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Abstract—We designed an A-selective fluorescent DNA probe, U™, which bears a 2-ethynylfluorene moiety covalently attached to the base
dU, and incorporated it into a central position in the hairpin loop. We describe photophysical studies of triad base pairs containing an U™
DNA probe and their application to single-nucleotide polymorphism (SNP) typing using novel quencher-free molecular beacons (MBs).
The drastic changes in the fluorescence properties that arise upon changing the nature of the complementary base and FBs suggest that these

triad base pairs are the key elements for quencher-free SNP typing.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

In the post-genome era, one rapidly growing area of research
is that directed at comprehensively investigating the geno-
mic information provided by single-nucleotide polymor-
phisms (SNPs).! SNPs change both the structures and
functions of their encoded proteins and, thus, they are related
directly to the physiological features of living systems.
These nucleotide variations within the genome are in some
cases linked to the variable responses toward drugs in differ-
ent patients.> Reliable methods for the rapid screening of
SNPs are highly desired for studying and identifying dis-
ease-causing genes. Thus, the high-throughput, economical,
and precise detection of SNPs is a key issue in the modern
fields of chemical biology, biotechnology, medicine, and
pharmacogenomics.® Currently, there are several methods
that have been developed for SNP typing; some of them
are already commercially available. These methods include
the use of (a) probe—target hybridization,* (b) enzymatic re-
actions (such as cleavage, digestion,® minisequencing,’ and
primer elongation®), (c) DNA chips,” and (d) nanoparticle-
labeled oligonucleotides.'® In addition to these methods,
we are interested in using chemically modified fluorescence
probes. Fluorescent-labeled DNA probes are powerful gene-
targeting agents for simplifying DNA probe assays; upon
hybridization with their target sequences, the fluorescence
undergoes a drastic change in either its intensity or emissive
color.
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As a result, the bases on the complementary strands can
be determined fluorometrically without the need for any
separation or washing procedures.!! Two representative
approaches have been developed in the search for fluorescent
probes for use in SNP typing. One improved version of
a promising gene detection tool is the so-called ‘molecular
beacons’ (MBs), which are a newly developed class of
DNA probes that operate through fluorescence resonance en-
ergy transfer (FRET).* Traditional MBs are doubly end-
labeled oligonucleotides that exist in solution as stable
stem-loop structures in which the fluorescence of a reporter
dye attached to the 5’ end is quenched through energy trans-
fer to a proximate quencher attached to the 3’ end. In the
presence of a complementary nucleic acid, the stem opens
and this event is signaled by a loss of quenching and an in-
crease in fluorescence. A number of MBs possess significant
advantages over conventional DNA probes; these systems
include (1) metal-containing MBs,'? (2) MBs possessing
two fluorophores,'? (3) linear MBs possessing a fluorophore
and a quencher,'* (4) HyBeacons and dual-labeled probes, !>
(5) catalytic MBs,!® and (6) excimer—monomer switching
MBs.!” The other successful method for the selective detec-
tion of SNPs involves the modification of nucleotide bases.
Fluorescent nucleotide base analogues have been investi-
gated as probes for reporting the dynamics of DNA.'8
Because the fluorescence is sensitive to the microenvi-
ronment surrounding the fluorescent chromophore, these
nucleotide base analogues have also been utilized to report
the degree of hybridization. A series of novel modified nu-
cleotide bases are known to emit fluorescence upon their
hybridizations to a specific nucleotide base.'® Such modifi-
cations are particularly valuable because the natural bases
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are practically non-emissive®° and end labeling with fluores-
cent tags is not necessarily a sensitive approach to monitor-
ing remote binding events. No universal solutions exist,
however, and additional modifications must be developed
and evaluated empirically.

Recently, we reported a new type of MB—a quencher-free
MB for SNP typing—that consists of only a single fluoro-
phore in the hairpin loop, i.e., the system operates without
a quencher.”! We assumed that if the fluorene moiety is
attached covalently to a uracil moiety at the C-5 position
through a rigid ethynyl linker, the fluorophore would pro-
trude from the resulting DNA helix—upon its base pairing
with its matched strand—and undergo weak interactions
with its neighboring nucleobases.? In such a case, the fluo-
rene-labeled DNA probe should exhibit a strong A-selective
fluorescence. In contrast, when the fluorene unit is inter-
calated (located) within a DNA duplex in the absence of
base pairing (mismatched duplex), the U unit would
exhibit quenched fluorescence as a result of photoinduced
charge transfer that originates from interactions with its
neighboring nucleobases. Moreover, the fluorescence of
UFL displays a strong dependence on the nature of its flank-
ing bases (FBs), which affect the electronic and conforma-
tional microenvironment of the triad base pairs. In this
paper, we report the design and photophysical properties
of triad base pairs containing U*" moieties and their appli-
cation to the formation of quencher-free MBs.

2. Results and discussion

2.1. Synthesis of fluorene-labeled modified oligo-
nucleotides

The oligonucleotide model system was designed as a new
type of MB consisting of a six-base-pair stem and a seven-
base loop sequence containing a fluorene-labeled deoxyuri-
dine core (UFY; Fig. 1).2!23 We synthesized U™ from the
corresponding 5-iodo-2/-deoxyuridine?>*and 2-ethynylfluor-
ene?® through a Pd-catalyzed Sonogashira coupling,?® and
then converted it into the corresponding phosphoramidite
building block for ODN synthesis.?” The acetylene bridge
of this structure provides the necessary structural rigidity
to separate the fluorene group from the base stack, in which
strong electronic coupling occurs between the fluorene and
uridine moieties.?® Moreover, we expected that the Watson—
Crick base pairing properties of the dU should remain un-
changed upon attaching the 2-ethynylfluorene moiety and
that the introduction of U¥ should not perturb the formation
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Table 1. Photophysical properties of the fluorene-labeled ODNs 5'd-
TTCTGA CTXU"™"YTT TCAGAA

Sequence XYY TwlPC® Apa/nm®  Agn/mm®  FIR®
ODNL(U™)  T/T 51 319 429 1.01
ODN2(U™)  crC 48 332 429 1.00
ODN3(U™)  A/A 45 331 431 0.93
ODN4(U™)  GIG 56 331 441 0.24
ODN5(U™)  ¢/T 48 331 431 1.09
ODN6(U™)  T/C 56 320 431 1.11
ODN7(U™™)  A/G 56 332 433 0.67
ODNS(U™) G/A 54 331 433 0.29

? Flanking bases.

® Melting temperature.

¢ Maximum absorption wavelength.

Emission wavelength, excited at 340 nm.

Relative fluorescence intensity ratio compared to that of ODN2(U™). All
samples were prepared using 10 mM Tris—HCI buffer (100 mM NaCl;
20 mM MgCly; pH 7.2).

[=%

of nucleic acid complexes because the rigid linker at the
5-position of UFL directs the fluorene unit into the major
groove of the duplex.??

We incorporated this UF unit into the central positions
of eight oligodeoxyribonucleotides [from ODNI(UFY) to
ODNS(UL)] through the use of standard protocols in auto-
mated DNA synthesis (Table 1). To investigate the effect of
the FBs on the fluorescence properties, we modified the
ODNSs primarily at the bases flanking the U¥" unit. It has
been reported that the fluorescence properties of DNA are
strongly dependent on the electron injection and transfer
properties of the FBs. Among the DNA bases, those of thy-
mine (T) and cytosine (C) can be reduced most easily.?®*°
On the other hand, guanine (G) has the lowest oxidation po-
tential such that it can photoinitiate oxidative hole-injection/
transfer.’® After the synthesis, we purified the ODN(UF™)
derivatives using semi-preparative HPLC and identified
them through MALDI-TOF mass spectrometry.

2.2. Phothophysical properties of the fluorene-labeled
hairpin oligonucleotides

Before investigating the photophysical properties of the
fluorene-unit-containing hairpin ODNs, we measured the
absorption and fluorescence spectra of the nucleoside Ut
in chloroform at a concentration of 1.0 x 10~ M. The absorp-
tion maximum (An,,,) of U¥L appears at 325 nm, as is char-
acteristic of fluorene chromophores. We observed a strong
fluorescence at 405 nm upon excitation at 340 nm (quantum
yield: ®g=0.139). Although the fluorescence of previously
described similarly modified nucleosides with pyrene

N
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Figure 1. Schematic illustration of quencher-free MBs DNA sensor for SNPs typing and a fluorene unit Ut
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Figure 2. Absorption and fluorescence spectra of the single-stranded oligo-
nucleotides ODN(UFL) (1.5 uM) recorded in 10 mM Tris—HCI buffer (pH
7.2, 100 mM NaCl, 20 mM MgCl,) at 25°C. Excitation wavelength:
340 nm.

fluorophores is strongly dependent on the solvent polarity,
UFL displays only a slight variation in its fluorescence prop-
erties when dissolved in a more-polar solvent (in methanol:
Aem=407 nm; &p=0.133).28-3! We measured the absorption
spectra of 1.5 uM solutions of the hairpin ODNs(U¥L) in
Tris—HCI buffer (pH 7.2) containing 100 mM NaCl and
20 mM MgCl, (Fig. 2; Table 1). The spectra exhibit similar
shapes and have absorption maxima (ca. 331 nm), except for
those of ODN1(UFY) and ODN6(UY) (ca. 320 nm), which
possess a 5'-directed T-FB. Each absorption spectrum dis-
plays a broad absorbance near the fluorene region, despite
the small variations in the absorption maxima, which sug-
gests that the fluorene-labeled ODNs have similar absorp-
tion and ground state energies, i.e., they are independent
on the nature of the FBs.

We recorded the fluorescence spectra of the hairpins
ODN(UF™Y) in the same buffer at an excitation wavelength
of 340 nm to determine whether the FBs have any effect
on the fluorescence levels in the hairpins. Indeed, we found
that there was little difference between the fluorescence in-
tensities, except for those of systems containing G moieties
as FBs. Because G has the lowest oxidation potential of the
nucleobases, it serves as a fluorescence quencher through
electron transfer.® We have found that the quenching
caused by G-FBs, the so-called ‘G effect,” was highest in
ODN4(UF%), in which two G-FBs are present, and the
5'-direction is more affected than the 3’-direction by G
[cf. ODN7(UF™) and ODN8(UFY)].

We also recorded the fluorescence spectra of hairpin ODNs
(Fig. 3) at the same concentration in DMSO, which is a
solvent that is known to disrupt the secondary structure of
nucleic acids by interfering with the stacking interactions.>?
Remarkably, the fluorescence spectra of all of these hairpin
ODNs in DMSO exhibit significant fluorescence enhance-
ments and the abatement of the severe red-shifting of their
emissions. These findings support the notion that disrupting
the secondary structures of the hairpins no longer allows the
electronic interactions to mediate fluorescence quenching.
The G effect still exists in DMSO, but the relative effects
were weaker than those we observed in the spectra recorded
in buffer. Thus, the photophysical properties exhibited in the
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Figure 3. Fluorescence spectra of the single-stranded oligonucleotides
ODN(U™) (1.5 pM) with comparing in buffer with in DMSO.

hairpin state are a consequence of the hairpins ODN(UFL)
having similar ground state energies. In addition, the influ-
ence that the FBs have on fluorescence in the hairpin is neg-
ligible, except for that of the G effect.

2.3. Photophysical properties of the fluorene-labeled
DNA duplexes

For A-selective fluorescence emission of U™ to occur it is
necessary that the fluorene chromophore protrude from the
DNA duplex when UFY/A base pairing occurs upon hybrid-
ization. Moreover, the incorporation of the moiety UY-
should not perturb the thermal stability or conformation of
the DNA strand. To determine the manner through which
hybridization occurs, initially we obtained the melting tem-
peratures (7,,,) and CD spectra of the double-stranded DNA
(dsDNA) duplexes that were formed upon hybridization of
the ODN(U¥Y) strands with their corresponding comple-
mentary ODN(A) strands (JODNs(UF)/ODNs(A)]) (Table
2; Fig. 4).

Table 2. Photoph¥sical properties of the fluorene-labeled ODN(U™™)
duplexes (ODNs(U™): 5'd-TTCTGA CTXU™“YTT TCAGAA; ODNs(A):
3'd-AAGACT GAX'AY'AA AGTCTT?)

Sequences X/Y® Tpl°CS Apax/mm” Aem/nm® FCH' FER®
ODN1(U"™)/ODN1(A) T/T 56 334 422 5.06 39.8
ODN2(U"™/ODN2(A) C/C 58 333 424 220 189
ODN3(U™)/ODN3(A) A/A 53 334 429 237 208
ODN4(U*™)/ODN4(A) G/G 58 334 446 041  1.00
ODN5(U™)/ODN5(A) C/T 57 333 426 1.66 17.6
ODN6(U"™/ODN6(A) T/C 56 332 426 282 320
ODN7(U"™/ODN7(A) A/G 55 332 433 1.06  6.54
ODNS(U™)/ODN8(A) G/A 56 334 449 050 1.34

®

ODNSs(A) are complementary to the corresponding fluorene-labeled
ODNs(U™). X’ and Y’ are complementary bases for X and Y, respec-
tively.

Flanking bases.

Melting temperature.

Maximum absorption wavelength.

Emission wavelength, excited at 340 nm.

Ratio of relative change in fluorescence upon hybridization compared to
nonhybridized hairpin.

Relative fluorescence enhancement ratio. All experiments were conducted
in 10 mM Tris—HCI buffer (pH 7.2, 100 mM NacCl, 20 mM MgCl,).

- 0 a o o
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Figure 4. CD spectra of DNA duplexes [ODNS(UFL)/ODNS(A)] (3.0 uM)
in 10 mM Tris—HCI buffer (pH 7.2, 100 mM NaCl, 20 mM MgCl,).

We observed that the T}, values of dsDNA systems having
two G-C flanking base pairs [ODN2(U¥L)/ODN2(A),
ODN4(UL)/ODN4(A)] are 2-5 degrees higher than those
possessing T—A flanking base pairs [ODNI(U¥Ly
ODN1(A), ODN3(UFY)/ODN3(A)].>? This general property
provides evidence that the U¥ moiety does not interfere
with the thermal stability of the triad base pairs. The CD
spectra of all of the duplexes display overall B-DNA con-
formations. In conclusion, we believe that UFY participates
selectively in a base pair with A and maintains the normal
shape of the resulting DNA duplex; further details are pro-
vided in later sections.

We measured the fluorescence spectra of the dsDNA
[ODNs(UF)/ODNs(A)] at a concentration of 1.5 pM in
the same aqueous buffer (Fig. 5; Table 2). The absorption
spectra have similar shapes and absorption maxima (Apax:
332-334 nm), which suggest that the ground state energies
in the overall dsDNA duplexes are very similar.

The fluorescence excitation spectra of the hairpins and their
matched duplexes bearing homogeneous FBs each exhibit
a strong emission peak at 430 nm, except for those possess-
ing a G moiety as FB.

The intensity of the peak that arises is strongly dependent on
the nature of the FBs. This finding suggests that the confor-
mation of the triad base pairs in each duplex is responsible
for the differences in fluorescence, i.e., they are affected to
a remarkable degree by the nature of the FBs. The fluores-
cence emission spectra of the matched duplexes display
strong enhancements in fluorescence upon excitation at
340 nm, except for those possessing G moieties as FBs.
The relative quantum yields decrease with respect to the
nature of the FBs in the following order: T>C=A>G. In
addition, we also observed that the T-FB and G effects are
more pronounced in the 5'-direction than they are in the
3'-direction.?®-** Moreover, we could readily determine the
influence on the steady state fluorescence upon hybridi-
zation, which is a measure of the degree of freedom of the
conformation of UFY, through variable-temperature fluores-
cence spectroscopy (Fig. 6). As the temperature increased,
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Figure 5. Fluorescence spectra of the double-stranded oligonucleotides
ODNs(UFL)/ODNs(A). (a) Fluorescence spectra of ODNl(UFL)—
ODN4(UFL) having homogeneous FBs. (b) Fluorescence spectra of
ODNS(UFL)—ODNS(UFL) having heterogeneous FBs. All spectra were
recorded using 1.5 uM solutions of the samples in 10 mM Tris—HCI buffer
(pH 7.2, 100 mM NacCl, 20 mM MgCl,). Excitation wavelength: 340 nm.
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Figure 6. Variable-temperature fluorescence spectra of ODN2(U™y/
ODN2(A) (1.5 pM) in 10 mM Tris—HCI buffer (pH 7.2, 100 mM NaCl,
20 mM MgCl,). Excitation wavelength: 340 nm.
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the fluorescence intensity of the excited state decreased be-
cause of disruption of the UFL/A base pair.

In summary, the relative fluorescence intensities exhibited
upon hybridization are affected by the nature of the FBs
and depend upon the microenvironments experienced by
the U moieties. This finding suggests the importance of
the rigid conformations of the triad base pairs.

2.4. Quencher-free SNP typing

If UFL displays a highly A-selective fluorescence emission
then the fluorescence change derived from the nature of
a complementary base would be extremely useful for this
system’s application to quencher-free SNP typing. To con-
firm their potential as SNP probes, we determined the
discriminations toward single-nucleotide modifications
displayed by the fluorescent ODNs having different FBs
[ODN1(U¥)-ODN4(U); Fig. 7]. Upon hybridization
with their target and mismatched sequences, the ODN1(U*L)
and ODN2(U™Y) systems, which possess only pyrimidine
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FBs, exhibited A-selective fluorescence at 430 nm, as indi-
cated in Figure 7. In contrast, the ODNs(U¥L) bearing purine
FBs display no discrimination activity toward any nucleo-
bases. In particular, the ODN2(U¥Y) probe, which has C moi-
eties as FBs, acts as a highly A-allele-selective fluorescent
‘on/off” switch for the detection of SNPs. Upon hybridization
with a perfectly matched target, i.e., one that produces a UFY/
A base pair, the intensity of the fluorescence at 425 nm upon
excitation at 340 nm displayed a 2.2-fold increase. In con-
trast, the formation of U¥/N’ mismatched base pairs resulted
in 0.18 (N'=T), 0.15 (N'=C), and 0.12-fold (N'=G) de-
creases in the fluorescence intensity. Therefore, the total
discrimination factors are 12.2 (T), 14.7 (C), and 18.3 (G)
for the recognition of a single base mismatch.

2.5. Using of abasic site containing DNA strands

We examined abasic site (¢) effect to clarify the triad base
pair system by incorporating the tetrahydrofuranyl residues
into the ODNs.> Table 3 lists the four ODNs(¢) that we syn-
thesized: ODN1(¢) possessing ¢-FBs and the fluorescent
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Figure 7. Fluorescence spectra of ODNs(U"“)/ODNs(N) systems (5'd-TTCTGA CTXU"“YTT TCAGAA/3'd-AAGACT GAX'NY'AA AGTCTT; X,
Y:ﬂankinlg bases; X', Y'=complementary bases for X, Y; N=A, T, G, C). (a) ODNI(UFL)/ODNI(N), T-FB; (b) ODNZ(UFL)/ODNZ(N), C-FB; (¢)
ODN?a(UF )/ODN3(N), A-FB; (d) ODN4(UFL)/ODN4(N), G-FB. All samples were prepared as 1.5 uM solutions in 10 mM Tris—HCI buffer (pH 7.2; 100 mM

NaCl, 20 mM MgCl,). Excitation wavelength: 340 nm.
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Table 3. Abasic site (¢p)-containing oligodeoxynucleotides

ODNs Sequence/conditions

ODNI1(¢) 5 TTCTGA AA ¢ U™$ AG TCAGAA/

abasic flanking units

ODN2(¢) 5" TTCTGA AAG ¢ GAG TCAGAA/
abasic complementary unit

ODN3(¢) 5" TTCTGA AA ¢ A ¢ AG TCAGAA

ODN4(¢) 5" TTCTGA AA ¢ C ¢ AG TCAGAA/

imperfect match, abasic flanking units

UFL moiety; ODN2(¢), a complementary strand possessing
a ¢ unit; ODN3(¢d) and ODN4(¢) which possess ¢p-FBs and
A and C moieties, respectively.

With respect to both the fluorescence intensity and the emis-
sive color, the fluorescence emission spectrum of ODN1(¢)
is very similar to those of all the hairpins ODNs(U¥L),
except for G effect (Fig. 8, Table 4). This finding indicates
that the FBs have a minimal effect in the hairpin state.

—e— ODN2 (U™

2.0 4 —e— ODN1 (¢)

—O— ODN2 (UF) / ODN2 (A)
—*%— ODN2 (UF\) / ODN2 (¢)
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Figure 8. Fluorescence spectra of the abasic site (¢)-containing DNA du-
plexes, compared with those using the ODN2(UF[‘) system (1.5 uM), re-
corded in 10 mM Tris—HCI buffer (pH 7.2; 100 mM NacCl, 20 mM MgCl,).

Table 4. Photophysical properties of the abasic site (¢)-containing DNA
duplexes relative to those of the ODN2(U"™ system

Sequences T./°C* Aem/nm"® FIR®
ODNI1(¢) 45 435 1.06
ODN2(U™)/ODN2(¢) 55 433 0.16
ODN2(U"™)/ODN3(¢) 46 432 1.17
ODN2(U*™)/ODN4(¢) 46 430 1.16
ODN2(T)d/ODN(d>) 43 none none

All experiments were conducted in 10 mM Tris—HCI buffer (pH 7.2;

100 mM NaCl, 20 mM MgCl,).

# Melting temperature.

® Emission wavelength, excited at 340 nm.

¢ Ratio of fluorescence intensities, relative to that of using ODN2(U

4 ODN(T)=5'd-TTCTGA CTCTCTT TCAGAA, a hairpin having the
same, but unmodified, sequence as ODN2(UFL).

FL).

Thus, the fluorescence intensity of our quencher-free MB is
diminished by electronic interactions induced in the ran-
domly folded loop structure, not by the nature of the FBs.
Next, we performed experiments to understand why

fluorescence quenching occurred in the mismatched cases.
We believe that the decreased fluorescence originates from
flipping of the U moiety near the core of the helix when
base paring is absent. Upon incorporation of the abasic site
into the complementary opposite strand, the emission in-
tensity decreased dramatically upon the hybridization of
ODN2(¢) with ODN2(U¥Y). In addition, this system dis-
played an enhanced thermal stability (AT,,=12 °C) when
compared with the hybridization of ODN2(¢) with
ODN(T), which is a hairpin having the same, but unmodi-
fied, sequence as ODN2(UFL). The fluorescence quenching
phenomena and the increasing T;,, of ODN2(¢) with OD-
N2(U*Y) strongly suggest that the mechanism of quenching
may be originated on the significant stacking interaction that
occurs with the two complementary G-FBs upon flipping of
the U™ moiety.?’

Moreover, the imperfect FB pairings did not lead to
any fluorescence enhancements upon the hybridization of
ODN2(UFY) with either its matched or mismatched strands
[i.e., ODN2(UF)/ODN3(¢$) or ODN2(U¥L)/ODN4(¢)]. In
addition, it is an attractive feature that we may also use the
UFL_containing systems for the recognition of the abasic nu-
cleoside, i.e., providing an expanded set of SNPs. Naturally
occurring abasic sites are a common form of DNA damage;
they are formed upon alkylation of DNA bases followed by
hydrolysis of the glycosidic bond, base excision repair, and
spontaneous hydrolytic loss of purine units.*®

In contrast to several known ligand-based methods for the
detection of SNPs,>” our quencher-free systems allow the
simultaneous detection of abasic sites and target sequences
including single-nucleotide modifications.

2.6. Computational analysis

We performed quantum chemical calculations to pinpoint
the experimental fluorescence behavior of the hairpins and
their matched and single-base-mismatched duplexes. For
typical MBs, the change in fluorescence is believed to occur
through electron transfer to a quencher. In our quencher-free
MBs, we assume that the fluorescence behavior is controlled
through electron transfer to neighboring groups and/or inter-
molecular interactions between fluorene and neighboring
groups. We believe that the fluorescence behavior of the
fluorene linked to the central base through an acetylene
linker is influenced most strongly by the nearest neighboring
base units, and only negligibly by the second-nearest (or fur-
ther) base units. Most calculations performed on ODNs to
date have been performed using force field calculations to
obtain structural information;® because of computational
limitations, ab initio calculations are mostly used when fo-
cusing on the electronic structures and properties of single
base pairs.>* Thus, we choose to model a simple ODN sys-
tem, denoted as CUYEC [cf. the composition of ODN 2(UFy),
that is composed of two cytidine (C) units and a central
uridine (U) unit bearing the fluorene fluorophore.

We focused on the CUFMC system in an effort to understand
the experimental fluorescence spectra, believing that the re-
sults for other systems would be comparable. Our molecular
systems are very large—they are duplexes containing three
base pairs—and so we first performed semi-empirical
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Figure 9. B3LYP/3-21G-predicted structures and unoccupied molecular orbitals of the fluorene units of (a) hairpin ODN2(U™), (b) ODN2(U*™)/ODN2(A),

and (c) ODN2(U*")/ODN2(C).

AMI calculations.*® The electronic transitions that had been
analyzed from calculations performed using the collective
electronic oscillator (CEO) method were recently adapted
to explain the fluorescence changes that occur for a fluo-
ride-selective sensor and a fluorescent ‘on/off” switch.*! In
addition, the electron-hole interactions occurring under
UV irradiation were found to be consistent with a mode of
electron transfer occurring between the highest occupied
molecular orbital (HOMO) and three lowest unoccupied mo-
lecular orbitals (LUMOs).*? Thus, for large systems where
CEO calculations are limited, it seems reasonable to expect
that stabilization of the excited molecule would occur when
there is an attractive interaction between two regions having
accumulated electron densities for the HOMO and LUMOs.
Our molecular system is too large to undertake CEO calcu-
lations and, thus, we believe that the shapes of the unoccu-
pied molecular orbitals are most critical for understanding
the fluorescence properties. Upon excitation at 340 nm, the
molecular systems exist in the excited state to give fluores-
cence at ca. 430 nm. Because this fluorescence originates
from the fluorene moiety, the relevant excited state must
be related to the unoccupied molecular orbitals of this
unit. Unfortunately, in our AM1 calculations the shapes of
the unoccupied molecular orbitals look similar in all of the
duplexes.

To better understand the experimentally observed fluores-
cence, we performed ab initio calculations for CU¥LC,
CUMLC/GAG, and CUFLC/GCG. We selected the A-
matched and C-mismatched cases because they provide ex-
amples of the purine and pyrimidine series, respectively. We
performed all of the calculations at the level of density

functional theory (DFT) using the Becke-3-Lee-Yang-Parr
(B3LYP) exchange functionals, the Gaussian 98 suite of
programs,*® and 3-21G basis sets. Figure 9 displays the
structures and the unoccupied molecular orbitals that are
relevant to the occurrence of fluorescence. We note that
the hydrogen bonds are not broken in the A-matched case
(CU*LC/GAG), bearing the anti-conformation, which is
different from the situation for the C-mismatched case
(CUFLC/GCG). We also note that, in the unoccupied molec-
ular orbital of the C-mismatched system, the electron is
transferred to a certain extent to the neighboring group, as
indicated in Figure 9c. This finding may suggest why there
is a dramatic decrease in the fluorescence intensity in the
CUFLC/GCG system. From our analyses based on the
AMI1 and ab initio calculations, the fluorescence changes
in the hairpin and the matched and mismatched duplexes
are caused by both structural rearrangement and charge
transfer in the fluorescent excited state. The hydrogen bonds
are not broken in the fully matched system (CUFAC/GAG) in
the ab initio calculations. For the single-base-mismatched
duplex (CUFC/GCG), the central uracil unit forms extra
hydrogen bonds with its neighboring base unit, but it cannot
be paired with the corresponding base units. We expect that
this analysis is also valid for the other hairpins ODNs(UL)
and their matched and mismatched duplexes [ODNs(UFL)/
ODNs(N), where N=A, T, G, and C].

3. Conclusion

We have synthesized, through Sonogashira coupling, a
fluorene-containing deoxyuridine derivative that we
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incorporated into the loop region of a hairpin. This hairpin
functions as new type of MB that requires no fluorescence
quencher unit. The fluorescence intensities of single-base-
mismatched duplexes are lower than that observed for the
hairpin, but they increase upon hybridizing with their fully
matched sequences. In particular, the fluorescent ODNs hav-
ing C-FBs produce efficient fluorescence ON/OFF systems
and behave more sensitively as probes than do any other
combinations of FBs. These fluorescence differences are ex-
tremely dependent on both the triad base pairs, comprising
the FBs and the fluorene-modified unit, and the confor-
mation of the U¥/A base pair. From computational cal-
culations, we are convinced that our quencher-free MBs
discriminate the mismatched sequences through a dimin-
ished emission intensity that occurs through photoinduced
charge transfer. There are significant advantages to utilizing
this type of MB over more-traditional ones. First, the fluo-
rene-labeled 2'-deoxyuridine unit can be inserted at any po-
sition of the oligonucleotide depending on the sequence of
interest. Secondly, the 5" and 3’ ends can be left free to intro-
duce other useful functionalities, e.g., for attachment to sur-
faces, nanoparticles, or biotin derivatives. Third, our MB
synthesis is relatively simple and inexpensive because no
quencher is required. Therefore, quencher-free SNP typing
using U¥" is a useful and powerful alternative to methods
employing conventional SNP typing.

4. Experimental

4.1. Experimental procedures for the synthesis of
fluorene-labeled deoxyuridine derivatives

4.1.1. 5'-0-[Bis(4-methoxyphenyl)phenylmethyl]-2’-
deoxy-5-(2-ethynylfluorenyl)uridine (1). (PPh3),PdCl,
(53 mg, 0.076 mmol) and Cul (14 mg, 0.074 mmol) were
added to a solution of 5'-O-[bis(4-methoxyphenyl)phenyl-
methyl]-2'-deoxy-5-iodo uridine (497 mg, 0.757 mmol)
and 2-ethynylfluorene (231 mg, 1.21 mmol) in Et;N
(4 mL) and THF (12 mL). Argon was bubbled through the
mixture for 2 min before the mixture was subjected 10 times
to a pump/purge cycle, and then it was stirred at 45-50 °C
for 2 h. After evaporation of solvent in vacuo, the residue
was subjected to chromatography (SiO,; hexane/EtOAc,
1:5) to yield 1 (434 mg, 80%). Recrystallization from
CHCI3/MeOH (1:1) gave pure 1. Mp 160-161 °C. (o]
+40 (c 1.05, CHCI3). IR (film): » 3425, 3185, 3013, 2932,
2836, 2261, 1700, 1608, 1508, 1453, 1251, 1177, 1094,
1034, 829, 767, 701, 668 cm~!. 'H NMR (300 MHz,
CDCl;): 6 10.26 (br s, 1H; NH), 8.32 (s, 1H; H-6), 7.73 (d,
J=7.4 Hz, 1H; fluorene-H), 7.58-7.51 (m, 4H; fluorene-
H), 7.43-7.26 (m, 2H +6H; fluorene-H and DMT-H), 7.15
(d, J=7.5 Hz, 2H; DMT-H), 7.04 (br s, 1H; DMT-H), 6.83
and 6.81 (2d, J=8.5 Hz, 4H; DMT-H), 6.48 (t, J=5.9 Hz,
1H; H-1"), 4.63 (br s, 1H; H-3'), 4.26 (br s, 1H; H-4"), 3.99
(br s, 1H; OH), 3.71 (s, 2H; ArCH,), 3.64 and 3.63 (2s,
6H; OCH3), 3.50 (br d, J=9.2 Hz, 1H; H-5"), 3.33 (br d,
J=8.1 Hz, 1H; H-5"), 2.68 (br s, 1H; H-2'), 2.39 (br s, 1H;
H-2'). 1*C NMR (75 MHz, CDCl3): § 162.0, 158.3, 149.6,
144.4, 143.4, 142.5, 142.0, 141.5, 140.9, 135.5, 135.4,
130.2, 129.9, 129.8, 128.1, 127.9, 127.8, 126.9, 126.7,
1249, 1203, 120.0, 119.2, 113.2, 100.7, 94.5, 86.8,
85.9, 79.9, 77.2, 72.3, 63.5, 55.0, 41.5, 36.5. HRMS-FAB

(m/z): [M+Na]*calcd for C45H33N->O7Na, 741.2578; found,
741.2577.

4.1.2. 5'-0-[Bis(4-methoxyphenyl)phenylmethyl]-2'-de-
oxy-5-(2-ethynylfluorenyl)-3'-[2-cyanoethylbis(1-methyl-
ethyl)phosphoramidyl]uridine (2). 2-Cyanoethyldiiso-
propyl chlorophosphoramidite (120 pL, 0.537 mmol) was
added dropwise to a solution of 1 (301 mg, 0. 419 mmol)
and 4-formylmorpholine (140 pL, 1.27 mmol) in CH,Cl,
(12 mL) at rt. After completion of the reaction (30 min),
the mixture was concentrated in vacuo and purified by chro-
matography through a short column of SiO, (hexane/EtOAc,
1:1) to yield 2 (285 mg, 74%). Mp 98-100 °C. [a]5' +35
(c 0.995, CHCI3). IR (film): » 3186, 3016, 2967, 2837,
2254, 1699, 1608, 1581, 1508, 1455, 1364, 1304, 1251,
1178, 1155, 1035, 880, 830, 771, 667 cm™'. '"H NMR
(300 MHz, CDCl3): ¢ 8.33 and 8.28 (2s, 1H; NH), 7.74
and 7.71 (2s, 1H; H-6), 7.57-7.48 (m, 4H; fluorene-H),
7.40-7.26 (m, 3H+6H; fluorene-H+DMT-H), 7.17-7.05
(m, 2H; DMT-H), 6.99 and 6.95 (2s, 1H; DMT-H), 6.80 (d,
J=8.7 Hz, 4H; DMT-H), 6.39 (dd, J=12.7, 5.6 Hz, 1H; H-
1), 4.63 (br s, 1H; H-3"), 4.26 and 4.21 (2br s, 1H; H-4"),
3.88-3.75 (m, 1H; PCH,), 3.71 and 3.70 (2s, 2H; ArCH,),
3.67 and 3.65 (2s, 6H; OCHj3), 3.64-3.50 (m, 4H; NCH,
PCH,, H-5'), 3.32-3.28 (m, 1H; H-5), 2.66-2.58 (m, 2H;
CH,CN, H-2), 2.46-2.35 (m, 2H; CH,CN, H-2'), 1.18 and
1.07 (2d, J=6.7 Hz, 12H; NCHCHj;). '3C NMR (75 MHz,
CDCl;): 0 161.4, 158.5, 149.2, 1443, 144.3, 143.5, 142.5,
141.8, 141.6, 141.0, 135.4, 130.3, 129.9, 128.2, 128.0,
127.0, 126.8, 125.0, 120.4, 120.1, 119.2, 117.6, 1174,
113.2, 100.8, 94.5, 87.0, 86.2, 85.7, 79.8, 63.2, 63.0, 58.2,
58.0, 55.1, 43.3, 43.2, 43.1, 43.0, 40.8, 36.5, 24.6, 24.5,
20.4, 20.3, 20.2, 20.1, 19.2. 3'P NMR (121 MHz, CDCl5):
6 151.6, 151.1. HRMS-FAB (m/z): [M+Na]*calcd for
Cs4Hs55N,OgPNa, 941.3658; found, 941.3654.

4.2. ODN synthesis and characterization

With a fluorene-labeled deoxyuridine UFY in hand, we pre-
pared the DMTr-protected 2-cyanoethyl phosphoramidite
derivative of U and applied it directly to solid phase oligo-
nucleotide synthesis protocols>*?7 using an automated DNA
synthesizer (Perceptive Biosystems 8909 Expedite™
Nucleic Acid Synthesis System). For comparison, the un-
modified ODNs were also obtained. The synthesized oligo-
nucleotides were cleaved from the solid support upon
treatment with 30% aqueous NH4,OH (1.0 mL) for 10 h at
55 °C. The crude products from the automated ODN synthe-
sis were lyophilized and diluted with distilled water (1 mL).
The ODNs were purified using HPLC (Merck LichoCART
C18 column, 10x250 mm, 10 um, 100 A pore size). The
HPLC mobile phase was held isocratically for 10 min using
5% acetonitrile/0.1 M triethylammonium acetate (TEAA;
pH 7.0) at a flow rate of 2.5 mL/min. The gradient was
then increased linearly over 10 min from 5% acetonitrile/
0.1 M TEAA to 50% acetonitrile/0.1 M TEAA at the same
flow rate. The fractions containing the purified ODN were
pooled and lyophilized. Aqueous AcOH (80%) was added
to the ODN. After standing for 30 min at ambient tempera-
ture, the AcOH was evaporated under reduced pressure. The
residue was diluted with water (1 mL) and then the solution
was purified using HPLC under the same conditions as
described above. The ODNs were analyzed using HPLC
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(Hewlett—Packard, ODS Hypersil, 4.6x200 mm, 5 pm,
799160D-574) and almost the same eluent system, but at
a different flow rate (1 mL/min). For characterization,
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometric data of the U oligo-
nucleotides were collected using a PE Biosystems Voyager
System 4095 operated in the positive-ion mode and using
a 1:1 mixture of 3-hydroxypicolinic acid (0.35 M) and
ammonium citrate (0.1 M) as the matrix; the accelerating
voltage was 25 kV.

4.3. Melting temperature (7,,) measurements

All values of T,, of the ODNs (1.5 uM) were recorded
in 100 mM Tris—HCI buffers (pH 8.0) containing 1 mM
MgCl,. Absorbance versus temperature profiles were mea-
sured at 260 nm using a Cary 100 Conc UV-vis spectropho-
tometer (Varian) equipped with a temperature controller and
using a 1 cm path length cell. The absorbance of the samples
was monitored at 260 nm over the temperature range from
6 to 90 °C using a heating rate of 1 °C/min. From these
profiles, first derivatives were calculated to determine the
values of T,.

4.4. UV absorption measurements

ODN solutions were prepared as described above for the T},
measurements. Absorption spectra were obtained using
a Cary 100 Conc UV-vis spectrophotometer at room tem-
perature and using a 1 cm path length cell.

4.5. Circular dichroism (CD) spectroscopy

The mixture of ODNs was equilibrated by cooling to 5 °C;
after 30 min the CD spectra were recorded using a Jasco
J-715 CD spectropolarimeter. The temperature was con-
trolled using a Jasco PTC-348WI temperature controller.

4.6. Fluorescence experiments

ODN solutions were prepared as described above for the T,
measurements. Fluorescence spectra were obtained at 37 °C
using a PTI Fluorescence System spectrofluorophotometer
and a 1 cm path length cell. The excitation bandwidth was
1 nm. The emission bandwidth was 1 nm. The fluorescence
quantum yields (@r) were determined using 9,10-diphenyl-
anthracene as a reference; it has a known value of @ in
ethanol of 0.95. The area of the emission spectrum was inte-
grated using the software available in the instrument, and the
quantum yield was calculated according to the following
equation:

Pr(s) [ Priw) = [Ais) [Aw)] % {(AbS)(R)/ (Abs)(s)]

2 2
X [”<s>/ ”<R>}

Here, g (s) and P, are the fluorescence quantum yields of
the sample and reference, respectively; Asy and A, are the
areas under the fluorescence spectra of the sample and the
reference, respectively; (Abs)s) and (Abs), are the respec-
tive optical densities of the sample and the reference solution
at the wavelength of excitation; s, and n, are the values of

refractive index for the respective solvents used to prepare
the sample and the reference.
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