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Background

Detection of nucleotide mutations and polymorphisms
is central to the modern science of molecular genetics.
For example, allelic discrimination detects different
forms of the same gene that differ by nucleotide
substitution, insertion, or deletion. Methods for muta-
tion detection can be divided into two groups: scanning
methods that can discover previously unknown
nucleotide differences and diagnostic methods designed
to detect specific, known mutations or polymorphisms.
Large-scale scoring of known single nucleotide polymor-
phisms (SNPs) requires techniques with few steps and
the ability to automate each of these steps. In this
regard, the 5' nuclease assay is especially attractive
because it combines PCR amplification and detection

into a single step.

5' Nuclease Assay

In the 5' nuclease polymerase chain reaction assay as
first described by Holland et al. (1991), a hybridization
probe included in the PCR is cleaved by the 5' nuclease
activity of Tug DNA polymerase only if the probe target
is being amplified. Using a fluorogenic probe, first syn-

thesized by Lee et al. (1993), enables cleavage of the
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Figure 1. PCR amplification and detection with fluorogenic probes in the 5'
nuclease assay. The main steps in the reaction sequence are polymerization,
strand displacement and cleavage. Two dyes, a fluorescent reporter (R) and
a quencher (Q), are attached to the fluorogenic probe. When both dyes are
attached to the probe, reporter dye emission is quenched. During each

extension cycle, the DNA polymerase cleaves the reporter dye from the

probe. Once separated from the quencher, the reporter dye fluoresces.
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Figure 2. Design strategy for allelic discrimination assay with fluorogenic probes in the 5' nuclease assay. The presence of a mismatch between probe and
target destabilizes probe binding during strand displacement, reducing the efficiency of probe cleavage. The possible results of the example allelic

discri tion assay are ized above.




probe to be detected without post-PCR processing. The
fluorogenic probe consists of an oligonucleotide labeled
with both a fluorescent reporter dye and a fluorescence
quencher. In the intact probe, proximity of the quencher
causes Forster resonance energy transfer (FRET, some-
times called fluorescence resonance energy transfer)
and thus reduces the fluorescence from the reporter dye
(Forster, 1948). Cleavage of the fluorogenic probe dur-
ing the PCR assay liberates the reporter dye, causing an

increase in fluorescence intensity (see Figure 1).

Figure 2 diagrams how fluorogenic probes and the 5'
nuclease assay can be used for allelic discrimination.
For a bi-allelic system, probes specific for each allele
are included in the PCR assay. The probes can be distin-
guished because they are labeled with different fluores-
cent reporter dyes (FAM™ dye and VIC™ dye in
Figure 2). A fully hybridized probe remains bound
during strand displacement, resulting in efficient probe
cleavage and release of the reporter dye. A mismatch
between probe and target greatly reduces the efficiency
of probe hybridization and cleavage. Thus, substantial
increase in FAM or VIC dye fluorescence indicates
homozygosity for the FAM- or VIC-specific allele. An

increase in both signals indicates heterozygosity.

Lee et al. (1993) first demonstrated the feasibility of
this approach by distinguishing the AF508 and normal
alleles of the human cystic fibrosis gene. Each probe
was labeled with its reporter at the 5' end and the
quencher on the seventh nucleotide from the 5' end.

The polymorphic site caused by the 3-nucleotide

deletion of AF508 was positioned between the reporter
and quencher of each probe. The presence of mismatches
within this 7-nucleotide region resulted in reduced
probe cleavage. Thus, mismatched probes are not
cleaved efficiently and do not attribute appreciably to

the final fluorescent signal.
Probe Design

Livak et al. (1995a) discovered that probes with a
reporter dye on the 5' end and a quencher on the 3' end
can be used in the 5' nuclease assay, greatly simplifying
the design of fluorogenic probes. This may seem contra-
dictory to the requirement that reporter and quencher
must be in close proximity for quenching by FRET to
occur. Nevertheless, it is possible for the reporter and
quencher to approach each other closely because a sin-
gle-stranded oligonucleotide is flexible enough to bend
and contort in solution. These contortions occur quickly
compared to the lifetime of the excited state of the
reporter, and the quenching observed is a time-resolved
average of a population of probes in all bending config-
urations. Having dyes at opposite ends of the probe can
reduce net quenching and therefore overall fluorescence
strength. On the other hand, with both dyes close
together near the 5' end of the probe, cleavage can
occur downstream from both dyes, resulting in no fluo-
rescence whatsoever. Thus, the loss of net quenching
from terminal placement of the dyes is more than

offset by the fact that any cleavage event will generate

fluorescence.
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Figure 3. Discrimination of alleles for the human SNP rs2589 (WIAF 270). Endpoint results using probes VIC Dye-ATGCCCCAAGCAG-NFQ-MGB and FAM

Dye-TGCCTCAAGCAGC-NFQ-MGB on genomic DNA samples from h

individuals.
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Figure 4. Diagram of fluorogenic TagMan® MGB probe.

By expanding the region of the probe that can be
cleaved to generate fluorescence, it might be expected
that terminal placement of the dyes would compromise
the ability of a probe to discriminate against mismatches.
In fact, Livak et al. (1995b) demonstrated that probes
with a reporter at the 5' end and a quencher at the 3'
end can discriminate two alleles in the human insulin
gene that differ by only a single A-T nucleotide substi-
tution. Figure 3 shows an example where alleles that
differ by an A-G substitution have been distinguished

in DNA samples from 90 human individuals.

How Allelic Discrimination Works

Three factors contribute to the discrimination based

on a single mismatch seen in Figure 3. First, the
mismatch has a disruptive effect on hybridization. A
mismatched probe will have a lower melting tempera-
ture (7,,) than a perfectly matched probe. Proper choice
of an annealing/extension temperature in the PCR will
favor hybridization of an exact-match probe over a mis-
matched probe. Second, the assay is performed under
competitive conditions with both probes present in the
same reaction tube. Therefore, mismatched probes are
prevented from binding due to stable binding of exact-
match probes. Third, the 5' end of the probe must start
to be displaced before cleavage occurs. The 5' nuclease
activity of Taqg DNA polymerase actually recognizes a
forked structure with a displaced 5' strand of at least 1
to 3 nucleotides (Lyamichev, 1993). Once a probe starts
to be displaced, complete dissociation occurs faster with
a mismatch than with an exact match. This means there

is less time for cleavage to occur with a mismatched

probe. Thus, the presence of a mismatch promotes

dissociation rather than cleavage of the probe.

Enhancements to the 5' Nuclease Assay

A mismatched probe has a lower T}, than a perfectly
matched probe. This creates a T}, window between the
Ty, of the perfectly matched probe and the T, of the
mismatched probe. Discrimination of alleles is achieved
by using an annealing/extension temperature within the
T window. As probes get longer, a single mismatch
becomes less disruptive. This means that, for longer
probes, the difference in T,, between a matched and
mismatched probe is diminished, leading to a smaller
T» window. Thus, shorter probes display better

mismatch discrimination.

Minor Groove Binder

Scientists at Epoch Biosciences have found that the
conjugation of a minor groove binder (MGB) to
oligonucleotides stabilizes nucleic acid duplexes, causing
a dramatic increase in oligonucleotide T, (Afonina et
al., 1997 and Kutyavin et al., 1997). Increases in Ty, of
as much as 49°C were observed for A/T-rich octanu-
cleotides. Fluorogenic probes with the MGB attached
to the 3' end perform well in the 5' nuclease assay. They
are an improvement over unmodified probes because
shorter sequences (13- to 20-mers) can be used to obtain
probes that have an optimal T}, (65 to 67°C). Thus,
attachment of the MGB enables the use of shorter
fluorogenic probes, which results in improved

mismatch discrimination.

In a study performed at Applied Biosystems, matching
and mismatching 7,,s were experimentally measured for
a set of 60 MGB probes ranging in size from 13 to 18
nucleotides. The average AT;, (matching-mismatching)
was 9.7°C. This broad T}, window makes it easy to
design probes that have a matching T}, above the
annealing/extension temperature of PCR (nominally

60°C) and a mismatching T}, below this temperature.

Applied Biosystems now uses fluorogenic probes with
the structure diagrammed in Figure 4. The increase in
T, caused by the MGB reduces probe size for all 5'

nuclease applications to 13- to 20-mers.




38-mer ACTTTTCTGTAAGTAGAIATAACTTTTCAAAAAGACAG
17-mer CTGTAAGTAGATATAAC-MGB
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Figure 5. Results using fluorogenic TagMan® MGB probes to detect a single base difference in an AT-rich segment of human DNA. The sequence analyzed is a
polymorphism in the human thiopurine methyltransferase gene (TPMT, 11). Panel a shows real-time PCR results for a conventional 38-mer probe (black traces)
and a 17-mer MGB probe (red traces) using templates that are either completely homologous to the probes (A/T Match) or have a single base mismatch with the
probes (G/T mismatch). Panel b shows endpoint results, from the ABI Prism® 7900HT Sequence Detection System when two MGB probes, specific for either the
A or G allele, are used to analyze g ic DNA ples from h







