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ABSTRACT

Single-nucleotide polymorphisms (SNPs) in double-
stranded DNA (dsDNA) have been straightforwardly
genotyped by matrix-assisted laser desorption/
ionization time-of-¯ight mass spectrometry (MALDI-
TOF MS). Peptide nucleic acid (PNA), a DNA analog,
was used as a probe molecule. In its presence,
genomic dsDNA was ®rst treated with exonuclease
III and then with nuclease S1. By these one-pot reac-
tions, single-stranded DNA fragments including the
SNP sites were formed in situ. These fragments
were directly analyzed by MALDI-TOF MS, and the
identity of the DNA base at the SNP site was deter-
mined in terms of mass number. By using two or
more PNA probes simultaneously, multiplex analy-
sis was also successful. Various genotypes of
apolipoprotein E gene (e2/e2, e3/e3, e4/e4, e2/e3 and
e3/e4) were identi®ed from dsDNA obtained by PCR
from corresponding patients.

INTRODUCTION

Among variations in human genomes, SNPs are the most
common and well-recognized ones and are strongly related
to physiological properties of individuals such as responses
to medicines, dangers of hereditary diseases and others
(1±3). Thus, high-throughput, accurate and low-cost geno-
typing of SNPs is crucially important (4,5). In order to
ful®ll all these requirements, the following three factors
are necessary: (i) sample DNA must be easily and eco-
nomically obtainable, (ii) a number of SNP sites in
specimens should be simultaneously analyzable under the
same conditions and (iii) alteration of nucleobase, if any,
must be easily, precisely and straightforwardly detectable.
Although many proposals have been previously made, none
of them is completely satisfactory and a number of attempts
for further improvements are being made in many laboratories
(6±9).

One of the most critical problems is factor (i), since
most previous genotyping methods [e.g. hybridization with

allele-speci®c probes (10,11), oligonucleotide ligation
(12,13), single-nucleotide primer extension (14) and enzym-
atic cleavage (15,16)] employ single-stranded DNA (ssDNA)
as the specimen. Double-stranded DNA (dsDNA), which is
more easily obtainable either from natural sources or by PCR,
cannot be directly used. Thus dsDNA is usually ®rst denatured
at high temperatures, cooled in a controlled manner and then
charged to the probes (17±19). Even with this procedure,
however, the amount of ssDNA available for analysis is
limited. Another method for the preparation of ssDNA
involves the removal of the unnecessary counterpart strand
from dsDNA using insoluble support matrices bearing the
corresponding complementary oligonucleotides (20,21).
Alternatively, ssDNA must be prepared by asymmetric PCR
from the target portion of the patient's DNA (22,23).
However, this type of PCR is much less ef®cient in DNA
ampli®cation than standard PCR methods. Therefore direct
detection of SNPs in dsDNA, if possible, is much more
desirable.

Factor (ii) is also critical, especially when the genotyping
takes advantage of the difference in stability between fully-
matched and single-base mismatched duplexes. This differ-
ence is evident only near the melting temperatures of these
duplexes, so the analysis temperature must be very carefully
chosen (24,25). For simultaneous analysis of many SNP sites,
however, this choice is dif®cult, as often experienced in
microarray systems. As a solution to factor (iii), matrix-
assisted laser desorption/ionization time-of-¯ight mass
spectrometry (MALDI-TOF MS) has often been used recently
(26±28). Here, any alteration of nucleobases in genes is
precisely detectable in terms of a change in the mass number
of a DNA fragment. Its rapidness and small sample consump-
tion are appropriate to high-throughput analysis. However, it
is not easy to prepare short DNA fragments for MS analysis
(<20mer) directly from the designated site in genomic dsDNA
(29±32).

In this article, we present a new method which straight-
forwardly genotypes SNPs in dsDNA by MALDI-TOF MS.
Genomic dsDNA (ampli®ed by standard PCR when neces-
sary) is treated with exonuclease III and then with nuclease S1
in the presence of PNA [a DNA analog in which the phosphate
backbone of DNA is replaced by a peptide backbone (33±36)].
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This PNA probe protects designated portions of the DNA
specimen from enzymatic digestion. As a result, ssDNA
fragments of the desired length are prepared by a one-pot
reaction. By analyzing these short ssDNA fragments by
MALDI-TOF MS, SNPs are conclusively genotyped. All the
enzymatic digestions are carried out under conditions where
all the fully matched duplexes and mismatch-involving ones
are completely formed, and thus the analysis can be achieved
at any temperature below the melting temperatures of these
duplexes. By using two or more PNA probes simultaneously,
multiplex analysis is also successful. Apparently, all the
factors (i)±(iii) are ful®lled. As an example of a practical
application of the present method, various genotypes of the
apoE gene (e2/e2, e3/e3, e4/e4, e2/e3 and e3/e4) (37,38) are
scored. These isoforms change the amino acids 112 (nucleo-
base 3937: T/C variation) and 158 (nucleobase 4075: C/T
variation) (DDBJ/EMBL/GenBank accession number
AF261279), which are associated with lipid disorder (39)
and Alzheimer's disease (40,41).

MATERIALS AND METHODS

Synthesis of PNA and primer DNA

The PNA additives were manually synthesized and character-
ized according to the literature (35,36). A lysine or glycine
residue was attached to their C-termini (see Table 1). The
DNA primers were prepared on an Applied Biosystems 394
DNA/RNA synthesizer. These PNAs and DNAs were puri®ed
by high-quality prepacked column (Kanto Chemical Co.,
Tokyo) and characterized by mass analysis. Their purities
were >99% according to HPLC. The concentrations of DNA
and PNA in the enzymatic reactions were determined from
the absorbance at 260 nm on a Jasco V-530 UV/vis
spectrophotometer.

Preparation of DNA samples for the genotyping

The DNA from human apoE gene was isolated from the whole
blood of individuals by use of the Puregeneâ DNA isolation
kit (Gentra Systems). First, the DNA portion containing SNP
sites (from nucleobases 3900±4115) was ampli®ed by PCR on

a GeneAmpâ PCR system 9700 (Perkin±Elmer±Applied
Biosystems); the forward primer was (5¢-GGCGCAGGCCC-
GGCTGGGC-3¢) and the reverse primer was (5¢-TCG-
GCGCCCTCGCGGGCC-3¢). Then, the product was cloned
into pGEMâ-T Easy vector (Promega, USA). The genomic
library was screened, and genotyped using an ABI PRISMÔ
310NT genetic analyzer. These plasmids were used as the
templates for the following PCR.

The forward and the reverse primers (30 pmol each), dNTP
(0.2 mM each), 2.0 mM MgCl2, 13 PCR buffer and 1.25 U
TaKaRa Ex TaqÔ polymerase (TaKaRa Bio Inc., Tokyo) were
added to 50 ml of solution containing the plasmid (20 ng). The
PCR was started at 95°C for 3 min, followed by 28 cycles of
95°C for 30 s, 58°C for 30 s and 72°C for 30 s, and then
®nished with an additional extension step of 72°C for 3 min.
The PCR products were treated with the QIAquickâ PCR
puri®cation kit (QIAGEN Sciences, USA) and dissolved in
water (puri®ed by Milli-Qâ, Millipore, Tokyo). The primers
used for the preparation of 250, 203 and 106 bp dsDNA
substrates were pApoE-U1/pGEM-D, pApoE-U1/pApoE-D
and pApoE-U2/pGEM-D, respectively. Here, pApoE-U1
(5¢-GGCCCGGCTGGGCGCGGAC-3¢) and pApoE-U2 (5¢-
TCCGCGATGCCGATGAC-3¢) are the forward primers,
while pApoE-D (5¢-CCTCGCGGGCCCCGGCCTGG-3¢)
and pGEM-D (5¢-ATATGGTCGACCTGCAGG-3¢) are the
reverse primers.

Enzymatic reactions

The substrate DNA was digested by exonuclease III (TaKaRa
Bio Inc., Tokyo) in 13 exonuclease III buffer at pH 8.0
(50 mM Tris±HCl, 5 mM MgCl2, 10 mM 2-mercaptoethanol)
and 37°C for 5 or 10 min. Then, 13 nuclease S1 buffer pH 4.6
(30 mM sodium acetate, 1 mM zinc acetate, 5% (v/v) glycerol)
and PNA additives were added (the volume ratio of the
nuclease S1 buffer to the exonuclease III buffer was 1.5:1.0).
Alternatively, the PNAs were added before the exonuclease III
treatment. The digestion by nuclease S1 [Aspergillus oryzae
(Invitrogen Life Technologies, Carlsbad, CA)] was carried out
at pH 4.6 and 20°C for 10±20 min. The reaction was stopped
by adding EDTA to a ®nal concentration of 25 mM.

Table 1. The DNAs from the apoE gene and PNA probes used for the present genotypinga,b

Sense strands in apoE gene
(1) 112 codon (Sense) 203mer

apoE(S112T) (112Cys) 5¢´´´(3925)ATGGAGGACGTGTGCGGCCGCCTGGTG(3951)´´´3¢
apoE(S112C) (112Arg) 5¢´´´(3925)ATGGAGGACGTGCGCGGCCGCCTGGTG(3951)´´´3¢
PNA(S112A) H2NCO-(Gly)- TGCACACGCC-NH2 10mer
PNA(S112G) H2NCO-(Gly)- TGCACGCGCC-NH2 10mer

(2) 158 codon (Sense) 106mer
apoE(S158T) (158Cys) 5¢´´´(4063)GACCTGCAGAAGTGCCTGGCAGTGTAC(4089)´´´3¢
apoE(S158C) (158Arg) 5¢´´´(4063)GACCTGCAGAAGCGCCTGGCAGTGTAC(4089)´´´3¢
PNA(S158G) H2NCO-(Gly)- TCTTCGCGGA-NH2 10mer

Antisense strands in apoE gene
(1) 158 codon (Antisense) 203mer

apoE(A158A) (158Cys) 5¢´´´(4089)GTACACTGCCAGGCACTTCTGCAGGTC(4063)´´´3¢
apoE(A158G) (158Arg) 5¢´´´(4089)GTACACTGCCAGGCGCTTCTGCAGGTC(4063)´´´3¢
PNA(A158T) H2NCO-(Lys)- GTCCGTGAAGAC-NH2 12mer
PNA(A158C) H2NCO-(Lys)- GTCCGCGAAGAC-NH2 12mer

aThe underlined part of DNA substrate is complementary with the PNA probe, and the polymorphic
nucleotide is in bold.
bThe sequence data are from DDBJ/EMBL/GenBank accession no. AF261279.
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MALDI-TOF MS

Prior to the MS analysis, the reaction mixtures were desalted
using a ZipTipâ pipette tip C18 (Millipore Corporation,
Bedford, MA, USA), and then mixed with MALDI matrix
solution containing 3-hydroxy-2-picolinic acid and diammo-
nium hydrogen citrate. The mass spectra were measured in
negative ion mode on a Kratos Kompact MALDI-TOF mass
spectrometer (unless noted otherwise) or a Bruker Daltonicsâ

Auto¯ex mass spectrometer.

RESULTS AND DISCUSSION

Preparation of ssDNA samples for MS analysis from
dsDNA using exonuclease III/nuclease S1/PNA systems

The strategy developed in this study is depicted in Scheme 1.
First, the dsDNA specimen is treated with exonuclease III
(42±44). This dsDNA-speci®c exonuclease digests both sense
and antisense strands in the 3¢±5¢ direction, providing two
ssDNAs which are bound by a short double-stranded joint (see
the second row from the top). The joint region is gradually
shortened and ®nally two ssDNAs are formed. A PNA probe,
which is complementary to the DNA portion involving the
SNP site, is added to these mixtures (Scheme 1a). In order to
genotype two SNP sites simultaneously, two PNA probes are
added (Scheme 1b). The mixture is then treated with nuclease
S1. Since this ssDNA-speci®c endonuclease (45±47) does not
hydrolyze the DNA in DNA/PNA duplexes (48,49), the
corresponding portion in the DNA remains unchanged. Even

when the ssDNA has a mismatch to the PNA probe, the
ssDNA fragment is also obtainable (vide infra). These ssDNA
fragments are directly analyzed by MALDI-TOF MS.

When dsDNA was directly treated with nuclease S1 in the
presence of PNA probes (without the pretreatment by
exonuclease III), no MS signals were detectable. There, the
PNA probes could not form heteroduplexes with the dsDNA,
and no DNA fragments of predetermined length were
produced.

Use of the present strategy for genotyping of SNPs in
dsDNA from the apoE gene

The apoE gene has three isoforms that differ at the codons 112
and 158 (e2, cysteine/cysteine; e3, cysteine/arginine; e4,
arginine/arginine) (see Table 2). First, the SNP site at codon
112 (nucleobase 3937) was analyzed. From the corresponding
portion in the homozygote e4/e4 (C-allele of codon 112),
dsDNA (250 bp) was prepared by PCR [its sense strand is
apoE(S112C)(112Arg) in the upper part of Table 1). When this
dsDNA was treated at pH 8.0 and 37°C with exonuclease III
and analyzed by agarose gel electrophoresis, the band of
dsDNA gradually weakened and concurrently two new bands
of larger mobilities became dominant (data not presented). As
presented in Scheme 1, the dsDNA was in situ converted into
two ssDNAs which are bound by the joint (the band of
intermediate mobility). In prolonged reactions, the joint region
was gradually digested and two separate ssDNAs were formed
(the band with greatest mobility). The resultant mixture was

Scheme 1. Schematic representation of the processes for SNP detection by exonuclease III/nuclease S1/PNA systems. The small circles represent the SNP
sites. (a) Genotyping of one SNP by use of single PNA probe. (b) Simultaneous genotyping of two SNPs by use of two PNA probes.
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then digested by nuclease S1 at pH 4.6 and 20°C in the
presence of PNA(S112G), which is complementary with A3932-
G3941 in the sense strand of the substrate dsDNA.

The MALDI-TOF MS of the products is presented in
Figure 1A. The signal at m/z = 3436.7 corresponds to the
11mer from A3932 to C3942 (the theoretical m/z value =
3436.6; see Table 2). In this fragment, the DNA portion which
is complementary with PNA(S112G) was suf®ciently protected
from nuclease S1, and furthermore the phosphodiester linkage
next to the 3¢-end of the DNA/PNA duplex was also kept
intact. Another major signal at m/z = 3123.5 is for the 10mer
(C3933±C3942), in which the 5¢-terminal A3932 of the 11mer
was removed by nuclease S1 (the theoretical m/z = 3123.5).
Both of these signals were accompanied by the corresponding
Na+ adducts (designated by crosses). The differences in m/z
between the original fragments and their Na+ adducts are 23 as
expected. By using exonuclease III/nuclease S1/PNA systems,
ssDNA fragments for MS analysis were successfully obtained
from the PCR products (dsDNA) of genomic DNA, and the
nucleotide at position 3937 was conclusively assigned as C.

In Figure 1B, the codon 158 in apoE (another SNP site) was
analyzed. From the homozygote e3/e3 (the C-allele), dsDNA
(106 bp) was prepared and digested consecutively by
exonuclease III and nuclease S1. The PNA(S158G) probe is
complementary with A4070±T4079 in the sense strand for the
C-allele (Table 1). The SNP position is the nucleotide 4075
(C/T). As described above for Figure 1A, the 10mer fragment
(G4071±G4080; observed m/z = 3130.6 and theoretical m/z =
3131.5) and the 11mer fragment (G4071±G4081; observed
m/z = 3460.5 and theoretical m/z = 3460.6) were ef®ciently
formed. The nucleotide at the SNP site 4075 was assigned as
C. Direct and complete genotyping of PCR products (dsDNA)
by MALDI-TOF MS has been further substantiated.

Simultaneous genotyping of homozygotes involving two
SNP sites

Two (or more) SNP sites, which are located nearby in a gene,
can also be genotyped by one-pot reactions. After the
digestion of dsDNA by exonuclease III, both the sense strand
upstream and the antisense strand downstream of a gene are
made single-stranded (see Scheme 1). Therefore two SNP sites
in these portions can be easily genotyped by using two PNA
probes bound to these sites. Of course, more SNP sites are
analyzable by increasing the number of PNA probes.

In Figure 2A, dsDNA (203 bp: the PCR product from G3906
to G4108 in the homozygote e3/e3) was genotyped by using
two PNA probes. This dsDNA contains two SNP sites for both
codon 112 (nucleotide 3937) and codon 158 (nucleotide 4075).
One of the two PNA probes (PNA(S112A): 10mer) is comple-
mentary with A3932±G3941 in the sense strand, and the other
probe (PNA(A158C): 12mer) is complementary with G4069±
C4080 in the antisense strand. The signal at m/z = 3715.0 is for
the 12mer (G4069±C4080) from the antisense strand for the
C-allele at codon 158 (theoretical m/z = 3715.6; see Table 2).
At m/z = 4005.3, the 13mer fragment (C4068±C4080) is also
detected (theoretical m/z = 4004.6). Three major peaks on the
left-hand side of Figure 2A correspond to fragments from the
portion involving codon 112 in the T-allele. The signals at m/z
values of 2849.6, 3138.9 and 3452.8 refer to the 9mer (C3933±
G3941), 10mer (C3933±C3942) and 11mer (A3932±C3942),
respectively. All the results are fully consistent with the
genotype of the specimen (e3/e3).

Effects of mismatch between DNA specimen and PNA
probe on the genotyping

It is noteworthy that DNA fragments for MS analysis can be
successfully obtained even when there is a one-base mismatch
between the DNA specimen and PNA probe. In Figure 2B, for
example, the PNA(A158T) probe (used in place of PNA(A158C) in
Fig. 2A) has a T±G mismatch to the antisense strand in the
C-allele(158) (e3/e3). Even under these conditions, both of the
signals at m/z values of 3716.0 and 4005.1 (corresponding to
the theoretical values 3715.6 and 4004.6) were clearly
detectable. Similar results were obtained when two SNP
sites in another homozygote e2/e2 were simultaneously
genotyped using PNA(S112G) and PNA(A158T) (Fig. 2C). The
®rst probe PNA(S112G) has a T±G mismatch to the sense strand.
It is concluded that either a fully matched or single-base
mismatched PNA probe provides suf®cient amounts of
ssDNA fragments for precise genotyping. These results are
quite signi®cant from a practical viewpoint, since the
genotype of patients is of course unknown before the analysis.
Even in these cases, genotyping is successfully achievable by
using a PNA probe that is complementary with either of the
two alleles. Regardless of whether the DNA specimen is
completely complementary with this PNA probe or has a
mismatch to the probe, suf®cient amounts of ssDNA
fragments for MS analysis are obtained.

Table 2. DNA fragments formed from apoE gene by exonuclease III/nuclease S1/PNA systems

SNP site Genotype DNA fragments Calculated Founda

112 codon(Sense) e2, e3 p-CGTGTGCGG-OH 2849.5 2849.6, 2849.8, 2848.9
p-CGTGTGCGGC-OH 3138.5 3138.9, 3139.1, 3139.0
p-ACGTGTGCGGC-OH 3451.6 3452.8, 3451.6

e4 p-CGTGCGCGG-OH 2834.5 2834.9
p-CGTGCGCGGC-OH 3123.5 3123.5, 3122.6
p-ACGTGCGCGGC-OH 3436.6 3436.7, 3436.3

158 codon(Sense) e3 p-GAAGCGCCTG-OH 3131.5 3130.6
p-GAAGCGCCTGG-OH 3460.6 3460.5

158 codon(Antisense) e2 p-CAGGCACTTCTG-OH 3699.6 3701.0, 3699.0
p-CAGGCACTTCTGC-OH 3988.6 3989.1, 3988.2

e3, e4 p-CAGGCGCTTCTG-OH 3715.6 3715.0, 3716.0, 3715.6
p-CAGGCGCTTCTGC-OH 4004.6 4005.3, 4005.1, 4004.2

aThe experimental error in these values is around 2.
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When there were two mismatches between the target site in
the DNA specimen and PNA probe (10mer, 12mer or 14mer),
however, the DNA was almost completely digested by the
enzymes and hardly any ssDNA fragments for MS analysis
were obtained (data not presented). As expected, no ssDNA
fragments were formed when the PNA probe is not comple-
mentary with any portion in the DNA specimen. The ®delity
of the present genotyping has been con®rmed.

Genotyping of heterozygotes involving two SNP sites

By using two PNA probes (PNA(S112G) and PNA(A158C)), two
SNPs in the heterozygotes e3/e4 were simultaneously
genotyped (see Fig. 3A). The 10mer probe PNA(S112G) is
complementary with the sense strand from e4, but has a
mismatch to that of e3. On the other hand, the 12mer probe

PNA(A158C) is complementary with the antisense strands from
both e3 and e4. The six major mass signals, marked with
triangles and asterisks, are associated with codon 112. The
three signals at m/z values of 2848.9, 3138.2 and 3451.6
(asterisks) are for the 9mer, 10mer and 11mer from the
T-allele(112) in the isoform e3 (Table 2). Although the
PNA(S112G) probe has a mismatch to the sense strand DNA
from e3, the corresponding ssDNA fragments were ef®ciently
obtained. The fragments from the C-allele(112) in e4 are
observed at m/z values of 2834.9, 3122.6 and 3436.3
(triangles). In the region for codon 158, only signals from
the C-allele [3715.6 for the 12mer and 4004.2 for the 13mer
(diamonds)] are detectable (both isoforms e3 and e4 are in the
C-allele at the position 158). The mass signals from the PNA
probes (m/z = 2744.1 and 3405.4) can serve as internal
standards for accurate mass-calibration of the signals.

Figure 1. The MALDI-TOF MS spectra for genotyping of SNP in apoE gene by using exonuclease III/nuclease S1/PNA systems. (A) Analysis of dsDNA
from apoE 4 (250 bp) at codon 112 using PNA(S112G). Reaction conditions: [apoE DNA] = 3 mM, [PNA(S112G)] = 5 mM, [exonuclease III] = 16.5 units/ml at
pH 8.0 and 37°C for 10 min, and [nuclease S1] = 4.5 units/ml at pH 4.6 and 20°C for 15 min. The small peaks next to the major peaks (designated by crosses)
correspond to the adduct with the Na+ ion. Mass spectra were recorded in a negative ion mode. (B) Analysis of dsDNA from apoE 3 (106 bp) at codon 158
using PNA(S158G).

PAGE 5 OF 9 Nucleic Acids Research, 2004, Vol. 32, No. 4 e42



Figure 2. Simultaneous genotyping of two SNP sites in homozygous apoE genes by using exonuclease III, nuclease S1 and two PNA probes: (A) e3/e3 by
PNA(S112A) and PNA(A158C); (B) e3/e3 by PNA(S112A) and PNA(A158T) (T±G mismatch); (C) e2/e2 by PNA(S112G) (T±G mismatch) and PNA(A158T). Note that
mass signals are clearly observable even when there exists a mismatch between the DNA specimen and the PNA probe (see text for details). Reaction condi-
tions: [apoE DNA (203 bp)] = 3.4 mM, [PNA probe] = 5.0 mM, [exonuclease III] = 14 units/ml at pH 8.0 and 37°C for 10 min, and [nuclease S1] = 6 units/ml
at pH 4.6 and 20°C for 12 min. Spectra were recorded in a negative ion mode. The small peaks next to the major peaks (designated by crosses) correspond to
the adducts with Na+ or K+ ions.
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The results of genotyping of another heterozygote, e2/e3,
are presented in Figure 3B. Of the two probes used, PNA(S112A)

is complementary with the sense strands from both e2 and e3.
However, PNA(A158T) has a mismatch to the antisense strand
from e3. The three signals at 2848.6, 3138.0 and 3450.2
(asterisks) are from the T-allele in codon 112 (both e2 and e3
are in the T-allele). Two pairs of signals in the region for
codon 158 [3699.0 and 3988.2 (open circles); 3715.3 and
4004.7 (diamonds)] correspond to the T-allele from e2 and the
C-allele from e3, respectively. In a single experiment using
two PNA probes (one for codon 112 and another for codon
158), the heterozygotes of apoE gene have been completely
genotyped.

Reaction conditions for the enzymatic treatments

Exonuclease III is speci®c to the hydrolysis of dsDNA.
Accordingly, the ssDNA portions formed by pretreatment

with this enzyme are hardly digested even in prolonged
reactions (42). The reaction conditions were not rigorously
chosen.

On the other hand, conditions for the digestion by nuclease
S1 should be carefully controlled. In the present study, 0.8±1.8
units were used for 1 pmol of dsDNA, and the reaction was
performed at 20°C for 10±20 min. Under these conditions,
predetermined ssDNA fragments were successfully obtained.
At higher reaction temperatures with larger amounts of the
enzyme (e.g. 2.0 units at 25°C for 15 min), however, even the
DNA in the DNA/PNA duplex was partially digested. This
undesired digestion was ef®cient and small ssDNA fragments
were hardly obtained when there existed a mismatch between
the sample ssDNA and the PNA probe (50).

The digestion by nuclease S1 is successful even in the
presence of exonuclease III. Furthermore, PNA probes show
no signi®cant inhibitory effects on the DNA digestion by

Figure 3. Simultaneous genotyping of two SNP sites in heterozygous apoE genes by using exonuclease III, nuclease S1 and two PNA probes: (A) e4/e3 by
PNA(S112G) and PNA(A158C) probes; (B) e2/e3 by PNA(S112A) and PNA(A158T) probes. The signals from codon 112 are shown by either triangles (from the
C-allele(112)) or asterisks (from the T-allele(112)), whereas the signals from codon 158 are shown by either diamonds (from the C-allele(158)) or open circles
(from the T-allele(158)). The signals at m/z values of 2728.1, 2744.1, 3405.4 and 3420.4 are from the PNA probes (PNA(S112A), PNA(S112G), PNA(A158C) and
PNA(A158T), respectively). Reaction conditions: [dsDNA (203 bp)] = 2.5 mM, [PNA probes] = 2.5 mM, [exonuclease III] = 5.0 units/ml at pH 8.0 and 37°C for
5 min and [nuclease S1] = 3.0 units/ml at pH 4.6 and 20°C for 12 min. Mass spectra were recorded in a negative ion mode on a Bruker Daltonicsâ Auto¯ex
mass spectrometer.
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exonuclease III. These results indicate that the present
methods are applicable to microarray technology where
PNA probes are immobilized to solid supports. By simply
adding exonuclease III and nuclease S1 consecutively to these
array systems, the desired DNA fragments of predetermined
length for MS analysis should be easily prepared.

CONCLUSIONS

By combining two enzymes (exonuclease III and nuclease S1)
and PNA probes, SNPs in dsDNA substrates have been
directly, precisely and rapidly genotyped. The substrates are
partially digested by these enzymes consecutively in the
presence of PNA probes, and the resultant ssDNA fragments
are analyzed by MALDI-TOF MS. Since dsDNA as PCR
products can be directly employed for the analysis, time-
consuming preparation of ssDNA specimens is unnecessary.
Two (or more) SNP sites in a gene (or those in two genes
which are adjacent to each other in genomic DNA) are
simultaneously analyzable in a one-pot reaction. Quantitative
analysis of multiple SNP sites should be facilitated.
Furthermore, the present analysis requires no speci®c reaction
conditions for the genotyping, since all the enzymatic
treatments are achieved under conditions where the PNA
probes are completely bound to either fully matched or single-
base mismatched DNA. Thus, any analysis temperature below
the melting temperatures of these duplexes is available,
providing a signi®cant advantage for high-throughput
genotyping.

Importantly, short DNA fragments for MALDI-TOF MS
are successfully obtained, even when there exists a
mismatch between the DNA specimen and PNA probe. Thus
the design of PNA probes for clinical genotyping requires no
information on the genotype of a patient. Instead, we can
simply use PNA that is complementary with either of the
alleles. Whether the probe is complementary with the
target genome or has a mismatch, conclusive MALDI-TOF
MS is accomplished. Successful genotyping of dsDNA is
undoubtedly advantageous for a variety of applications.

It is noteworthy that DNA specimens are almost completely
digested and no MS signals are provided when they have two
or more mismatches to the PNA probes. Thus the possibility
that a mass signal from an unknown portion in a huge DNA
induces critical errors in genotyping is highly unlikely. The
lengths of PNA probes can be freely chosen, and ssDNA
fragments of predetermined length are successfully obtained.
Thus overlap of mass signals, if any, can be minimized. It
should be possible to reduce the number of the fragments
formed by the digestion with nuclease S1 in the presence of
PNA by appropriate chemical modi®cation of PNA [e.g.
attachment of acridine to the PNA probe (51)].
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