Chemistry Challenges in

Kazuhiko Nakatani*®

1. Introduction

Single nucleotide polymorphisms (SNPs) are gene variations
that result from a single nucleotide difference.’™ A single
Watson-Crick base pair in wild-type DNA is replaced by any
one of the other three base pairs in mutant DNA. When an
SNP site is located in a protein-encoding region, the amino
acid sequence of the produced protein may have a chance to
be changed. SNPs in a promoter region may modulate the
transcriptional efficiency of proteins encoded downstream. As
a consequence, a small difference in DNA sequence can result
in a much larger difference in the phenotype of each individu-
al. SNP typing that identifies the base at predetermined poly-
morphic sites in any given DNA sample is envisioned as an es-
sential technology in the near feature for realizing personalized
medicine. Several methods for SNP typing have been studied,
and some of them have already become commercially availa-
ble. Because there is only a one-base-pair difference between
the mutant and wild-type DNAs, it is difficult to differentiate
the two DNAs. Most current SNP-typing techniques are indebt-
ed to the high fidelity of DNA polymerase in primer extension
and flap endonuclease in the digestion reaction of a specific
DNA structure. While the difference between the two DNAs is
only subtle, increasing knowledge and improving technologies
in chemistry and associated fields should lead to a conceptual-
ly new solution in SNP typing. Developing nonenzymatic
methods for SNP typing offers great opportunities and chal-
lenges in chemistry. Among the numerous reports on new
methods of SNP typing, this minireview focuses primarily on
the chemistry basis of newly developed and developing tech-
nologies for SNP typing that do not make use of enzymes,
except for PCR amplification. The methods of nonenzymatic
SNP typing described here show only the tip of the large
number of studies that have appeared in recent scientific jour-
nals. Readers who are interested in general methods of SNP
typing should consult the comprehensive reviews.*™

The SNP typing strategies described in this review were
compared to the principles for allele discrimination, detection
signals, and detection platforms (Table 1). While there is no
standard condition to compare the sensitivity, accuracy, and
performance of each typing method with the others, the
amounts of genome, PCR products, or oligonucleotides de-
scribed for demonstrating the performance of the nonenzymatic
methods in the literature are briefly mentioned in Table 1.

2. An Overview of Enzyme-Coupled SNP
Typing

Most current SNP typing methods utilize enzyme reactions as
a key transformation in a typing scheme because enzyme-cata-
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lyzed reactions show high fidelity in recognition of a single-
base difference between wild-type and mutant DNAs. A single
primer extension with DNA polymerase” and digestion reac-
tions with flap endonuclease!” are the representative key reac-
tions in enzyme-coupled SNP typing. Scheme 1 shows a typical
example of SNPs. The wild-type has an A-T base pair at the
polymorphic site, whereas the mutant DNA has a G-C base
pair.
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Scheme 1. Single-nucleotide polymorphisms. Wild-type DNA (upper) has an A-
T base pair, whereas mutant DNA has a G-C base pair at the polymorphic site.

2.1. Single-nucleotide primer extension

A general scheme for SNP typing with a single nucleotide
primer extension is shown in Scheme 2.
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Scheme 2. Single-nucleotide primer extension of wild-type and mutant DNAs
with labeled ddNTPs.
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Table 1. Comparison of SNP typing strategies.
Typing Principle for allele discrimination Detection signals Detection Advantages and sensitivity Refs.
Methods platform
Enzyme-coupled methods
single primer enzymatic base-sequence recognition in fluorescence and array and ho- suitable for detection by MALDI-TOF [7,8,11-13]
extension primer extension mass spectrome- mogeneous
try
Invader sequence specific cleavage by Flap fluorescence homogeneous commercially available [10]
assay® endonuclease
TagMan allele-specific hybridization fluorescence homogeneous commercially available [14,16]
assay®
molecular in- allele-specific gap-filling reactions fluorescence array typing both alleles with single MIP probe.  [19]
version probe Use four enzymes.
Nonenzymatic methods
strand hybridization kinetics accelerated by cation fluorescence homogeneous a unique discrimination principle. 80-mer [22]
exchange comb-type copolymer single-stranded target (0.6 pmol)
redox-active  allele-specific hybridization with a combina-  differential pulse array commercially available, 0.2 pmol of PCR [24,25]
intercalator  tion of duplex-selective drug binding voltammetry products
charge low efficiency in charge transport through chronocoulometry array signal enhancement by catalytic redox [27-29]
transport base mismatches cycles. ~10° duplexes could be detected.
Magi Probes® modulated intercalative binding of quencher  fluorescence homogeneous 30 pg of genomic DNA was used in real- [30]
by the neighboring base pairs array time PCR assay
modified modulation of microenvironment of fluoro- fluorescence homogeneous oligomer duplex (~2 um) was used for [34-36]
nucleotide phore upon hybridization, base discrimination array homogenous assay
bases by hydrogen bonding
mismatch recognition of base mismatches in hetero- surface plasmon  array and free from oligonucleotide labeling, mini- [37,40-43]
binding li- duplexes by specific binding of ligands resonance micro channel mum sample (27-mer duplex) was
gands (MBL) 1~10nMm in100 pL (0.1~1 pmol)

The probe primer that is common for both the target 3'—C-C-T-G-A;G-G-$-G— 5 ¥ _ccoT6le G-G-A-G— 5
wild and the mutant targets hybridizes on the 3’ side RN H IR IR R R
to a polymorphic site. For the fluorescence detection :;;?;er - Sl Igv?\'C'T'C_ ;Ergg:er Cihataierid 2 R R
method, dideoxynucleotide triphosphates (ddNTPs) flap 1]
that are to be incorporated into a primer are labeled e cleavage site
with fluorescent dyes that have different emission by flap endonuciease
maxima. In the primer extension, ddTTP is incorporat- —
ed into the 3’ end of the primer hybridized to the FRET ®
wild-type, whereas ddCTP will be incorporated into ,_": ® _ /
the primer hybridized to the mutant. Observation of R \]QJ“HZ 5 'Iq' " 5
fluorescence specific to ddTTP or ddCTP in the ex- probe'\h_, - t\

tended primer defines the base at the polymorphic
site. Alternatively, the extended products can be di-
rectly analyzed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-
TOF-MS).B""""3) MALDI-TOF-MS is capable of ionizing DNA with-
out producing fragments, and can determine the molecular
weight of the elongated primer. Because the mass difference
between two primers into which T and C are incorporated at
the 3’ end is only 15 Da, separation of the two products needs
high resolution. Chemically modified ddNTPs with molecular
tags are used to increase the mass difference between the
products and, hence, to gain unambiguous typing results. In
this respect, ddCTP and ddTTP labeled with different fluores-
cent dyes could also be used for MALDI-TOF-MS detection.

2.2, Invader® assay

One method that effectively uses the enzyme reactions in SNP
typing is Invader® assay (Figure 1)."” The assay utilizes two oli-
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Figure 1. Schematic representation of the Invader® assay.

gonucleotides, called “reporter” and “invader” probes, and an
enzyme called flap endonuclease. The reporter probe consists
of an allele-specific sequence and an additional sequence
called a flap at the 5’ side of the probe. The reporter probe hy-
bridizes to the target on the 5’ side to the SNP site at the
allele-specific sequence. The flap sequence is not related to
the target sequence at all. The invader probe is also allele spe-
cific and hybridizes to the 3’ side to the SNP site. The nucleo-
tide at the end of the invader probe is located just opposite
the nucleotide to be identified in the target. When the invader
and the reporter probes, which are both specific to the wild-
type, hybridize to the wild-type DNA, two thymine bases are
located opposite the adenine at the SNP site. In contrast, a cy-
tosine base in the reporter probe and a thymine base in the
wild-type specific invader probe are located opposite a gua-
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er probe in a signal-producing
system. The flap sequence in the
second reporter probe (FRET
probe) is labeled with a fluores-
cent dye. The fluorescence of the
dye is quenched by fluorescence
resonance energy transfer (FRET)
to the quencher attached to the stem part in the reporter
probe. Cleavage of the flap in the FRET probe by the flap en-
donuclease results in the disruption of FRET, and thus an in-
crease in the fluorescence. As a hybridized complex produced
from the FRET probe specific to the wild type is not recognized
by the enzyme, the intensities of the fluorescence signals do
not increase. Cleavage of the flap is a catalytic process, and
the cleaved probe can be displaced by other reporter probes.
In principle, it is conceivable that Invader assays could be car-
ried out without PCR amplification of the target prior to the
assay.
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Figure 2. The TagMan® assay.

2.3. TagMan® assay

Another important method of enzyme-coupled SNP typing is
TagMan® assay (Figure 2)." This assay is a kind of allele-specif-
ic hybridization method" coupled with PCR amplification. In
addition to a primer set for the PCR reaction, this assay uses
TagMan probes that are allele specific and labeled with fluores-
cent dyes and quenchers. The TagMan probe hybridizes to the
sequence containing the polymorphic site in the target. In the
hybrid, the fluorescence of the dye is quenched by FRET. A
primer hybridizes to the 3’ side to the polymorphic site and is
elongated by the Tag polymerase. During the polymerase reac-
tions, the TagMan probe is replaced by an elongating primer
and digested by exonuclease activity of the polymerase; this
results in the termination of FRET by separation of the fluores-
cent dye from its quencher. The TagMan probe specific to the
wild-type DNA does not hybridize to the mutant DNA, espe-
cially in the presence of the competitive mutant specific
probe, and, therefore, will not be digested by the enzyme in
the absence of the consensus target DNA. Because the first
step of this assay is the allele-specific hybridization (discussed
in detail in Section 3), discrimination between wild-type and
mutant targets by the probe was done by thermodynamic dif-
ference between a fully matched duplex from a single mis-
match duplex. In the case of A-T-rich target sequences, the
probe length should be long enough to gain thermal stability
of the probe-target duplex; this makes the FRET efficiency de-
crease due to a long distance between fluorophore and
quencher. In order to circumvent these difficulties by increas-
ing the difference in the thermodynamic stability between
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matched and mismatched duplexes without increasing the
probe length, an improved method utilizing an MGB (minor-
groove binder) probe has been developed."

2.4. Ligase-assisted assay

Ligase-assisted assay is one of the important methods for
enzyme-coupled SNP typing."”""® A unique typing method that
involves circular DNA formation by a combination of gap-fill
polymerization and a subsequent ligation has been devel-
oped."” The assay uses molecular inversion probes (MIPs;
Figure 3). The MIP consists of two regions hybridized to the
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Figure 3. The molecular inversion probe assay.
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target sequence (H1 and H2), two primer sites (P1 and P2), and
a Tag sequence hybridized to the arrayed sequence in the de-
tection step. The sites and X1 and X2 are incorporated to
cleave the circularized probe. X1 in the Figure denotes a uracil,
which is removed by uracil DNA glycosylase. Upon hybridiza-
tion of MIP to the target, a gap appears between H1 and H2
and located opposite the polymorphic site. The gap is filled by
polymerization with each one of four dNTPs followed by liga-
tion to produce a circular probe. The gap is not filled with un-
complimentary dNTPs to the nucleotide base at the polymor-
phic site. The remaining probes in a linear form are digested
by exonuclease treatments. Having completed the selection,
the circularized probe is cleaved at the X1 site (uracil) by uracil
DNA glycosylase; this makes the probe inverted to the linear
form, with two primer sites being located at each termini. The
inverted probe is amplified by PCR and hybridized to the ar-
rayed sequence at the Tag sequence. Hybridization is detected
by use of a fluorescence-labeled oligonucleotide complemen-
tary to one of primer sequence. This assay needs only one
probe for typing two alleles, thus making multiplex genotyp-
ing extremely simple.

3. Issues in Nonenzymatic SNP Typing

The major advantage of enzyme-coupled SNP typing is the
high fidelity of the base sequence recognition. This implies
that nonenzymatic SNP typing methods should be comparable
in their ability to recognize base sequences or should use
other principles for the efficient discrimination of the mutant
DNA from the wild-type. Allele-specific hybridization™ is a
standard method employed in nonenzymatic discrimination of
the mutant from the wild-type. This method utilizes allele-
specific oligonucleotides (ASO) that hybridize to the target se-
quences containing the polymorphic site. Hybridization of ASO
that is specific to the wild-type target produces a fully
matched duplex, whereas a duplex containing a single mis-
matched site would be produced upon hybridization with
mutant DNA. The two duplexes exhibit a different thermody-
namic stability due to the presence of a single mismatched
site, showing a lower melting temperature (T,,,) for the mis-
matched duplex than the T, of a fully matched duplex. Under
appropriate conditions, a mismatched duplex can be denatured
to single strands whilst keeping the most part of the fully
matched duplex in a duplex form. With a fluorescently labeled
target and ASO immobilized to the solid surface, a labeled
target in a mismatched duplex could be washed away from the
surface and a fully matched duplex can be easily detected.

One critical issue in the ASO hybridization method is the dif-
ficulty in choosing the appropriate conditions for hybridization
that discriminate a fully matched duplex from a single mis-
matched duplex. To circumvent the issues, a new SNP scoring
method, dynamic allele-specific hybridization (DASH) has been
developed.” In simultaneous and multiple SNP-typing for-
mats, the hybridization conditions are especially difficult to set
up for the many different ASOs of varied sequences. Careful se-
lection of the sequence and G-C contents to make the ther-
modynamic stability of the producing duplexes consistent is
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essential for the design of large multiplex assay formats. Thus,
discrimination of matched and mismatched duplexes by their
thermodynamic stabilities is not likely to be a useful chemical
basis for nonenzymatic SNP typing.

Another important issue regarding nonenzymatic SNP
typing is cost. Most typing methods utilize fluorescence detec-
tion, which requires fluorescent labeling of either the target
DNA or hybridization probes. Fluorescent labeling of target
DNA can be easily carried out during PCR amplification with
fluorescently labeled dNTPs or primers. The latter could be syn-
thesized by standard oligo DNA synthesis with fluorescently la-
beled phosphoramidites. However, fluorescently labeled dNTPs
and phosphoramidites are expensive, and potentially increase
the total costs of SNP typing. Chemically modified DNA
oligomers may be used as a substitute for ASO in nonenzymat-
ic SNP typing,””" but the cost of custom syntheses of these
modified probes and their quality control would be potentially
an impediment for general use. The use of unlabeled oligo-
mers is one of the ultimate chemistry challenges.

The last issue in nonenzymatic SNP typing is the necessity
for PCR amplification prior to the assay. As discussed above, In-
vader assay could be carried out without PCR amplification of
the target DNA prior to the assay because digestion of the
specific DNA complex is enzyme catalyzed. Amplification of
the target DNA is not possible without the enzyme. Under low
concentrations of the target DNA, the signal intensity remains
weak. One possible solution to this issue is to amplify the de-
tecting signal instead of amplifying the sample DNA. In this re-
spect, electrochemical detection is an attractive approach be-
cause of the high sensitivity and possible signal amplification.

It is important to note that two oligonucleotide primers are
needed as long as PCR is used prior to the assay. Thus, ASO
and other methods using any type of allele-specific hybridiza-
tion probes require at least two additional oligonucleotides.

4. Nonenzymatic SNP Typing Methods
4.1. Strand-exchange methods

As discussed in a previous section, it is difficult in practice to
define the hybridization conditions for SNP typing by ASO hy-
bridization,”” especially for large-scale and simultaneous assay
formats. A unique SNP-typing method employing a kinetic
rather than a thermodynamic differentiation of a fully matched
duplex from a single mismatched duplex has been reported
(Figure 4).?2 The method is based on the discovery that a
cation comb-type copolymer (CCTC) accelerates the strand ex-
change of a fully matched duplex with a matched complemen-
tary strand but not with a single mismatched strand. The
method utilized a double-stranded probe, in which one strand
was labeled with FITC (fluorescein isothiocyanate) and the
other complementary strand was labeled with carboxytetra-
methylrhodamine (TAMRA). In the double-stranded probe, the
fluorescence of FITC was suppressed by FRET to TAMRA. The
double-stranded probe was incubated with the target sample
that can hybridize to the FITC-labeled strand by displacing the
TAMRA-labeled strand. CCTC accelerates the strand-exchange
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ferrocenyl groups is located one in a minor and the
other in a major groove of DNA; thus dissociation of
the intercalators from the duplex is 100 times slower
than from single-stranded DNA. This results in an in-
crease in binding selectivity of this intercalator to the
duplex. As binding of the ferrocenylnaphthalene di-
imide to single-stranded DNA increases the back-
ground current level, duplex selectivity for the inter-
calator is essential to discriminate the duplex from
single-stranded DNA. In this regard, the amount of
the mismatched duplexes should be kept to a mini-
mum by choosing appropriate washing conditions,
because the intercalator potentially stabilizes both
the mismatched and matched duplexes. Hybridiza-

| [ [ ; I !
fully complementary to the FITC-labeled strand. ? E ? pe E ! ?. $
Strand exchange resulted in an increase in the fluo- c G---C G---C : ¢
rescence intensity of FITC by termination of FRET. The g A allele 2 $ ® hd ® 2 TC". ? A
time-course measurements of increasing intensity de- ¢ hybridization  G---C wash G i.‘. " C |
termine the allele type. g g ) g o E by : g
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4.2. Electrochemical detection
Due to the expected high sensitivity and capability : i
for signal amplification, electrochemical detection of ~— ASO-immabilized G allele
SNP is an attractive option and has been intensively pddeqpe: . T
studied. An excellent review has appeared recently.” o
The strategies for SNP typing by electrochemical de- O N_.O ST H)\‘? Aeama
tection have been classified into five categories: e b=
1) direct and 2) indirect DNA chemistry, 3) DNA-spe- 4 @ d < ceImey G allele
cific redox indicator detection, 4) nanoparticle-based N0 H  Fe
electrochemistry amplification, and 5) DNA-mediated N, N—"N
charge transport. The advantages and disadvantages - 9 T m_'_

of each strategy were discussed in detail in the
review.

As the purine bases can be electrochemically oxi-
dized, the amount of free purines determined by ad-
sorption-stripping voltammetry can be used as an index of the
amount of the captured target DNA by ASO hybridization. The
indirect method utilizes electrochemical mediators for the oxi-
dation of guanine bases. Polypyridyl complexes of Ru" and Os"
have been successfully used for this method.”® Since these
methods are based on ASO hybridization, difficulties associated
with ASO hybridization methods are inherently involved. As an
analogy with fluorescent labeling, chemical labeling of ASO
with electrochemically active reporter molecules has also been
studied for SNP typing.

4.2.1. Methods using DNA-binding ligands with redox-active mol-
ecules: Instead of direct labeling of ASO, an alternative method
that makes use of a DNA intercalator containing redox-active
reporter molecules has been studied (Figure 5).*** Takenaka
etal. have synthesized an intercalator naphthalene diimide
tethered with two ferrocenyl groups. Upon intercalation of
naphthalene diimide into the DNA duplex, each pair of bulky
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Figure 5. Electrochemical detection with ferrocenylnaphthalene diimide.

tion of ASO immobilized on a gold electrode to the target
DNA can be monitored by current responses from the ferro-
cenylnaphthalene diimide intercalated into the duplex.

4.2.2. Methods based on charge transport through the DNA -
stacking: Electrochemical labeling of ASO and intercalators has
been used to determine the amount of DNA and whether it is
double-stranded or single-stranded. On the basis of DNA-medi-
ated charge-transport studies,” a unique method sensing the
structural perturbations of the m-stacking at the SNP site has
been developed.”” It has been demonstrated that disruption
of the m-stacking of base pairs significantly reduces the
charge-transport efficiency through DNA.?® Charge transport
was selectively terminated at the mismatched base pairs,
where the duplex m-stacking was structurally perturbed.
Barton and co-workers utilized a densely packed duplex mono-
layer immobilized on a gold electrode, where the DNA duplex
was expected to orient itself in an upright position on the
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Figure 6. Electrochemical detection by charge transport through duplex zt-stacking.

gold surface due to the high DNA density (Figure 6). For the
monolayer, the binding of DNA intercalators was primarily re-
stricted to the top of the surface. They used methylene blue
(MB+) as a redox-active DNA intercalator and coupled the
electrochemical reduction of methylene blue with the electro-
catalytic reduction of ferricyanide by the reduced form of
methylene blue (leucomethylene blue, LB). In the electrocata-
lytic cycle, electrons flow from the gold electrode to methylene
blue through the duplex m-stacking to produce leucomethyl-
ene blue. Ferricyanide ions in the solution were then reduced
by leucomethylene blue at the surface to regenerate methyl-
ene blue. When a mismatched duplex is produced on the gold
electrode, the electron flow from the electrode is disturbed at
the mismatched site due to improper stacking of the mis-
matched base pair to the neighboring base pairs. It was re-
ported that the presence of the mismatch caused a sixfold
decrease in the electrocatalytic current.””

4.3. Chemically modified fluorescence-probe methods

4.3.1. Based on FRET chemistry: Oligomers that have a fluores-
cence probe and intercalating quencher in close vicinity on the
same strand have been developed for discriminating a perfect-
ly matched duplex from a singly mismatched duplex
(Figure 7).B% In a single-stranded state, the fluorescence of
fluorescein was quenched by a quencher pyrene. When hybri-
dized to the perfectly matched sequence, pyrene intercalated
into the duplex; this resulted in the emission of fluorescence
from fluorescein due to the disruption of FRET. In the case of
hybridization with a mismatched sequence, pyrene intercala-
tion is inhibited by the mismatched base pair. As a conse-
quence, the fluorescence remains quenched. These probes
have been termed MagiProbe®. The performance for match-
mismatch discrimination is modulated by the ability of the in-
tercalative binding of the quencher.

4.3.2. Modified nucleotide-base methods: Fluorescent nucleo-
tide-base analogues have been investigated as probes report-
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ing dynamics of DNA.®" Because the fluorescence is
sensitive to the microenvironment surrounding the
fluorescence chromophore, these nucleotide base an-
alogues have been utilized to report the hybridiza-
tion. 3-Methyl isoxanthopterin (3-Ml) has been syn-
thesized and incorporated into oligonucleotides
(Scheme 3).%% With a combination of bulge-forming

hybridization, the fluores-
o}
ikaN,CHs
B
HOo_ O7 °N N)\NHZ
e

cence of 3-MI incorporat-
OH

ed into oligonucleotides
showed a 27-fold in-
crease compared to the
single-stranded state. It is
reported that the fluoro-
phore bulged out from
the double strand upon
hybridization; this result-

Scheme 3. Fluorescent pteri-
dine nucleoside.
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Figure 7. FRET detection by modified ASO.

ed in increased fluorescence because the quenching of the
fluorescence by the neighboring bases was no longer effec-
tive ¥

A series of novel modified nucleotide bases that emit fluo-
rescence when they hybridize to a specific nucleotide base
has been reported (Scheme 4).*¥ Methoxybenzodeazaadenine
(MPA) emits fluorescence at 397 and 427 nm upon excitation at
330 nm with a quantum yield of 0.118. When MPA was incorpo-
rated into single-stranded DNA oligomers, the fluorescence
was very weak. In a fully matched duplex in which thymine
was located opposite MPA, the fluorescence was also weak.
However, the fluorescence became 100 times stronger when
cytosine was incorporated opposite “PA than was observed in
fully matched duplexes. Methoxybenzodeazainosine (*°l) has
similar fluorescent properties. It emits fluorescence at 424 nm
in a duplex in which thymine is located opposite "°I. With the
ASO incorporating these modified bases, SNP typing of the
human breast cancer 1 gene has been demonstrated. The dif-
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Scheme 4. Fluorescence nucleotide bases.

ference between this method and conventional SNP typing
with ASO hybridization is that thermodynamic discrimination
of matched and mismatched duplexes is unnecessary. As dis-
cussed above, the fluorescent labeling of ASO has the impedi-
ments of the cost of synthesis and the need for many kinds of
labeling oligomers in practice. In addition, the quenching of
fluorescence of these modified bases by the neighboring gua-
nine limits the applicable sequence. While solutions for these
issues are essential, the method is potentially suitable for the
homogeneous-assay format of multiple high-throughput SNP
typing. Different types of artificial nucleosides containing pyre-
necarboximide (PU), which allow fluorescent quenching by the
neighboring guanines to be circumvented, have been report-
ed.? The PU-A base pair emitted strong fluorescence at
397 nm upon excitation at 327 nm, whereas the fluorescence
from PU-N (N=C, G, or T) was considerably weaker. The fluo-
rescence of the ™U-A base pair was not quenched by a flank-
ing G-C base pair. The group also developed pyrenecarboxi-
mide-labeled cytidine.?®

The fluorene-modified uridine (Scheme 5) incorporated into
the loop region of the hairpin duplex has been used for SNP
typing.®¥ Upon hybridization with a perfectly matched target

—]

I

N

HO. O N

o

OH

@]

Scheme 5. Fluorene-modified uridine.

to produce a "U-A base pair, the intensity of fluorescence at
425 nm by excitation at 340 nm showed a 2.2-fold increase. In
contrast, the formation of a "U-C mismatched base pair result-
ed in a 0.15-fold decrease in the fluorescence intensity. The
authors claimed the discrimination factor to be 14.7. It is note-
worthy that the fluorescence of U was not quenched by the
flanking G-C base pairs.

4.4. Methods based on mismatch-binding ligands

4.4.1. Heteroduplex analysis: We® ¥ and others™*** have pur-
sued a completely different approach to chemical SNP typing
from those utilizing chemically modified ASO or ASO-immobi-
lized surfaces as discussed above. One of the challenges we
have focused on is the reduction and eventual redundancy of
labeled oligonucleotides for analysis. The expense of the fluo-
rescent labeling of oligonucleotides and PCR products, the syn-
thesis of chemically modified ASO, and the covalent immobili-
zation of ASO to the surfaces potentially limit their applications
in SNP typing. The principle of SNP typing we have focused on
is heteroduplex analysis,””’ which is well recognized as a
method for mutation detection. We have developed an inte-
grated heteroduplex analysis by combination with mismatch-
binding ligands (MBL). Standard wild-type DNA and test DNA
extracted from patients’ blood were mixed and simultaneously
amplified by PCR with one primer set. Note that the two DNAs
can be amplified with the same primer set, because wild-type
and mutant DNA have the same primer sequence. After PCR
amplification, the produced duplexes were denatured and
then annealed. As the duplexes produced from test and stan-

dard DNA samples differed from

sample for A " & each other by a single nucleo-

SNP typing T e tide sequence, hybridization of

forward primer — L reverse primer Lﬁ_— I >.< I two sets of duplexes produces
—_— denaturing ..

e ' G DNA heteroduplexes containing

standar . . I .

T c -

(wild type) S —— a single mismatched site in addi

tion to the completely matched

homoduplexes (Figure 8). Mis-

homoduplex heleroduplex match-containing duplexes can

S W— be separated from homoduplex-

i i AL AL es either by gel electrophoresis

snoeding: . M mismatched and chemical and enzymatic

s G[__ base pair cleavages at the mismatched

'Cffi L : _l_"' L site or by selective capture with

Figure 8. Schematic representation of heteroduplex analysis.
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mismatch-binding proteins.
While these heteroduplex analy-
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ses as applied to low-throughput screening are essentially free
from oligonucleotide labeling, new technologies for high-
throughput analyses are yet to be established. Mismatch-bind-
ing ligands that selectively bind to a mismatched site in hetero-
duplexes could replace mismatch-binding proteins and bring
an innovation to heteroduplex analyses.

4.4.2. Mismatch-binding ligands: We have so far succeeded in
developing three MBLs (Scheme 6). The naphthyridine dimer
(ND),"”*8 which consists of two 2-amino-7-methyl-1,8-naph-
thyridines and a linker connecting the two chromophores,
strongly and selectively binds to guanine-guanine mismatches.
The dissociation constant (K ) for the 1:1 complex of ND and

Ao~ A AL

S 0 ) s o
Py o8
H H
NH NH
H H
ol By N NN AN
-1 N © A o]
X

Scheme 6. Mismatch binding ligands (MBL) a) naphthyridine dimer (ND),
b) naphthyridine-8-azaquinolone (NA), c) aminonaphthyridine dimer (amND).

the G-G mismatch in the 5-CGG-3'/5-CGG-3' sequence was
about 100 nm by isothermal titration calorimetry. Naphthyri-
dine azaquinolone (NA)"" in
which one naphthyridine chro-
mophore in ND was replaced by
8-azaquinolone, showed affinity ;
selective to the guanine-adenine
mismatch. The affinity and stoi-
chiometry for NA binding to

K. Nakatani
a)
X X ~ ~
NN
|i| Z

H A
N
e Q(
JN
W
Scheme 7. Possible hydrogen bonding between a) naphthyridine and guanine,
b) 8-azaquinolone and adenine, and c) protonated naphthyridine and cytosine.

nine. The aminonaphthyridine chromophore is not comple-
mentary to cytosine in the hydrogen-bonding surface, but is
thought to be protonated at pH 7, thus producing the comple-
mentary hydrogen-bonding surface to that of cytosine.*" The
resulting pseudo base pairs between MBL and the mismatched
base pairs would be stacked by the flanking base pairs in a
duplex m-stack, resulting in formation of stable MBL-DNA
complexes.

4.4.3. Surface plasmon resonance assay with an MBL-immobilized
sensor: We have developed novel sensors for a surface plas-
mon resonance (SPR) assay to detect the mismatch duplexes.
The mismatch-detecting sensors were prepared by immobiliz-
ing MBLs on the surface of commercially available SPR sensor
chips (Figure 9). SPR detects the change in the refractive index
caused by variation of the mass on the sensor-chip surface, for
example, when the analyte binds to the immobilized ligand on
the surface.® The change in SPR signal, termed the SPR re-
sponse presented in resonance units (RU), is directly related to
the change in surface concentration of biomolecules. An SPR

sequence flanking the mismatch.

G-A mismatches depend on the % =
The aminonaphthyridine dimer ]

b ! mismatch DNA

g |
© 0.
W
=
.. : :
L =

\--_E_ g e match DNA
% 5 ’

Tmels ——

(@amND),*" in which two naph-
thyridine  chromophores are
tethered by an alkyl linkage,
showed preferential binding to
mismatches that consisted of two pyrimidines, especially cyto-
sine—cytosine mismatches. Each of the three chromophores in
these MBLs has a hydrogen-bonding surface complementary
to that of a target nucleotide base in the mismatched base
pairs. Upon binding of these MBLs to the target mismatch, the
chromophores produce a hydrogen-bonded pair with the mis-
matched bases (Scheme 7). The naphthyridine chromophore,
having an acceptor-acceptor-donor alignment of hydrogen-
bonding groups, is fully complementary to that of guanine,
whereas a surface with an acceptor-donor-acceptor align-
ment, as in 8-azaquinolone, is complementary to that of ade-
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Figure 9. An image of the MBL-immobilized SPR sensor and simulated SPR responses to DNA.

response of 1000 RU is equivalent to a change in surface con-
centration of 1 ngmm™2 Thus, the density of immobilized li-
gands on the surface and amount of analyte bound to the sur-
face can be calculated from the difference in SPR response
before and after the analyses. The SPR signal is monitored con-
tinuously, so that chemical interactions between ligand and
DNA can be studied in real time. MBLs were attached to an
adapter linker at the secondary amino group by an alkyl link-
age. Acylation of the amino group increased the rigidity of the
linker and resulted in a decrease in affinity for the mismatch.
The resulting tertiary amino group is protonated at a neutral

ChemBioChem 2004, 5, 1623 - 1633
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Figure 10. SPR analyses of a) G-G, G-A, and G-T mismatches containing 27-
mer duplexes and b) G-G mismatch containing duplexes with ND-immobilized
sensor.

pH and, hence, increases the attractive electrostatic interac-
tions between the ligand and DNA. The terminal amino group
of the adapter linker could be attached to the carboxyl group
tethered to the SPR surface either directly or by way of a poly-
(ethylene oxide) (PEO) linker. Increased signal intensities in SPR
analyses were observed by incorporating PEO linker units.*?
The ND-immobilized sensor surface produces an intense SPR
response selective to the duplex containing a single G-G mis-
match (Figure 10a)."” Weak SPR responses were obtained for
G-A and G-T mismatches, whereas the fully matched duplex
showed an insignificant response under the same conditions.
The observed mismatch selectivity is quite consistent with the
results obtained by the thermodynamic stabilization of the
mismatch by ND. 27-mer duplexes 5-d(GTTACAGAATCTVG-
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WAAGCCTAATACG)-3'/3"-d(CAATGTCTTAGAXGZTTC GGATTA -
TGC)-5" containing G-G mismatches with all possible flanking
sequences were analyzed by an ND-immobilized sensor surface
(Figure 10b). The results showed that binding of ND to G-G
mismatches was affected by the base pairs flanking the mis-
match. G-G mismatches flanking G-C base pairs showed stron-
ger SPR responses than those flanking A-T base pairs. This
is most likely due to a stabilization of the pseudo base pairs
by stacking with the flanking G-C base pairs. As the fully
matched duplex showed only an insignificant response, G-G
mismatches could be detected with an ND-immobilized sensor
surface irrespective of the flanking sequence. With incorpora-
tion of three PEO units in the linker, we could successfully
detect a G-G mismatch in the 27-mer duplex at a concentra-
tion of 1 nm.

The NA-immobilized sensor showed affinity for the G-A mis-
match and also for the G-G mismatch with lower efficiency
(Figure 11a).% This is most likely due to a possible tautomeric
2-hydroxy-1,8-naphthyridine form of 8-azaquinolone, which
has a hydrogen-bonding surface partially complementary to
that of guanine. In contrast to the strong ND binding for all
G-G mismatches, NA binding to G-A mismatches was found
to be highly sequence dependent. SPR analyses of 27-mer du-
plexes containing a G-A mismatch with the NA-immobilized
sensor surface showed that G-A mismatches in the sequence
of 5-TGG-3'/3'-AAC-5', CGG/GAC, TGC/AAG, GGA/CAT, AGG/
TAC, and AGA/TAT could be detected, but it was not possible
to differentiate G-A mismatches in other sequences from the
fully matched duplex (Figure 11b). Highly sequence-dependent
binding of NA to the G-A mismatches implies that NA binding
involves interactions not only to the G-A mismatch but also to
the base pairs flanking the mismatch. Because sequence-de-
pendent binding of MBLs to the mismatch is a drawback with
respect to SNP typing, an improved molecular design is neces-
sary for the MBLs that strongly bind to the G-A mismatches.

The amND-immobilized surface showed a strikingly different
binding property from ND- and NA-immobilized surfaces with
respect to the detectable mismatches (Figure 12a).*" A C-C
mismatch showed an intense SPR intensity, whereas the fully
matched duplex failed to produce any significant SPR. In addi-
tion to the C—C mismatch, a C-T mismatch also produced a
significant SPR signal with reduced efficiency. Substitution of
an acyl linkage in ND with an alkyl linkage in amND dramati-
cally changed the preference of the MBL from purine to pyri-
midine mismatches. In amND, the naphthyridine chromophore
was electron rich and susceptible to protonation at neutral pH.
When the C-C mismatch duplex was analyzed with the amND-
immobilized surface at pH 8, SPR signals were found to be
very weak compared with the signal at pH 7. SPR analyses of
27-mer duplexes containing C-C mismatches with an amND-
immobilized sensor surface showed a sequence dependence
for the amND binding (Figure 12b). Again, C-C mismatches
flanking the G-C base pairs produced a stronger SPR signal
than those flanking A-T base pairs. As the background signal
due to a fully matched duplex was extremely weak, all C-C
mismatches irrespective of flanking base pairs could be detect-
ed by the amND-immobilized surface.
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Figure 11. SPR analyses of a) G-A and G-G mismatches containing 27-mer
duplexes and b) G-A mismatch containing duplexes with NA-immobilized
sensor.

There are eight mismatched base pairs. It is desirable for
MBL-based heteroduplex analyses to have eight different li-
gands that selectively bind to one mismatch. But, as shown in
Figure 8, two heteroduplexes with different mismatches are si-
multaneously produced. Thus, at least four binding ligands are
necessary for complete SNP typing. The molecular design of
ligands targeting other mismatches is currently in progress in
the laboratory.

5. Future Perspectives

How many SNPs should be typed for the diagnosis of a partic-
ular disease in the future? The number of SNPs is an important
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Figure 12. SPR analyses of a) C-C and C-T mismatches containing 27-mer
duplexes and b) C-C mismatch containing duplexes with amND-immobilized
sensor.

factor for the typing methods. A large-scale typing is suitable
for the array format, whereas an homogeneous assay format
would have an advantage for small-scale typing. We do not
have an obvious answer yet. This is partly because a precise
specification of the methods required for practical SNP typing
is not obvious at this moment. But surely it depends on the
type of disease; either common diseases or genetic diseases,
polygenic or monogenic. Therefore, it is probable that not one
but several typing methods will be used in different situations,
depending on the practical demands, target diseases, and also
size of the samples. Efforts in the chemistry area toward devel-
oping new and effective methods of nonenzymatic SNP typing
are essential and should be continued. Among the many pro-

ChemBioChem 2004, 5, 1623 - 1633


www.chembiochem.org

Chemistry Challenges in SNP Typing

posed methods based on diverse concepts and principles,
really useful and practical methods will be necessarily selected.
An important issue for all SNP typing, not only for enzyme-
assisted but also for nonenzymatic methods, is the necessity of
a large number of oligonucleotides for the assay. PCR amplifi-
cation needs two primers. ASO hybridization needs another
two hybridization probes. Therefore, for the typing of one SNP
based on allele-specific hybridization, at least four oligonucleo-
tides are needed. Assuming that tying of 100 SNPs was neces-
sary for the particular disease, the number of oligonucleotides
needed for the assay would be 400. As long as the assay used
PCR amplification and oligonucleotide probes, we could not
reduce this number and, consequently, the cost necessary for
synthesis and a complicated handling of many oligonucleo-
tides. The ultimate technology we should pursue is the direct
detection of the nucleotide at the polymorphic site in the
genome without amplification and usage of oligonucleotide
probes. To achieve this goal, cooperation with scientists in
other areas is essential. The author wishes that this short
review would be an opportunity to begin a new collaborative
work between chemists and scientists in other disciplines.

Keywords: alleles DNA mismatch-binding
oligonucleotides - single nucleotide polymorphisms
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