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Abstract

An efficient, PCR based method for the selective
amplification of DNA target sequences that differs by
a single base pair is described. The method utilises
the high affinity and specificity of PNA for their
complementary nucleic acids and that PNA cannot
function as primers for DNA polymerases.

Introduction

Methods that facilitate the rapid detection of single base
pair mutations in DNA are of considerable importance in
DNA diagnostics and the emerging field of
pharmacogenetics. As the diagnostic industry seeks to
avoid problems with amplicon contamination by combining
amplification and detection in a closed system, it is
furthermore desirable that such mutation detection methods
are compatible with these new formats. A popular method
is to use allele specific primers in the amplification reaction.
As shown by Kwok et al. (1), however, most 3' mismatches
between a primer and its template do not significantly impair
the PCR reaction.

To improve this situation we have developed a method
that enhances the specificity of the PCR reaction by
targeting the initial step involved in non-specific
amplification (2), i.e., the binding of the primer to a mis-
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matched target sequence. As shown in Figure 1, the
method operates by competition for a common target site
between a PNA (complementary to the wild-type target
sequence) and one of the PCR primers (complementary
to the mutant target sequence), or vice versa. When the
template contains the wild-type sequence, PNA binding
will dominate over primer binding due to the higher affinity
of the matched PNA for the target site. As PNA cannot be
extended by the Tag-polymerase the effect of this binding
is that the amplification reaction is impaired. When the
mutant sequence is present, PCR primer binding will
dominate over PNA binding with the resulting generation
of amplicons.

PCR clamping can also operate by interfering with
primer elongation (2). In one set-up the PNA is located at
a distance from the PCR primer. In this case, clamping is
expected to operate by elongation arrest. In another set-
up the PNA is located adjacent to one of the PCR primers.
Here, clamping is expected to operate by preventing
initiation of primer elongation.

In order for the clamping reaction to function efficiently
the fully complementary PNA must bind to its target
sequence ahead of binding of the mismatched DNA primer,
or vice versa. The most important variables that affects
this ordered addition of oligos are the Tm of the PNA and
DNA for their respective target sites, the concentration of
the PNA and DNA primer and the kinetics of PNA and DNA
hybridization. In order to reduce the effects of PNA
concentration and kinetics we expanded the normal 3 step
PCR cycle with a PNA annealing step which is set at a
temperature where only the fully complementary PNA can
bind to its target site (Figure 2).
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Figure 1. Schematic illustration of the PCR clamping method where wild-
type PNA competes for binding to a common target with mutant PCR primer,
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Table 1. Effect of leaky clamping on the generation of amplicons during
the PCR cycle. An asymmetrical development in the two amplicons strands
are observed, since only one of the PCR primers are being targeted by the
PNA clamp.

No. of 1% leakiness 5% leakiness 10% leakiness
PCR Unclamped Clamped Unclamped Clamped Unclamped Clamped
cycles

0 1 1 1 1 1 1
5 1 6 2 7 3 8
10 2 13 5 20 10 32
15 2 22 13 56 41 128
20 4 36 35 155 160 507
25 6 59 95 425 633 2003
30 10 96 261 1165 2502 7911

An important aspect of the clamping method is that it
does not require complete blocking of all the target sites in
each cycle to work efficiently. In the set-up shown in Figure
1, where one of the PCR primers is subject to clamping
and one is not, the effect of incomplete blocking on the
generation of either of the two amplicon strands can be
calculated by the formulas:

Nc.x = Nex-1 + Nu,x-1
Nu,x = (L-1)Nc¢,x-1 + Nc, x

Where Nc,x and Nc x-1 are the number of clamped strands
(the amplicon strand to which the PNA hybridizes) at PCR
cycle number X and X-1, respectively. Nux and Nu,x-1 are
the number of unclamped strands at cycle number X and
X-1, respectively, and L is the fraction of strands that are
not clamped in each PCR cycle. Table 1 shows how the
number of unclamped and clamped strands develop in the
course of a 30 cycle PCR with 1%, 5% or 10% leakiness in
each cycle. As is evident, even 10% leakiness leads to
only modest amplification factors (2502 fold; unclamped
strand) and (7911 fold; clamped strand).

Protocols

Clamping operates by physical competition between a PNA
and a DNA primer for a common target site. Optimisation
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of the clamping reaction is therefore largely a question of
fine-tuning the thermostability of the PNA and DNA primer
such that they will each out-compete the other in binding
to their fully complementary target sites. When using the
clamping set-up depicted in Figure 1, we use the following
protocol to design the PNA and PCR primers.

Synthesize a PNA against the wild-type allele which
spans the area in which the mutation is located. As a rule
of thumb we design the PNA such that its Tm is between
65°C and 75°C and such that the mutation to be detected
is located in the middle of the PNA.

Previously, we obtained PNAs with the desired Tm by
synthesizing a panel of PNAs in the size range from 13 to
18mers from which the appropriate oligo could
subsequently be selected. With the recent publication of
an empirical formula for predicting the Tm of a PNA for its
complementary target DNA (3) this time consuming
approach can now be avoided.

Synthesize a series of DNA primers against the mutant
target site which covers the size range from 5 to 10nt. larger
(at the 5' end) than the PNA. Design the DNA panel such
that the mutation to be detected is located in the centre of
the + 7 oligo.

Establish the PCR reactions using the complementary
and mismatched target DNA with the +5 DNA primer and
incorporating a PNA annealing step set at the Tm of the
fully complementary PNA —5°C. Test the ability of different
concentrations of the PNA (typically from 1 to 10 uM) to
block either of the two PCR reactions.

Use larger DNA primers and the lowest PNA
concentration if both complementary and mis-matched
target DNA is clamped. Lower the temperature of the PNA
annealing step and use the highest concentration of PNA
if no blocking is observed.

Examples

The PCR clamp method has been used successfully by
several laboratories to detect small genetic alterations.
Thiede et al. (4) used a slightly modified set-up to
simultaneously analyse for six different point mutations in
codon 12 and 13 of the K-ras gene (Figure 3). In their set-
up, a generic PCR primer (which amplifies both mutant
and wild-type alleles) is located immediately downstream

SYNTHESIS

PCR PRIMER
ANNEALING

Figure 2. Schematic illustration of the four step PCR cycle profile used in PCR clamping. The PNA annealing step is set at a

temperature that allows only the complementary PNA to bind.
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of the region containing the mutations. A PNA
complementary to the wild-type sequence surrounds the
mutations and partially overlaps the 3' end of the primer
binding site. When the wild-type gene is present, PNA
binding excludes binding of the 3' end of the PCR primer
thereby preventing amplification. Mutations in codon 12 or
13 destabilises PNA binding thus allowing PCR primer
binding and amplification. The method allowed the
detection of all tested mutant alleles in the presence of a
200 fold excess of the wild-type allele.

Behn and Schuermann (5) used a similar set-up with
overlapping PNA and PCR primer to detect carriers of the
factor V Leiden mutation that is the most common cause
of thrombophilia. Results from a prospective study of 60
patients were in 100% concordance with those obtained
by the commonly used PCR-RFLP detection method.

The PCR-clamping method has also been used in
combination with other amplification/detection methods.
Behn and Schuermann (6) used PNA clamping as a means
to increase the sensitivity of detection of p53 mutant alleles
by single-strand conformational polymorphism (PCR-
SSCP). The PNAs were located between the PCR primers
and were complementary to the wild-type sequences
corresponding to a known mutational “hot-spot” region in
exon 7 of the p53 gene. In a survey of 20 samples from
patients with lung cancer, the PNA-clamp-SSCP method
allowed detection of point mutations in 4 samples which
could not be detected by the standard PCR-SSCP
approach.

Rhodes et al. (7) reported that PNA clamping could
be used to increase the ability of allele specific oligos (ASO)
to selectively amplify K-ras alleles with either a G to A
transition or G to T transversion in codon 12. Mutant DNA
was mixed with a large excess of wild-type DNA and
subjected to 20 cycles of amplification using a set of generic

Figure 3. Schematic illustration of the PCR clamping method which uses a
set of generic primers and an overlapping WT-PNA to selectively amplify
mutant alleles.

PCR primers and PNAs directed against the wild-type
sequence surrounding codon 12. The product of the initial
PCR reaction was then diluted 10, 000 fold and subjected
to PCR amplification using the ASO’s. The combined PNA/
ASO approach improved the ability to score mutant alleles
in the presence of wild-type alleles by a factor of 5-10
compared to ASO-PCR alone.

Mrozikiewicz et al. (8, 9) used the PCR clamp method
in combination with RFLP analysis to investigate 3 different
mutations (m1, m2 and m4) in the human cytochrome P-
450 1A1 gene in a group of 324 individuals of Slavic origin.
A particular objective of the study was to determine the
allelic linkage of the mutations. This was successfully
achieved by performing multiple PCRs on each patient
sample using mutant specific PNAs either alone or in
combination. The rationale behind this approach is as
follows. If for instance the m1 and m2 mutations are placed
on different alleles, then amplicons will be generated when
either the m1 or m2-PNA are used alone but not when
they are used in combination. Conversely, if m1 and m2
are placed on the same allele, then amplicons will be
generated independent of whether the m1 and m2-PNA
are used alone or in combination.

Several methods have been developed that uses
sequence specific fluorescent probes (10-11) or double
strand DNA-selective fluorescent dyes (12) to monitor the
progress of an amplification reaction in real-time. The speed
and convenience of these methods and the ability to control
laboratory contamination by amplified products, constitutes
an important technical advance in the quest for making
large scale DNA diagnostics commercially feasible.

Recently, Kyger et al. (13) used the PCR clamp method
in the context of real-time fluorescence detection of
amplicons by the dsDNA selective dye Sybr Green |. Using
the set-up shown in Figure 1, the authors successfully
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detected a single base pair mutation in the HFE gene (14)
which has been associated with Heriditary
hemochromatosis (a common autosomal recessive
disease that results in excessive iron deposition in major
organs of the body).

Most of the reports on the PCR clamp method have
monitored the amplicons at the end of the ampilification
reaction. As such, a small non-specific inhibition of
amplification by the PNAs would probably have gone
undetected. Using real-time detection, however, even small
effects can be detected by monitoring increases in the
threshold cycle (Cr; the cycle at which the emission intensity
of the sample rises above the baseline). Using a
heterozygous target DNA and PNA in 18-fold excess over
PCR primer Kyger et al. (13) observed an increase in Ct
from 26 to 27 cycles with combinations of WT-primer/MUT-
PNA and MUT-primer/WT-PNA. Since one of the alleles in
the heterozygous sample was subject to clamping, these
data indicates that non-specific inhibition by the PNA is
minimal.

Perspectives

Of the various PNA based technologies developed so far
the PCR clamp method is the one that has found most
widespread use. We believe that this is a tribute to both
good performance, ease of optimisation and flexibility.

As demonstrated by several authors the method is
compatible with other PCR methods. For instance, PNA
clamping could be used to improve the selective
amplification of closely similar sequences by allele specific
oligos (7) or as a prelude to subsequent detection of allelic
variants by SSCP (6). Likewise, it was possible to combine
the clamping method with real-time fluorescence detection
of amplicons by a double strand DNA-selective dye in a
closed system (13). Given the trend towards such formats
in the diagnostic industry this demonstration is of significant
importance.

All current reports on PNA clamping are in the context
of the PCR reaction. We expect, however, that the approach
will be applicable to other amplification technologies such
as for instance LCR (15) and NASBA (16).

Note
This article is a journal version of book chapter (17)
reprinted by the publisher with the author’s permission.
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