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DNA, PNA, and Their Derivatives for Precise Genotyping of SNPs
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Abstract: Two new approaches for SNP genotyping are described. The one is based on
tandem site-selective RNA scission and the genotype is determined by MALDI-TOF/MS
analyses of clipped short RNA. The other is visual SNP genotyping with combinations
of peptide nucleic acid (PNA) and single-stranded DNA specific nucleases.
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1. INTRODUCTION

High-throughput, accurate, and low-cost methods for
genotyping of single nucleotide polymorphisms (SNPs) [1]
are crucially important for design of tailor-made medicines,
prediction of hereditary diseases, and many other biomedical
applications. Although a number of methods were hitherto
proposed, few of them are satisfactory. We recently
developed two methods for this purpose, which will be

The second method is to combine peptide nucleic acid
(PNA) with single-stranded DNA specific nucleases (i.e.
nuclease S1, nuclease P1 and Mung Bean nuclease) [4]. We
found that only the DNA in DNA/PNA duplexes involving
a mismatch are efficiently hydrolyzed by these nucleases,
whereas fully-matching sequences are kept intact (artificial
restriction-enzyme systems). This difference is visually
scored by adding 3,3’-diethylthiadicarbocyanine, which
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Scheme 1. The two strategies for precise SNP genotyping.

described in this review (see Scheme (1)). The first method
is to use modified oligonucleotides for selective RNA
activation at two sites and clip appropriate RNA fragments
from human gene [2]. It is based on our recent finding of
site-selective RNA scission that involves no covalent
fixation of catalysts to sequence-recognizing moiety
(artificial ribonuclease systems) [3]. By non-covalent
interactions of the RNA with oligonucleotide bearing two
acridine groups, the phosphodiester linkages in front of these
acridine groups are selectively activated and hydrolyzed by
various catalysts (e.g. lanthanide(III) ions). Advantageously,
it requires no specific base-sequence at the scission site. By
analyzing the RNA fragments by MALDI-TOF MS, any
alternation at the target nucleotide is definitely pinned down.
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changes its color from blue to purple upon binding to
DNA/PNA duplexes. These findings are applied to
convenient and straightforward detection of SNPs. When the
target site in the sample DNA is completely complementary
with the PNA, notable amount of DNA/PNA duplex
remains, and thus the solution exhibits purple color. In the
presence of even one mismatch between PNA and DNA,
however, the DNA is completely digested by the enzyme
and therefore, the dye shows its intrinsic blue color. The
SNPs in the apolipoprotein E gene of human DNA have
been successfully genotyped by this method.

2. SNP GENOTYPING WITH THE USE OF
ARTIFICIAL RIBONUCLEASE SYSTEMS

2.1 Strategy for Site-Selective RNA Scission

Sequence-selective scission of RNA has been attracting
interests of chemists and biochemists, since it is essential
for molecular biology and therapy in the future (e.g.
regulation of specific gene expression, advanced therapy, and

© 2004 Bentham Science Publishers Ltd.
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Fig. (1). Schematic representation of the artificial ribonuclease system. Selective scission sites are indicated by wedge-shaped arrows.

RNA manipulation) [5]. Many artificial enzymes were
prepared by attaching molecular scissors to sequence-
recognizing oligonucleotide. Recently, however, we have
developed entirely new artificial ribonuclease systems. The
first SNP genotyping method presented in this review is
based on these systems, and thus their fundamentals will be
first described rather in detail.

These new artificial ribonuclease systems take advantage
of selective activation of the target phosphodiester linkage in
the RNA by oligonucleotides bearing an acridine as the
activator (Fig. 1). When the substrate RNA forms a
heteroduplex with this activator, most of the
ribonucleotides, except for the one in front of the acridine,
form Watson-Crick base pairs with the counterpart
nucleotides. As a result, the phosphodiester linkages
adjacent to the unpaired nucleotide (indicated by the wedge-
shaped arrows) are selectively activated. In contrast, the other
phosphodiester linkages in the substrate RNA are deactivated
on the formation of these heteroduplexes. Accordingly, these
linkages are preferentially hydrolyzed by LuCl; (molecular
scissors) over the other linkages. Thus, the selective scission
occurs at the 5’-side of the target nucleotide (major scission-
site) and its 3’-side (minor scission-site). In contrast with
previous artificial ribonucleases, covalent attachment of the
molecular scissors to any sequence-recognizing moiety is not
necessary. The sequence-selectivity for these non-covalent
systems is satisfactorily high throughout the whole reaction
process. This sequence-selective activation is so efficient that
the scission is prompt even with intrinsically poor catalysts,
such as Zn(II) or Mn(II) ions. The scission is marginal when
a trimethylene spacer without an acridine is inserted to
DNA. Apparently, the acridine residue is essential for the
present site-selective scission. What is crucial is not the
presence of unpaired nucleotide in RNA substrate, but the
interactions between the acridine and the RNA leading to the
RNA activation.

In all the RNA sequences investigated, the
phosphodiester linkage opposite the acridine is activated and
selectively hydrolyzed. Thus, the nucleotide at the target site
in RNA must remain unpaired for the site-selective scission.
When all the nucleotides in RNA are forming Watson-Crick
base pairs with the "activators", the selective scission
completely disappears. Both the chloro- and methoxy-groups
on the acridine are also important (although not essential). In
so far as these requirements are met, the scission efficiencies
are not much dependent on the target sequence. This is one
of the most important advantages of the present artificial
ribonuclease systems, since conventional ribozymes usually
require specific sequences at the target site. Because of this
advantage, SNP genotyping is possible for all the positions
of the substrate RNA (vide infra).

Spectroscopic analysis (fluorescence, UV, and CD) has
shown that, in the DNA/RNA heteroduplexes, the acridine
group is sandwiched between the two neighboring base
pairs. The acridine is so large in size that it cannot be
simultaneously accommodated together with the target-
unpaired nucleobase. As a result, the unpaired nucleobase is
supposed to be somewhat pushed out, perturbing the
conformation of the target site in the RNA. The 2’0 atom at
the scissile linkage is located near the corresponding
phosphorus atom, and its intramolecular nucleophilic attack
is promoted. Moreover, general-acid catalysis by the ring-
nitrogen of the acridine facilitates the release of the leaving
5’0 from the pentacoordinated intermediate. [6]

2.2 Application to SNP Genotyping

These artificial ribonuclease systems are simple and
active enough to be successfully applied to SNP genotyping.
A schematic representation of the analytical procedures is
shown in Fig. (2). In order to activate the substrate RNA at
two designated sites, two acridines are bound to
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Fig. (2). Flowchart of SNP genotyping by selective RNA clipping.

difference of the fragment.

oligonucleotide and this modified DNA is used as the
tandem-activator. The two target sites are selected so that the
SNP site is placed between them. Upon treating this system
with free lanthanide(III) ion, short RNA fragment containing
SNP site is selectively clipped from the substrate RNA. By
analyzing this fragment with MALDI/TOF-MS, the
nucleotide in the SNP site can be precisely determined.

In the following examples, the sample RNAs are the
ones coding the exon of human apolipoprotein E gene
(apoE) [7]. There are two SNP sites in this gene. The A -~ G
alternation at the nucleotide position 152 in its antisense
strand (this isoform is apoE4) is responsible for Alzheimer’s
disease, whereas the G- A alternation at the nucleotide
position 290 (apoE?2) is associated with hyperlipemia. The
RNA coding a portion from A170 to C131 in A-allele of
apoE is treated with LuClj in the presence of the tandem-
activator, which has two acridine groups in front of G158
and U144 (see Fig. 3). The potential SNP site A152 (in
bold) is in this sequence. Note that the tandem-activator
used here involves non-natural nucleotide dP in front of the
SNP site. This nucleotide analog forms stable base pairs
with both G and A through its tautomerism. Consequently,
this tandem-activator can strongly bind the substrate (and the
fragment formed by the two-site scission), irrespective of the
genotype of the substrate. As shown in Fig. (3b), MALDI-
TOF mass spectrum of the products clearly exhibits a peak
at m/z = 4496.8 (in bold), which is fairly in accord with the
theoretical value (4496.7) for the 14-mer fragment from
G158 to Cl145. Both of the target sites are efficiently
activated by the acridines and hydrolyzed by Lu(III). These
facts have been further substantiated by gel electrophoresis,
in which the substrate RNA is labeled at both ends by two
different dyes. The scission efficiency at each of the
designated sites is similar to the value accomplished by the
oligonucleotide bearing only one acridine. Since the present
artificial ribonuclease systems can cut RNA at any target
sequence, as described in section 2.1, the length of the

The nucleotide in the SNP site is strictly determined by mass

clipped fragment can be freely chosen by using appropriate
tandem-activator, in which two acridines are placed at the
corresponding distance. Other lanthanide(III) ions (e.g.
La(IIT) and Eu(III)) can be also used as molecular scissors if
necessary.

The present genotyping method is also applicable to
heterozygous samples. In such samples, the RNA from the
subject involves two components that differ from each other
in only one nucleobase, corresponding to the two alleles on
homologous chromosomes. In Fig. (3¢), 1:1 mixture of two
substrates corresponding to each alleles is treated with the
combination of Lu(IIl) and the tandem-activator (the DNA
bearing two acridine). Non-natural nucleotide dP is used in
front of the SNP site. Exactly as designed, two signals of
similar intensity are detected at m/z 4510.0 and 4494.1,
which correspond to the 14-mer fragment from G-allele
(theoretical m/z = 4512.6) and the one from A-allele,
respectively. By using appropriate tandem-activator, 1:1
mixtures of two alleles for the other SNP site are also
analyzable. The degenerate recognition of both A and G by
dP is essential for precise genotyping of heterozygous
samples. Thus, no signal for A-allele is detectable when
conventional nucleotide C is used in front of the SNP site.
Here, the RNA fragment from this allele has a mismatch to
the activator and is bound only weakly, so that it is
promptly digested by the Lu(III) in the solution.

Multiplex analyses are also possible in the present
method. For example, by using two tandem-activators
simultaneously, two RNA fragments involving two SNP
sites (position 152 and 290) can be successfully clipped
from 1:1 mixture of the two corresponding substrates. Both
of the SNP sites can be precisely genotyped by one-run of
mass analysis. The analysis is further facilitated by
differentiating the length between the two acridines in the
tandem-activators and preparing RNAs of different length,
since overlapping of mass signals can be minimized.
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Fig. (3). (a) The structures of the substrate RNA and tandem-
activator. (b) MALDI-TOF mass spectrum of the cleavage
products of homozygous sample. (¢) The spectra of the cleavage
products of heterozygous sample. The assignment of each peak
is described in the text.
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In most of the previous methods for SNP genotyping,
the substrate is DNA, which can be easily obtained by
amplification of human genomes with PCR. However, DNA
normally takes duplex form, which is hard to be analyzed.
Thus, the PCR products (double-stranded DNA) must be
converted to single-stranded one before the genotyping
assay. In the present method, the substrate is RNA, and thus
this procedure is unnecessary. Sufficient amount of single-
stranded RNA can be obtained by transcription with RNA
polymerase from duplex DNA, which is prepared by PCR
with the use of promoter-appended primers in minimized
reaction cycles.

3. SNP GENOTYPING WITH THE USE OF
ARTIFICIAL RESTRICTION-ENZYME SYSTEMS

3.1 Strict Recognition of a Mismatch by the
Combination of PNA and Nuclease S1

The second method is based on our new finding that the
combination of peptide nucleic acid (PNA) [8] and single-
stranded DNA specific nucleases [9] strictly recognize one-
base alteration in DNA with remarkable specificity (Fig. 4).
Peptide nucleic acid (PNA: Fig. 5), elegantly developed by
Nielsen, is one of the most widely used DNA analogs. We
found that DNA is hardly digested by the enzyme when it
forms a duplex with completely complementary PNA.
However, even one-base mismatch in DNA to PNA makes
this DNA susceptible to the enzymatic digestion. In place of
nuclease S1, nuclease P1 and Mung Bean nuclease can be
also used.

The present molecular recognition of one-base alteration
in DNA sequence by PNA takes advantage of notable
structural and physicochemical differences between fully
matching-site and mismatching-site in DNA/PNA duplexes.
Dictated by this difference, single-stranded DNA specific
enzymes selectively choose these mismatching-sites and
hydrolyze the DNA there. This recognition is so precise and
strict that the DNA is efficiently cleaved even when there
exists only one mismatch between DNA and PNA. In
contrast, fully-matching DNA/PNA duplex is sufficiently
resistant to the enzyme.

3.2 Visual Detection of SNPs

These strict discriminations between full-match and
mismatch by the PNA/nuclease S1 combination can be
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Fig. (5). Visual detection of mismatches by using DiSC,(5). The DNA/PNA duplexes were treated by nuclease S1 and then the
mixtures were stained with DiSCy(5). Among the mismatches, only the T(PNA)-G(DNA) pair (the left in the bottom) took a pale purple
color. However, this sample could be clearly differentiated from the matching ones by visible/UV spectroscopy (see ref. 4 for the

detail).

easily and clearly visualized to naked eyes, by adding 3,3’-
diethylthiadicarbocyanine DiSC,(5) (the structure is
presented in Fig. (5)) to the enzymatic digests. This dye
changes its color from blue to purple when it is bound to
DNA/PNA duplexes. [10] Thus, the enzymatic digest of
completely complementary DNA/PNA duplex provides
purple color. On the other hand, DNA having a mismatch to
the PNA provides a blue color.

Typical examples are presented in Fig. (5). As shown in
the top-left, the solution of enzymatic digest of DNA (match)
containing this dye takes purple color. The 10-mer portion
of this DNA is complementary with the PNA, and thus is
sufficiently protected from the enzymatic digestion. The
DNA/PNA duplexes left in this solution bind the DiSC,(5)
dye, giving rise to the purple color. On the other hand,
DNA(C-O) DNA(C-T), and DNA(C-A) have a mismatch to
the PNA, and thus are ecasily digested down to
mononucleotides by the nuclease. There are no DNA/PNA
duplexes left in the reaction mixtures, and therefore all of the
solutions remain blue (the three tubes in the top row). Other
mismatches also provide blue solutions and are clearly
discriminated by naked eyes from the fully-matching pairs.
Thus, mismatching DNAs are completely discriminated by
naked eyes from fully-matching one. In Fig. (5), the T (in
PNA)-G (in DNA) mismatch (the bottom left) shows a pale-
pink color, probably because this mismatch forms a rather

stable non-Watson-Crick base pair. According to reversed-
phase HPLC, the enzymatic digestion is not so efficient in
this mixture and some amount of DNA/PNA duplex still
remains in the final mixture. However, this T-G mismatch is
explicitly distinguishable from T-A fully-matching pair by
visible-absorption spectroscopy. Alternatively, the color
difference can be greatly magnified to allow naked-eye
detection simply by increasing the concentration of the dye
(data not presented). Advantageously, contaminating
DNA/DNA duplexes, if any, cause no significant problem,
since this dye remains blue even in the presence of these
duplexes [10]. The blue - purple change is specific to
DNA/PNA duplexes, and thus precisely reflects the perfect
matching of sample DNA to the PNA probe.

3.3 Application to Visual Detection of SNPs in Human
Genomic DNA

The method described above has been applied to the
detection of SNPs in human apoE gene. The 80 mer DNA
between the position 120 and 199 (containing the codon 112
SNP (TGC - CGC) in apoE gene) is used. The SNPs site
is the nucleotide-152, which is T in apoE3 but C in apoE4.
After amplification by asymmetric PCR, the single-stranded
DNA containing this SNP site is treated at 20 “C for 30 min
with nuclease S1 in the presence of PNA (H,NCO(Gly)-
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Fig. (6). (A) Detection of SNPs of human apoE gene by the PNA/nuclease S1/DiSC,(5) system. As shown in (B), PNA is
complementary with the part of apoE4 but has a G-T mismatch to apoE3.

TGCAC G CGCC-NHj,), which is complementary to the
sequence in apoFE4, and then the reaction mixture is stained
with DiSC,(5). As shown in Fig. (6A), the solution from
the allele of apoE4 (completely complementary with this
PNA) is purple, whereas the solution from the allele of
apoE3 (containing a G-T mismatch) is blue. In other series
of experiments, these two DNAs are treated with nuclease S1
in the presence of PNA, which is complementary with
apoE3. Exactly as expected, the solution from the allele of
apoE3 is purple, and the solution from the allele of apoE4
is blue. The kind of allele of the patient has been
systematically pinned down.

3.4 PNA as Essential Cofactor for the Present Method

In order to achieve the present one-base differentiating
protection and digestion, PNA must be used because (1) a
mismatch in DNA/PNA duplex notably destabilizes the
duplex, facilitating the enzymatic reaction at this site, and
(2) PNA is resistant to the enzymatic digestions and
functions as DNA-protecting agent throughout the reaction
time. Accordingly, SNPs typing is easily and
straightforwardly accomplishable by adding DiSC,(5) dye
after digesting the DNA in the presence of appropriate PNA.
One of the most important advantages of this method is its
simplicity. Without any complicated equipment, SNPs are
visually and conveniently detectable. When the solutions are
purple, the DNA is completely matching with the PNA
probe. Even with only one mismatch, however, blue
solutions are obtained. The sensitivity of detection should
be further improved by designing still more effective dye
and/or by modifying the PNA appropriately. The present
method should be also applicable to high through-put
genotyping of multiple SNPs. In combination with array or
beads technology, amplified DNA fragments in multiplex

reactions can be captured on specific PNA probes, and then
subjected to the enzymatic digestion. Undigested DNA/PNA
duplex will be detected with DiSC,(5) dye by absorption
spectroscopy. The ratio of absorbance in the purple region to
that in the blue region can be a reliable measure of
mismatch. Such PNA probes on a solid surface are resistant
to nuclease digestion and can be utilized repeatedly.

The length of PNA probe is crucially important for
successful analysis. Hybridization of too short
complementary sequences is thermodynamically unfavorable
under common analytical conditions. On the other hand, too
long PNA often easily aggregates and is also unfavorable.
Preferably the length of PNA is 10-14 mer and the content
of purine should be within the value of 25%~60% to avoid
undesired aggregation. Self-complementary sequences in
PNA is of course unacceptable. Although PNA forms a
duplex with DNA in both anti-parallel and parallel
orientations, the former is usually more stable. [11]

4. CONCLUSION

In this review, two methods for SNP genotyping, both
of which have been recently developed by the authors’
group, are presented. One of them involves selective scission
of RNA at two-sites by artificial ribonuclease systems. By
analyzing the resultant small RNA fragment by mass
spectroscopy, precise genotyping is achievable. This method
should be highly promising for multiplex analysis, since a
number of RNA fragments of desired length can be prepared
by the present method and simultaneously analyzed by mass
spectroscopy. In the second method, mismatch between
DNA sample and PNA probe is pinned down in terms of the
stability against nuclease. The presence of oligonucleotide
left (or its absence) in the enzymatic digests is visually
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scored by appropriate dye. Easiness and convenience are the
striking advantages of this method.
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