification and excision repair systems
of bacteria to pretreat PCR reactions and seléctively destroy DNA
synthesized in a previous PCR. In order to distinguish PCR
products from sample template DNA, deoxyuridine triphosphate
(dUTP) is substituted for deoxythymidine triphosphate (dTTP) in
the PCR and is incorporated into the amplification products. The
presence of this unconventional nucleotide allows the distinction of
products of previous PCR amplifications from the native DNA of
the sample. The enzyme uracil N-glycosylase (UNG), present in the
reaction pre-mix, catalyzes the excision of uracil from any potential
single- or double-stranded PCR carry-over DNA present in the
reaction prior to the first PCR cycle. RNA can still serve as a
template for the PCR because UNG doces not excise uracil from
RNA. The abasic polynucleotides that result from cleavage by UNG
are susceptibie to hydrolysis in alkaline solutions (like PCR buffers)
and at elevated temperatures. During PCR, the abasic polynucle-
otides cannot function as templates because of DNA polymerase
stalling or strand scission; the aglycosidic linkage is cleaved at the
high denaturation temperature of the first PCR cycle. Furthermore,
the resulting modified 3’ termini of the degraded carry-over prod-
ucts are incapable of priming if a DNA polymerase that lacks a 3’
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exonuclease (such as Taq DNA polymerase) is used. Fortunately,
UNG is inactivated at temperatures used in PCR, so that the
amplification products generated during the thermal cycling are
stable and can accumulate. This elegant strategy for eliminating
PCR product carry-over still allows amplified DNA to serve as a
target for probe hybridization and for cloning and sequencing.

Another approach to PCR product inactivation involves short-
wavelength ultraviolet irradiation of the reaction mixture prior to
amplification (28). This strategy, however, requires the addition of
DNA polymerase and target DNA to the reaction tube after the
irradiation-inactivation step. An alternative inactivation method
involves the photochemical modification of the amplified DNA,
thereby blocking the Taq DNA polymerase from further extension
after it encounters a modified base in the template strand. Isopsor-
alen reagents can be present throughout the reaction and phoacti-
vated after amplification; cyclobutane adducts with pyrimidine bases
in the PCR product are formed, preventing subsequent template
function (29).

Instruments for the PCR and Product
Analysis

In addition to the advances in PCR reagents and protocols, new
instruments for automated thermal cycling and for analyzing the
PCR products have been developed. The reaction vessels accommo-
dated by the first generation of thermal cyclers were standard plastic
microfuge tubes. Some new thermal cyclers have increased rates of
heating and cooling and of heat transfer to modified reaction vessels
(30). PCR amplification in capillary tubes allows rapid thermal
cycling and has reduced a complete cycle of denaturation, primer
annealing, and DNA synthesis to 20 s (31); the speed of the
temperature changes achieved in this system has allowed the precise
definition of temperature optima for each individual step in the PCR
cycle. For the more convenient but slower commercial thermal
cycling devices, the use of two-temperature (annealing-extension
and denaturation) thermal profiles can reduce overall cycling time.
The new generation of automated thermal cyclers is also faster than
its predecessors, utilizes thin-walled plastic tubes, and can accom-
modate more samples. Some of these have a reduced thermal
gradient across the heating block, resulting in more precise thermal
profiles. In addition, the requirement for mineral oil to prevent
evaporation and increase the rate of thermal equilibration has been
eliminated in some new models. Instruments for the electrophoretic
analysis of PCR products labeled with fluorescent primers have also
been introduced.

Research Strategies and Applications

As the performance of PCR has improved with advances in
amplification protocols, the strategies for applying it to a variety of
research problems have increased. Many of these strategies have
been developed to overcome one of the apparent limitations of
PCR, namely the requirement for specific sequence information to
design the amplification primers. Although this requirement still
allows the characterization of mutations, polymorphisms, and evo-
lutionary changes in the DNA sequence between the primers, it
represents a constraint on the use of PCR to analyze unknown DNA
sequences. This limitation has been overcome by a variety of specific
strategies. The general approach has been to create primer binding
sites by adding DNA of a known sequence and was illustrated
initially by the amplification of unknown cDNA sequences cloned
into A gtll with primers for the vector sequences that flank the
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insertion site (7). In general, flanking sequences for priming are
added by ligation (32) or homopolymer tailing with terminal
transferase (33). These approaches, termed anchored or single-sided
PCR (33, 34), have generally been applied to ¢cDNA, bacterial
genomes, or cloned sequences, all of which are less complex than
human genomic DNA.

One strategy for the analysis of unknown sequences that flank a
region of known sequence (inverse or inside-out PCR) involves the
digestion of the template with a restriction enzyme that cuts outside
the known sequence (35-37). The resulting fragment is then circu-
larized by ligation and amplification is carried out with primers that
hybridize to the known sequence but whose 3’ hydroxyls point away
from each other. After circularization, the unknown sequences that
had flanked the known region become joined between the 3’ termini
of the primers and can therefore be amplified and analyzed. A recent
approach to capturing flanking sequences that is not dependent on
template circularization is to use a specific target primer and a panel
of random oligonucleotide primers; specific amplification from the
target into the flanking region is detected by a primer for the
sequences on one side of the target primer (38).

Performing the PCR with generic primers such as those comple-
mentary to repetitive DNA families represents another approach to
amplifying unknown sequences. Amplification with primers of
repetitive DNA sequences dispersed in the human genome has
proven valuable in the analysis of yeast artificial chromosome (YAC)
clones and somatic cell hybrid cell lines (39). Alu, Kpn, and other
interspersed repetitive sequences (IRS) have been used for the
design of primers and are used either singly, in combination, or with
vector sequence primers to generate unique patterns of PCR
products (fingerprints). These patterns can be used to construct
genome maps from overlapping clones or cell hybrids. Amplification
carried out with human IRS-PCR primers can be used to amplify,
from templates of limited complexity, DNA fragments that function
as hybridization probes or sequencing templates. Fluorescent probes
generated by Alu-PCR from hybrid cell lines have been used for in
situ hybridization or “chromosome painting” in both metaphase and
interphase cells (40). PCR amplification with these repetitive se-
quence primers can also provide a source of the sequence-tagged
sites (STS) (41) proposed for the integration of various physical and
genetic mapping strategies. An approach for sequencing long cloned
sequences exploits the ability of transposons to integrate at random
into large DNA fragments that have been cloned into vectors (P1
bacteriophage, F' bacterial plasmids, and YAC vectors) propagated
in bacterial and yeast cells. After transposon integration, this elegant
strategy then uses primers complementary to the transposon se-
quences to generate amplified DNA fragments from the cloned
inserts (42, 43). Transposon PCR strategies may help overcome
some of the limitations of IRS-PCR that arise from nonrandom
distribution of these repetitive sequence regions. The amplification
of DNA fragments from genomic DNA has recently been carried
out with short (10-nucleotide) primers of random or arbitrary
sequence (44, 45). In some cases, the pattern of amplification
products, dubbed APPCR (arbitrarily primed PCR) or RAPD
(random amplified polymorphic DNA), varies between different
individuals and may, thus, serve as potential genetic markers in

- mapping studies.

In general, these approaches have uncoupled the ability to amplify
DNA from the selective extraction of a specific fragment from a
complex genomic template, which was a hallmark of the initial PCR
strategies. Experimental strategies for isolating a specific targeted
sequence can then be applied independently of the PCR amplifica-
tion. In genomic PCR (32), primer sites are ligated onto a restric-
tion enzyme digest of genomic DNA and the resulting DNA
fragments are amplified; specific DNA fragments that bind a partic-
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ular protein can be identified in electrophoretic mobility shift assays,
isolated, and reamplified, thus overcoming the usual losses that
accompany purification or enrichment procedures.

Introduction of new sequences via PCR primers. New nucleotide
sequence information can be introduced into the PCR product by
addition to or alteration of PCR primers; these include restriction
enzyme sites as well as specific mutations incorporated for the
analysis of structure-function relations (5). Specific sequences can be
added to the amplified DNA by PCR that are complementary to
vector sequences, eliminating the need for restriction enzyme diges-
tion and ligation (46). Regulatory elements such as promoters and
translation initiation sites can be added to allow expression of the
PCR products in in vitro systems (47). The isolation of proteins
expressed in vitro or in vivo from PCR products has been facilitated
by the addition of sequences that encode a monoclonal antibody
epitope (48), thus allowing one-step affinity purification of the
protein encoded by the amplified DNA.

Footprinting (analysis of DNA-protein interaction). The in vitro
analysis of protein-DNA interactions known as footprinting in-
volves the determination of a pattern of protection from chemical or
enzymatic cleavage conferred by a DNA binding protein onto a
specific nucleotide sequence. In vivo footprinting identifies the
guanine bases in a DNA segment that are protected from methyl-
ation by bound protein. Because only methylated guanosines can be
cleaved by piperidine, this approach makes possible the determina-
tion of protein-DNA interaction sites within a cell. However, it is
difficult to detect these interactions. A modification of the in vivo
procedure that utilizes PCR amplification with ligated primer sites
to increase the amount of each cleaved genomic fragment has made
genomic footprinting much more sensitive and, thus, a highly
promising method for studying DNA-protein interactions in vivo
(49). In addition, the insertion of unconventional bases that modify
protein recognition may be useful for delineation of specific DNA-
protein contact points.

PCR and the Human Genome Project. The PCR promises to be
important in both the mapping (physical and genetic) and the
sequencing aspects of the Human Genome Project (16). Many
physical mapping strategies rely on the use of IRS-PCR to obtain
fingerprint patterns of PCR-amplified human chromosome frag-
ments in order to create an overlapping linear array. The sequence
tagged site (STS) proposal (41) also requires the use of PCR to
generate the 200- to 500-bp sites unique to a given genomic
fragment, thus identifying the common element necessary to inte-
grate various physical and genetic maps. The STS proposal, which
envisions landmark sites distributed ~100 kb apart, eliminates the
need to store and distribute clones and probes and allows the
dissemination of STS markers in a database for the design of PCR
primers.

The ability of PCR to generate large amounts of pure template for
sequence analysis will also facilitate the sequencing aspects of the
Human Genome Project. PCR can be used to generate single-
stranded products to serve as sequencing templates by minor
modifications of the amplification protocol (24, 50-52). Recently, a
variety of protocols for chain-termination sequencing with Taq
DNA polymerase have been developed (53), including a linear
amplification strategy that allows the repeated use of a single
template by thermal cycling.

The construction of genetic maps also relies on PCR approaches.
Many restriction fragment length polymorphism (RFLP) markers
for the existing map consist of two alleles (the presence or absence
of a restriction enzyme cleavage site). These markers are less useful
than multiallele markers for the fine-structure map because they will
not allow discrimination of all four parental chromosomes in many
pedigrees. Short repetitive sequences [for example, the (CA),
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dinucleotide repeats] are dispersed every 30 to 60 kb throughout the
human genome; many of them exhibit variation in the number of
the repeat units (54). With primers to unique flanking sequences,
these simple repeat regions can be used as polymorphic markers for
genetic mapping by measuring the frequency of recombination
within human families. Conventional genetic mapping considers
each child as the combination of two meiotic products (the sperm
and egg) and measures the meiotic recombination between linked
markers by pedigree analysis. Thus, the genotype of the meiotic
products and the fraction that have undergone genetic exchange are
deduced from analysis of the diploid cells of the progeny. The ability
of PCR to coamplify linked DNA segments from individual sperm
(55) has made possible the direct measurement of recombination
frequency in the meiotic products themselves. This powerful new
approach, termed sperm mapping, can be used to construct detailed
genetic maps from a single individual, allowing the analysis of
genetic differences in recombination rates. Sperm mapping involves
the coamplification of n polymorphic sequences from the individual
gametes of a donor heterozygous at each of the # loci. The amplified
products are typed to determine which alleles are present, and the
proportion of recombinant haplotypes is calculated. In addition, the
analysis of linked loci in individual sperm also offers the opportunity
for haplotype assignment without the transitional requirement for
pedigree analysis.

Molecular evolution. The nucleotide sequence in DNA provides the
most informative set of characters for the reconstruction of the
evolutionary history of species, as well as organism or virus phylog-
eny. A variety of computer programs have been developed for
generating phylogenetic trees based on the nucleotide sequences of
a given gene from different individuals in various contemporary
species. Prior to the introduction of PCR, the difficulty in obtaining
so much sequence information prevented the approach of molecular
systematics from realizing its full potential. Recently, PCR has been
used to amplify mitochondtial DNA sequences from different
human populations, allowing the construction of phylogenetic trees
that confirm the African origins of humans and suggest a date for the
migration out of Africa (56). In addition, PCR was used to obtain
ribosomal DNA sequences from a variety of fungal species to resolve
the phylogenies of the fungi (57). PCR has also facilitated the
phylogenetic analysis of the origins of polymorphism in the major
histocompatibility complex (MHC) by amplifying DNA from a
wide range of contemporary primate species (58). The capacity of
PCR to amplify small amounts of degraded DNA has allowed for
the first time the sequence analysis of historic or ancient DNA.
Samples of DNA from extinct species like the woolly mammoth and
the quagga, a zebra-like animal, have been subjected to PCR
amplification (59, 60). The MHC sequences from a 7500-year-old
mummified brain have also been amplified and sequenced (61). In
general, museum specimens, such as the dried skin of the quagga or
kangaroo rat, can provide a rich source of samples for sequencing
and phylogenetic analysis. The ease of obtaining sequence informa-
tion and the ability to amplify ancient DNA has already had an
impact on evolutionary studies, turning museums of natural history
into hotbeds of PCR amplification and molecular analyses.

Gene expression. Amplification from mRNA rather than DNA
templates allows the analysis of gene expression. This approach
requires the conversion of the mRNA template to cDNA with
reverse transcriptase and oligonucleotide primers. A thermostable
DNA polymerase (from T. thermophilus) that uses manganese as a
metal cation and can synthesize DNA from both RNA and DNA
templates has been isolated; thus, the initial reverse transcription
step and the subsequent PCR amplification can be carried out by the
same enzyme. The use of this thermostable polymerase with efficient
reverse transcriptase activity should reduce the amount of secondary
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structure in the mRNA template, allowing more efficient synthesis
of the cDNA strand (26).

Many studies of gene expression require quantitative analysis of
the mRNA transcripts in the cell. Quantitation can pose problems,
as the amplification reaction proceeds through an exponential phase
to a linear or platcau phase when the amount of polymerase is
limiting and when the PCR products reach a concentration where
their reassociation competes with primer annealing and extension.
Several approaches to quantitative PCR have been developed based
on coamplification of a standard template (62-64); one method uses
an internal standard RNA transcript added to the reaction in known
amounts to determine a standard curve. This standard template has
dncsamcpnmcrbm&ngsltaasthetargctmRNAb\umnbc

bylcngdlorbyrsmcuonsmcanalysxsﬁ'omdlcmrgct
PCR product (63).

One area of gene expression studies that has benefitted from the
use of PCR is the analysis of specific T cell receptor (TCR) mRNA
transcripts associated with specific immune responses. Some of these
studies have revealed that only a few of the many different potential
TCR transcripts are present in specific autoimmune T cell clones
(65). In humans, only a few monoclonal antibodies are available for
detecting TCR expression; consequently, PCR has emerged as the
primary analytic method for determining the expressed TCR reper-
toire. In the use of PCR allows the creation of highly
specific cDNA libraries, moving the study of gene expression from
the level of tissuc-related libraries to the level of specific cell lineages.

Identification of mutations and new members of multi-gene families.
PCR has proved valuable in the identification of mutations and
polymorphisms in amplifiecd DNA. Cloning and sequencing as well
as direct sequencing of the PCR products represent the most
informative, albeit most laborious, approach to characterizing am-
plified DNA. Electrophoretic methods such as denaturing gradient
gels are sensitive and rapid approaches for revealing sequence
variation. Sequence-dependent variation in the electrophoretic mo-
bility of single strands has also been used to identify polymorphisms
and mutations [single-strand conformational polymorphism or
SSCP] (66). Another general approach has been to detect the
cleavage products that are generated by the chemical or enzymatic
treatment of mismatches between a labeled probe and the PCR
product target strand (67).

The identification of genes that are related to genes of known
sequence has been facilitated by PCR approaches. The use of
primers to sequences that arc conserved among several members of
a gene family can lead to the amplification and isolation of new

A soe s42 851 553 1303 Control
F@ 2 |o@ x o o R x N K g ng n
B s08 542 551 553 1303 Control
g 2 O X 0.0 ll‘: N K w.n.n
TR s42 553 1303 Control
Cr a@|o@ x o.n r@x | «x w.n.m
s08 | sz 551 853 | 1303 |  Contral
Dr@® & |o@ x B o |r@ x v x |v@ n@ =

Fig. 2. RcvuscdotblotdewcnonofvanwsmmonsmtbcCFngaw
Biotinylated primer pairs for exons 10 and 11 were used to
co-amphfya492-bpand425 bp fragment, resﬂecu ,ﬁ'omDNAnglm
A to D. The amplificd DNA from cach sample was hybridized to a
typing strip tlmtconmnedtheamyoflmmobllmed for the
normal and the mutant for codons 508, 542, 551, 553, and 1303.
;rpnmcrsfbtcxonnwacnotusedmdns hemetbeptobe
dots for the 1303 codon of this exon do not react with the amplified DNA.)
Control probes for an invariant sequence in cxons 10 and 11 were akso
immobilized on the nylon membrane The presence of bound PCR

strip.
product revealed by incubating the ﬁxstrepuvnmnHRPand
chmmog:m”submm.by swip v :
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family members (68). These strategies may use degenerate pools of
oligonucleotide primers, which consist of oligonucleotides that
contain multiple bases at a single position. In some cases, use of
inosine (69) at sites where all four bases are possible has reduced the
multiplicity of the primer pool, thereby increasing the concentration
of individual oligonucleotides. This approach has increased the
efficiency of the PCR amplification and the success rate of finding
new genes.

Diagnostic Applications of the PCR

The initial diagnostic application of PCR was in the prenatal
diagnosis of sickle cell anemia through the amplification of B-globin
sequences. Hybridization of labeled oligonucleotide probes (1, 13,
70) or restriction site analysis of the amplified products (2) allowed
the distinction of normal and mutant alleles. This genetic discase,
which is caused by a nucleotide substitution in the B-globin gene,
has served as the model system for developing a variety of simple
diagnostic methods for detecting a known mutation. The amplifi-

cation of a specific locus by PCR made the use of nonradioactive

allele-specific oligonucleotide (ASO) probes in a dot blot hybridiza-
tion test a rapid, general, and practical method of genetic typing (13,
71). This approach, which depends on the instability of binding of
a probe mismatched with the target sequence (72), has been applied
not only to sickle cell anemia and B-thalassemia (71), but to other
genetic discases as well as to the analysis of human leukocyte antigen

(HLA) polymorphlsms (73, 74).
tches between the target sequence and the 3’ base of an

annulcdohgonudeondcmﬂucnceﬁ\eability of this oligonucleotide
to be ligated to another oligonucleotide; this effect forms the basis
of the oligomer ligation assay (OLA), a recently automated ap-
proach to allelic discrimination (75). The specificity of this method
has been increased by the introduction of a thermostable DNA
ligase isolated from T aquaticus (76). This thermostable ligase can
be used in conjunction with two pairs of complementary oligonu-
cleotides to generate the target-dependent exponential accumulation
of the ligated oligonucleotides (the ligation chain reaction). Another
method of allelic discrimination that uses PCR is based on the effect
of mismatches in the 3’ end of an oligonucleotide on the priming
step (allele-specific amplification). This approach requires that cither
two separate PCR amplifications be conducted (one with primers
specific for the mutation and one with primers specific for the
normal allele), or that the PCR products from the two alleles be
distinguishable by length or by the label on the two primers (77).
’Ihsmcthod,wlnchlsdcpmdcntonthcspec:ﬁatyofpnmmgmdw
first PCR cycle, has recently been applied to sickle cell anemia (77,

78).

Unlike sickle cell anemia, most genetic discases result from a
variety of mutations, making the practical diagnostic application of
these approaches difficult. For example, the analysis of genetic
variation at a locus with n alleles and with n ASO probes would
require preparation of » different membranes with the immobilized
PCR products from the sample. Each membranc would then be
hybridized to a different ASO probe. This problem can be overcome
by immobilizing the ASO probes rather than the DNA amplified
from the sample. In this “reverse dot blot” method, a membrane that
contains an immobilized array of ASO typing probes is hybridized
to the PCR. product, which is labeled by the incorporation of
biotinylated primers (79). The presence of the PCR product bound
to a specific probe is revealed by incubating the strips with Strepta-
vidin-horseradish peroxidase and a chromogenic substrate. The
reverse dot blot to genetic disease diagnosis is illustrated
by the detection of four of the most frequent cystic fibrosis
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mutations (Fig. 2). Cystic fibrosis is the most frequent geneti
dxsascamongCaumsmns w1thammcrfmqucncyofaboutl m25
Many different mutations in the cystic fibrosis transport regulator
(CFTR) gene have been identified since the isolation of the gene
(80). Thus, methods like the reverse dot blot, which allow a sample
to be analyzed for many different mutations in a single hybridization
step, promise to be useful in addressing this and other genetically
complex diseases.

thnbodxmcmbcrsofacouplcarcmmcrs (hcncrozygom
containing one mutant allele) for an autosomal recessive disease,
they have a one in four chance of having an affected child. For such
couples, PCR has made prenatal testing of the fetal amniocytes or
the chorionic villus biopsy simpler and faster. The ability to amplify
a DNA segment from a single cell has allowed genetic testing to be
carried out on in vitro fertilized eggs prior to implantation. A single
cell taken from an early developmental stage has been tested; the
biopsied embryo was then implanted and developed normally (81).
In addition, by analyzing one of the haploid cells produced during
oogenesis (the polar body), it is sometimes possible to infer the
genotype of the egg before it is fertilized (82).

In addition to the diagnosis of genetic diseases, PCR has facili-
tated the analysis of disease susceptibility. Specific alleles at the HLA
class I and class II loci are associated with increased risk for a wide
variety of autoimmune diseases, such as insulin: t diabetes
or rheumatoid arthritis (83). Virtually all of the extensively poly-
morphisms at the HLA class IT loci (the DRB1 locus has more than
40 alleles) are localized to the second exon, allowing the amplifica-
tion and analysis of class IT sequence variation with primers-to
conserved regions flanking this exon. This approach, utilizing a
panel of oligonucleotide probes in cither the dot blot or the reverse
dot blot method, forms the basis for a rapid and precise method of
HILA typing (74). This is valuable not only in the analysis of genetic
susceptibility to autoimmune diseases but also in the tissue typing of
donor and recipients in transplantation.

In the area of cancer research, PCR has played a role in the
identification of chromosomal abnormalities and specific somatic
mutations in oncogenes and tumor suppressor genes. Chronic
myeloid leukemia (CML) was the first cancer in which a specific
genetic abnormality called the Philadélphia chromosome was iden-
tified. This chromosomal translocation [t(9;22)] fuses the ab! and ber
genes, resulting in the expression of a chimeric mRNA, the ber-abl
transcript. The identification by PCR of the fusion transcripts from
this (84) and other cancer-associated chromosomal translocations
has proved useful in diagnosis as well as in the sensitive detection of
minimal residual disease after treatment.

The detection of known mutations in the ras oncogenes in a
variety of cancers has also been achieved with PCR amplification and
dot blot and reverse dot blot hybridization. Some tumors (for

example, pancreatic and colon) show a high proportion of ras
mutations (85). Specific mutations in the p53 tumor suppressor
gene on chromosome 17 (86) as well as the recently described DCC
(deleted in colon cancer) locus on chromosome 18 (87) and the
MCC (missing in colon cancer) locus on chromosome 5 (88) have
been identified by PCR amplification and sequencing. In addition,
p53 mutations were identified in the germline of patients with
Li-Fraumeni syndrome (89), a hereditary predisposition to breast
cancer. For most cancers examined thus far, however, the variety of
mutations identified at tumor suppressor loci pose a challenge for
simple diagnostic approaches.

Several cancers have been associated with RNA or DNA tumor
viruses. The PCR has been used to detect Epstein-Barr virus, human
T cell leukemia virus, hepatitis B, and human papilloma virus, which
are associated with Burkett’s lymphoma and nasopharyngeal carci-
noma, adult T cell leukemia, hepatocellular carcinoma, and cervical
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carcinoma, respectively (90). The detection of these viruses, as well
as the inherited and somatic mutations and chromosome transloca-
tions associated with specific cancers, will provide valuable prognos-
tic and diagnostic information.

The detection of specific pathogen sequences by PCR also
promises to be important in infectious disease diagnosis and envi-
ronmental testing, particularly where the pathogen is difficult to
culture. Also, latent viral discases characterized by few infected cells
and transcriptional dormancy will benefit from this approach. The
analysis of bacterial, fungal, and parasitic pathogens by PCR will
also affect clinical diagnostic practice (91). The ability to carry out

ive epidemiology” is illustrated in a recent report that
identified DNA from Borrelia burgdorferi (the Lyme Discase patho-
gen) in museum specimens of ticks (59). In general, the ability to
prepare PCR template DNA from a clinical sample (92) should have
important implications for all diagnostic applications of PCR.

Forensics

In a forensics setting, PCR has allowed the genetic typing of
biological evidence found at the crime scene by amplifying polymor-
phic sequences. DNA fingerprinting, the analysis of fragment length
polymorphisms (variable number tandem repeats or VNTR’s) based
on Southern (DNA) blotting, requires large amounts (>100 ng) of
mmct,hlghmolecularstNA.TthCRmupablcof
minute quantities of degraded DNA and has been used in the
analyses of over 2000 evidence specimens since the first use in 1986
(Pennsylvania versus Pestinikis) (93). For most of these evidence
samples, DNA typing based on RFLP analysis could not provide a
genotyping result. PCR typing of evidence samples for individual
identification is based on the analysis of either length polymorphism
(VNTR regions) or sequence polymorphisms. The amplification of
VNTR regions can be carried out with primers complementary to
umquesequcnwd:atﬂankﬂ)cmndcmtcpmtreglons,andallchc
variants can be the length of the PCR
products amplified from the sample. However, if the two alleles give
rise to PCR products of different lengths, the smaller fragment can
also be preferentially amplified. The analysis of degraded DNA can
pose problems in that the larger allelic fragment is preferentially lost
when amplifying a VNTR polymorphism from a partially degraded
DNA sample. Nonetheless, length polymorphisms based on tandem
repeats provide a rich source of PCR-based genetic markers for
individual identification and genetic mapping (94, 95). The ampli-
fication of a VNTR in the 16th intron of the retinoblastoma (Rb)
gene (96) is shown in Fig. 3. The band patterns, revealed by
Southern blot analysis, illustrate the preferential amplification of the

Hg&Amphﬁuuonofthc 12 3456 78 910111213
retinoblastoma

VNTR. The - oy
amplification of two different 7
human DNA was car- HH -
ried out for 24, 26, 28, and 32 - 1988 R.
cycles with and condi- e —mamo=
tions as described (96). The aga- e ™ W - ;;:
rose gel that contained the PCR —- Ce-
products was analyzed by — 4

Southern blotting with an
HRP-labeled probe comple-

to an internal unique

(96) and the bound
sequ'em':t‘.letectedvmhach(:molummw:tzntsul:stral:c Lancslmdlz a
123-bpmolemhts|zcsundardladdct lanes 2 and 13, asweladderdmved
from amplifying B-globin ; lanes 3 and 4, the amy of
samples A and B for 24 cycles; lanesSandé the PCR after 26
cycles; lanes 7 and 8, afwt28cydes andlana9and10 after 32 cycles. Both

samples are from heterozygous individuals.
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smaller allelic PCR product and the appearance of artifactual “ladder
bands” as the cycle number increases. These “ladders,” whose
“rungs” are separated by the repeat unit length, result presumably
from slippage of the polymerase or the out-of-register annealing of
repeat unit sequences at high PCR product concentration.

Although sequence polymorphisms can be detected by a variety of
methods, in our experience, the use of oligonucleotide hybridization
probes represents a general and powerful approach to genetic
typing. With the use of the reverse dot blot method, the complexity
of the test is independent of the number of probes because the
sample is analyzed with all of the probes in a single hybridization
reaction. This format has been developed for typing the polymor-
phism at the HLA-DQAL locus (79) and is commercially available as
the first PCR-based genetic typing kit. If the genotype of the
evidence sample differs from that of the reference sample of the
suspect, the suspect is excluded or eliminated as a potential donor of
the evidence. If the genotype of the suspect and evidence sample
match, the suspect is included (that is, cannot be eliminated as the
donor). The significance of this match for identifying the source of
the evidence specimen is a function of the frequency of this genotype
as determined by population surveys (97). In the >200 cases in
which the DQALI test has yielded conclusive results, 65% have
resulted in an inclusion and 35% have resulted in an exclusion (93).
Similar dot blot tests for determining the sequence polymorphism in
the D-loop segment of mitochondrial DNA have been developed
and applied to the forensic analysis of bone fragments (98).

Summary

The ability to amplify a specific DNA segment in a simple
automated reaction has had an enormous impact in many areas. The
increased accessibility of DNA analysis made possible by PCR has
been referred to as “democratizing the DNA sequence” or enabling
the “practice of molecular biology without a permit,” in reference to
ChargafPs dictum that molecular biology itself was “the practice of
biochemistry without a license.” As advances in the reagents,
instruments, and protocols for carrying out PCR continue, research-
ers and clinicians will be able to access the information encoded in
nucleotide sequences more easily and apply PCR to an even more
diverse set of problems.
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Complementary DNA Sequencing: Expressed
- Sequence Tags and Human Genome Project

MARrK D. Apams, JENNY M. KELLEY, JEANNINE D. GOCAYNE, MARK DUBNICK,
MiHAEL H. POLYMEROPOULOS, HONG X1A0, CARL R. MERRIL, ANDREW WU,
BjorN OLDE, RUBEN F. MORENO, ANTHONY R. KERLAVAGE,

W. RicHARD MCCOMBIE, J. CRAIG VENTER¥

Automated partial DNA sequencing was conducted on
more than 600 randomly selected human brain comple-
mentary DNA (cDNA) clones to generate expressed se-
quence tags (ESTs). ESTs have applications in the discov-
ery of new human genes, mapping of the human genome,
and identification of coding regions in genomic se-
quences. Of the sequences generated, 337 represent new
genes, including 48 with significant similarity to genes
from other organisms, such as a yeast RNA polymerase 11
subunit; Drosophila kinesin, Notch, and Enhancer of split;
and a murine tyrosine kinase receptor. Forty-six ESTs
were mapped to chromosomes after amplification by the
polymerase chain reaction. This fast approach to cDNA
characterization will facilitate the tagging of most human
genes in a few years at a fraction of the cost of complete
genomic sequencing, provide new genetic markers, and
serve as a resource in diverse biological research fields.

HE HUMAN GENOME IS ESTIMATED TO CONSIST OF 50,000
to 100,000 genes, up to 30,000 of which may be expressed
in the brain (7). However, GenBank lists the sequence of
only a few thousand human genes and <200 human brain messen-
ger RNAs (mRNAs) (2). Once dedicated human chromosome
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sequencing begins in 5 years, it is expected that 12 to 15 years will
be required to complete the sequence of the genome (3). It is
therefore likely that the majority of human genes will remain
unknown for at least the next decade. The merits of sequencing
cDNA, reverse transcribed from mRNA, as a part of the human
genome project have been vigorously debated since the idea of
determining the complete nucleotide sequence of humans first
surfaced. Proponents of cDNA sequencing have argued that because
the coding sequences of genes represent the vast majority of the
information content of the genome, but only 3% of the DNA,
c¢DNA sequencing should take precedence over genomic sequencing
(4). Proponents of genomic sequencing have argued the difficulty of
finding every mRNA expressed in all tissues, cell types, and devel-
opmental stages and have pointed out that much valuable informa-
tion from intronic and intergenic regions, incliding control and
regulatory sequences, will be missed by cDNA sequencing (5).
However, many genome enthusiasts have incorrectly stated that
gene coding regions, and therefore mRNA sequences, are readily
predictable from genomic sequences and have concluded that there
is no need for large-scale cDNA sequencing. In fact, prediction of
transcribed regions of human genomic sequence is currently feasible
only for relatively large exons (6).

On the basis of our high output with automated DNA sequence
analysis of 96 templates per day and consideration of the above
issues, we initiated a pilot project to test the use of partial cDNA
sequences (ESTs) in a comprehensive survey of expressed genes.

Sequence-tagged sites (STSs) are becoming standard markers for
the physical mapping of the human genome (7). These short
sequences from physically mapped clones represent uniquely iden-
tified map positions. ESTs can serve the same purpose as the random
genomic DNA STSs and provide the additional feature of pointing
directly to an expressed gene. An EST is simply a segment of a
sequence from a cDNA clone that corresponds to an mRNA. ESTs
longer than 150 bp were found to be the most useful for similarity
searches and mapping.
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