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ABSTRACT

We previously developed a method for monitoring the
integrity of oligonucleotides
guantitating fluorescence resonance energy transfer
(FRET) between two different fluorochromes attached
to a single oligonucleotide. As an extension of this
analysis, we examined changes in the extent of FRET
in the presence or absence of target nucleic acids with
a specific sequence and a higher-ordered structure. In
this system FRET was maximal when probes were free
in solution and a decrease in FRET was evidence of
successful hybridization. We used a single-stranded
oligodeoxyribonucleotide labeled at its 5
3'-end with 6-carboxyfluorescein and 6-carboxytetra-
methylrhodamine, respectively. Incubation of the
probe with a single-stranded complementary oligo-
nucleotide reduced the FRET. Moreover, a small
change in FRET was also observed when the probe
was incubated with an oligonucleotide in which the
target site had been embedded in a stable hairpin
structure. The decrease in the extent of FRET
depended on the length of the stem region of the
hairpin structure and also on the higher-ordered
structure of the probe. These results indicate that this
spectrofluorometric method and FRET probes can be
used to estimate the efficacy of hybridization between
a probe and its target site within highly ordered
structures. This conclusion based on changes in FRET
was confirmed by gel-shift assays.

INTRODUCTION

in vitro and in vivo by

"-end and its

and AIDS. As one strategy for such therapy, the intracellular
injection of an antisense oligonucleotide or ribozyme has been
proposed 1-4). Such oligonucleotides can inhibit the synthesis
of target proteins by annealing to the corresponding mRNA,
transcribed from the target gene, with subsequent degradation of
the mRNA 6-7). Functional oligonucleotides of this type have
the potential to serve as therapeutic agents in humans, without
side effects, so long as natural backbones are used, because o
their high specificity, which depends on the formation of a duplex
with the complementary mRNA. To exploit this approach, it is
important to select an appropriate target site within the RNA. If a
designed oligonucleotide is unable to anneal at the selected site
within the target RNA, which has a highly ordered structure, gene
expression will not be inhibited. The annealing efficiency of
oligonucleotides of their target sites is known to be affected by the
highly ordered structure of RNA molecules in solution and in cells.
In general, single-stranded regions, such as those in loop structures,
are suitable for hybridization to functional oligonucleotides
(1,2,8,9). In this report, we present a convenient method for
examining whether a designed oligonucleotide can hybridize
efficiently to its target by monitoring fluorescence resonance
energy transfer (FRET).

FRET is an interesting fluorescence-related phenomeégiiy.
When the fluorescence spectrum of one fluorophore (the donor)
overlaps with the excitation spectrum of another fluorophore (the
acceptor), the excitation of the donor induces fluorescence of the
acceptor, while its own fluorescence decredSgs1). The extent
of FRET is extremely sensitive to the distance between the donor
and the acceptor, being inversely proportional to the sixth power
of the distance. This phenomenon can be exploited to study
intermolecular and intramolecular relationships in biophysical
systems and cell biology. Various studies of nucleic acids
involving FRET have been reported, with emphasis for example,

Attempts at the artificial regulation of gene expression have been structural analysis1?-17), oligonucleotide hybridization
made for the development of therapies for diseases such as calfit@r21), nucleotide degradatio”?-24), the polymerase chain
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the other fluorophore (acceptor; R), the excitation of the donor induces the
emission of fluorescence from the acceptor, while its own fluorescence decreases.
(b) In this study, 6-carboxyfluorescein and 6-carboxytetramethylrhodamine were
employed as the donor and the acceptor, respectively. When fluorescence
][liséorggggi %gegﬁetrﬁgﬁtfez 4$R5n1?) t;zisltspliicfﬁethgm?g;gi“%?‘ gzaggcearﬁ);ﬁg Figure 2. Detection of_hybrldlzatl_on by t_he use of molecular beacons and by our
(586.5 nm) from 6-carboxytetramethylrhodamine, while the emission of green probes. &) Labeled oligonucleotides with a fluorophpre as a donor (F) and a
light (519 nm) from 6-carboxyfluorescein decreases. quencher (Q) as an acceptor can be used to identify thg presence of a
complementary sequence in solution (27). Successful hybridization of the
molecular beacon with the target results in emission from the dagydoKitoring

: ; : of the integrity of oligonucleotidés vitro andin vivois possible by exploiting the
reaction 25_29)’ and the release of O“gonUdeOt'des from FRET between two different fluorochromes attached to a single oligonucleotide

liposomes §0). ) ] ) ] ] ~ (22), which can also be used to detect hybridization. Our probe used in this study

Most FRET studies with nucleic acids have involved oligo- (Fig. 1a) in a single-stranded form is detectable as a result of emission from the
nucleotides with single end-labels, with a few exceptionsacceptor (R) that could be excited directly by an appropriate light source or by
(12.1922.25-29). An oigonuicleotide that has been labeled with (0Skerofenety fo hedoer. I he cas el beacors roes v dr
a donor and an acceF_’th dye at e_aCh end WOUld be a suitable Prab&e of our probes, the extent of FRET is maximal when probes are free in solution
for detection of hybridization (Fig). Tyagi and Kramer2{7) and a decrease in FRET indicates successful hybridization.

measured the extent of FRET between a fluorophore as a donor and

a} quencher as an :’iCCEptOI’ bound to a single Ol'gonUCIeOt'gﬁuctures, we synthesized several targets of different lengths and
(molecular _beaclon_s) to(lggicwhe' %resené:e c;f %omp)llemznta‘%alyzed the correlation between the FRET and the extent of
sequences In solutions (Figa). We independently developed a4 ation between the probe and the target. Specifically, we
met_hod for monitoring the integrity of ohgonucleoudemtro and a%alyzed spectrofluoromet?ically the FRET %f .thep probe );fter
gln\ggﬁe%ytgépé?:lt "?3 gliRErTut():Fencﬁ%een(gvoe?'gg;e\?vthffﬁ gg%hgfsrgesincubation with various oligodeoxyribonucleotides, which should

9 9 get 22), adopt single-stranded or hairpin structures under the hybridization

be used to detect hybridization (F&b). Although molecular . L
. A conditions. We demonstrate in this report that measurements of
beacons are suitable for measurements of hybridie , the FRET using fluorescently double-labeled oligonucleotides are

localization of the intact probe cannot be investigated in living cell ful for the selection of efficient target sites for functional

because of the use of a quencher as an energy acceptor that e IR nucleotid h ti DNA and RNA. rib d

no fluorescence. As an extension of our first FRET stRd)y (e nucleotides, such as antisense an , loozymes an
' gNA enzymes. Moreover, fluorescently double-labeled oligo-

Figure 1. Fluorescence resonance energy transfehen the fluorescence """'ri'"”y ’
spectrum of one fluorophore (donor; F) overlaps with the excitation spectrum of -
;—|—|-r"' Srrrrrrrrrrrer)

gii(gg:mlsgli ot'ti]gefe(zlgggg;[{oo;;asgi%eavéwcgt:qe(asrcgrggegi%gtg:(_qlﬁgﬁlce ucleotides are useful for the fluorometric detection of hybridized
2 . . X ands in gel-shift assays. Our results suggest that a high-through-
within a highly ordered target structure might be accessible topaut, fluorgscence-base)é assay could beggonstructed tg screengfor

probe. In this case,lubrescently double-labeled intact and’ " ; :
functional nucleic acids, such as antisense DNA or RNA an‘&ptlmal MRNA or genomic DNA antisense targets.

ribozymes, should be detectable in living c&llg)(To examine the

potential applicability of such FRET probes to stuitiegvo, we MATERIALS AND METHODS

labeled an oligonucleotide with 6-9arboxytetramethy|rhod_amine nthesis of the probe (F-D32-R)

the fluorescent acceptor and with 6-carboxyfluorescein as th

fluorescent donor. This probe, in single-stranded form, is detectal?d oligonucleotides were synthesized on a DNA/RNA Synthesizer

as a result of emission from the acceptor when it is excited direcBl 394; Perkin-Elmer, CA) by phosphoramidite chemisgg) (

with an appropriate light source or by energy transfer from the donavith a set of &2 GIM CPZ and T phosphoramidite nucleosides.
Since there have been no reports about the efficacy of FRIReagents were obtained from the manufacturer (PE Applied

when both the probe and the target molecule have highly orderBibsystems). Syntheses of unlabelled oligonucleotides were
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Figure 3. Structures of the proba)(and reagentdy for the synthesis of the probe (F-D32-R). The 32mer deoxyribonucleotide probe F-D32-R was modified with
two fluorophores, namely ®-carboxyfluorescein and-8-carboxytetramethylrhodamine.

conducted on the Oj2mol scale on 1000 A controlled-pore-glass Target or uncomplementary hairpin-Target, the probe (F-D32-R)
support (CPG) with the 0{2M cyanoethyl (CE) synthesis cycle was dissolved at 30 pmol/ml in a solution of 10 mM Tris—HCI (pH
and the CESS cleavage end procedure. The double-labeled prabé), 0.1 M NaCl, 5 mM MgGland 10 mM EDTA. For the
F-D32-R, was synthesized on theufnol scale on a 6-carb- hybridization of F-D32-R, the probe was dissolved at 30 pmol/mlin
oxytetramethylrhodamine-CPG synthesis support @idJsing a solution of 50 mM Tris—HCI (pH 8) and 30 mM MgCrhe

the non-nucleosidic, 2-aminobutyl-1,3-propanediol backbonduplex—Target was generated by mixing 150 pmol of ss—Target with
(32), we prepared the support by protection of hydroxyl groupthe same amount of D32, heating at@3or 5 min, and cooling
with dimethoxytrityl (DMT) and of amino groups with Fmoc slowly to room temperature. The oligonucleotides with stem
(9-fluorenylmethoxycarbonyl), with subsequent derivatization o$tructures (hairpin—Target, duplex—Target, uncomplementary
the other throxyl moieties with succinic anhydride and couplingairpin—-Target, and stem—Targets) were heated®& &% 5 min in

with 500 A aminopropyl-CPG after dicyclohexylcarbodiimidesolution and then solutions were cooled slowly to ambient
(DCC)/HOBL activation. Deprotection of Fmoc by brief treatmentemperature over 3 h before use. Before all measurements, solutions
with piperidine and coupling with 6-carboxytetramethylrhodain cuvettes were vortexed to ensure homogeneity. The
mineN-hydroxysuccinimide ester yielded the synthesis suppontmeasurements of fluorescence were made in cuvettes with a 1 cm
loaded at 3pmol/g (DMT analysis at 490 nra= 70 000; ref33).  path length in a fluorescence spectrophotometer (model 850;
The 6-carboxytetramethylrhodamine-CPG synthesis support whlitachi, Hitachi City, Japan) with excitation at 492 nm. All
used in the synthesis of F-D32-R on thpnisele scale with the measurements were made in triplicate 825

same reagents and the same synthesis cycle as the unlabelled

oligonucleotides. The ferminus was labeled with 6-carboxyfluo- Measurements of fluorescence anisotropy

rescein hexylamide phosphoramidite (Bigwith >90% coupling )

efficiency, using a 120 s coupling wait stég)( Since 6-carboxy The fluorescence of 6—carboxytetramethylrh_odamlne t_)o_und_ to
tetramethylrhodamine is sensitive to ammonium hydroxide, clea{?€ Probe (F-D32-R; 30 nM) was measured in the hybridization
age from the CPG support and deprotection were performed w ff_er Wlth the fluorescence spectrophotqmeter at 586.5 nm with
2 ml of a mixture of tert-butylamine, water and methanol (1/2/1€Xcitation at 540 nm. Fluorescence anisotropy was calculated
vIv) for 90 min at 88C (35). The dried crude sample was purified from_ fluorescence intensities as de;cr|bed in the I|t_erature
by reverse-phase HPLC (PLRP-1; Hamilton Co., Reno, NV). Twarovided .by the manufacture_r of H|taqh|. Fluorescence anisotropy
injections of 1100 OD (Ao units each were made on a columnas obtained from the following equation:

(7 mm i.d.x 300 mm) at a flow rate of 1 ml/min, with detection r = (lh = V)/(Ih + 2Iv) 1

at 260 nm and elution with a linear gradient of 5-40% B in A over

30 min (A, 3% acetonitrile in 0.1 M triethylammonium acetate; BWhere Ih and Iv are the intensities of the fluorescence parallel and
acetonitrile). The collected fractions were evaporated to dryneB§rpendicular to the direction of polarization of the excitation
under a vacuum and products were precipitated in 3 vol dght, respectively.

isopropanol after the residue had been dissolved in a minimum

volume of 3 M sodium acetate to give 20 OD uriiB0Qug) of  Gel shift assays using a fluorescence imaging analyzer

29[1)3a2n§ .s'g%ena:gsorbance spectrum had the expected peaks at lz—%Q‘the confirmation of hybridization of the probe with ss—Target or

hairpin—Target (Fig6), 10 pmol of F-D32-R was incubated with

various amount of either ss-Target, D32, hairpin—Target, or
Measurements of fluorescence uncomplementary hairpin—Target in aj#&olution that contained

10 mM Tris—HCI (pH 7.4), 0.1 M NaCl, 5 mM Mg&and 10 mM
For hybridization to the 32mer complementary strand (ss—TargeBPTA. After 90 min incubation, the mixture was separated by a
the control strand (D32), the stem strand (hairpin—Target), duplexative 12% polyacrylamide gel electrophoresis and analyzed by a
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Figure 5. Typical fluorescence spectra of a solution, after a 70 min incubation,
that contained 30 pmol of F-D32-R and either 150 pmol of ss—Target (solid
line), or 150 pmol of hairpin—Target (broken line), or duplex—Target formed by
the incubation of 150 pmol of ss—Target and the same amount of D32 (dashed
line). The lowest line shows the fluorescence spectrum of the probe itself.

RESULTS AND DISCUSSION

A fluorescently double-labeled oligonucleotide probe with
two fluorescent moieties and its target molecules

In order to examine the efficacy of FRET when either the probe
or the target molecule has a highly ordered structure, we
synthesized several kinds of such nucleic acid Fas4) and
analyzed the correlation between the extent of FRET and the
degree of hybridization among the structured molecules. The
sequence of the control DNA, designated D32, corresponded to
that of the 32mer hammerhead ribozyme, R32, which is used
extensively in our laboratory36—41). The probe, designated

Figure 4. Sequences of the probe and the target molecules. The sequence of the D32'.R! was Synthes'zed by modification _Of the D32 oligo-
probe corresponded to that of the 32mer hammerhead ribozyme (37-40). Nirdeoxyribonucleotide with 6-carboxyfluorescein as the donor and
target DNAs were used in this study. Linear single-stranded DNA (ss-Target)6-carboxytetramethylrhodamine as the acceptor até@adband
hairpin-shaped DNA (hairpin-Target), and hairpin-shaped DNA without 3-end, respectively (Fig; see also Materials and Methods). For

complementary sequence (uncomplementary hairpin—Target) were used for
investigations of the interactions between the non-structured probe and!

se as target molecules, we synthesized eight kinds of either

non-structured or structured targets. D11-Target and Stem-##—Targets were usB@N-structured or hairpin-shaped DNA, as shown in Fidgure

for studies of hybridization between the structured probe and non-structured or The emission spectrum of the fluorescent oligonucleotide
structured targets. Bold letters indicate sites of hybridization with the probe. Thg=-D32-R was measured in the buffered solution that was to be used
secondary structure of the probe that hybridized to D11-Target is shown in thﬁ.I hybridization experiments [10 mM Tris—HCI (pH 7.4), 0.1 M

middle of the Figure on the right.

NaCl, 5 mM MgCp and 10 mM EDTA]. The buffered solution itself
gave no detectable signal above background. The solution that
contained the probe had peaks of fluorescence, at 519 and 586.5 nm

fluorescence image analyzer (model Fluorimager 595; Moleculdfhen excited at 492 nm (the lowest spectrum in BigThese

Dynamics, CA). For the affinity study (Fig0), 2 pmol of F-D32-R

wavelengths corresponded to the peaks of fluorescence emitted by

and 2 pmol of ss—Target were incubated with various amounts g arboxyfluorescein and 6-carboxytetramethylrhodamine,

D32 in 10l of the same solution described above. After Allespectively. The weak intensity of fluorescence of the donor and
overnight incubation, the mixture was separated by a native 13%ayively strong intensity of fluorescence of the acceptor indicate
polyacrylamide gel electrophoresis, the fluorescence measuredy@s the energy was transferred from the excited donor to the

described above and the quantitation made by

ImageQuaiMexcited acceptor and, thus, that this modified oligonucleotide

(Molecular Dynamics, CA). The extent of complex formation wagy 55 syitable as a FRET probe.

estimated by the following equation:

Extent of complex formation (%) =
(Vol — Volg)/(Vol109— Volg) x 100

where Vol is the level of fluorescence at the band of complex

Interaction between the probe (F-D32-R) and either linear
complementary DNA (ss—Target) or hairpin-shaped DNA
é?airpin—Target)

F-D32-R with ss—Target, \plis that in the absence of neither To determine whether the double-labeled probe, F-D32-R, might be

ss—Target or D32, and \gbis that without D32.

useful to examine interactions with highly ordered target molecules,
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uncomplementary
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Specific
complexes

Free
F-D32-R

Figure 6. Typical gel image of gel-shift assays analyzed by a fluorescence imaging analyzer. In the solution containing 10 mMpHig=430(1 M NaCl, 5 mM
MgCly, and 10 mM EDTA, 400 nM of the probe and none (lanes 1 and 18), 250 nM (lanes 2, 6, 10 and 14), 500 nM (lanes 3, 7 10Damd18anes 4, 8, 12 and
16) and 2500 nM (lanes 5, 9, 13 and 17) of each target were incubated for 70 min and followed by a 12% native PAGE elRessalanglyzed by a fluorescence
imaging analyzer and the level of fluorescence at 530 nm and that at 590 nm were calculated by a computer program (FaeuiSepyMamics, CA). The green
and red bands indicate the fluoresence at 530 and 590 nm, respectively. The decrease in the extent of FRET (red cganiésidnctime increase in the shifted
band (green color).

we used three types of oligodeoxyribonucleotide as model targets the static quenching of 6-carboxytetramethylrhodamine did not take
the probe. The first target was a 32mer single-stranded linear DNvface.

(ss—Target) with a sequence complementary to that of the probe. Thin contrast to the results with the complementary ss—Target, no
second type, a 70mer, consisted of the sequence of the probe itsklinge in FRET occurred when the probe was incubated with the
and the sequence of ss—Target, with a four base loop. This target wastrol DNA, D32, that had the same sequence as the probe (data
designated hairpin—Target (F#). In the latter case, the target site not shown). We then examined whether the probe could interact
for the F-D32-R is not available unless the intramolecular duplex with the ss—Target that had already formed a duplex with D32.
disrupted by intermolecular interaction with the F-D32-R. Thé>32 (150 pmol) and ss—Target (150 pmol) were mixed, heated at
sequence of the third type (uncomplementary hairpin—Target) w85°C for 5 min and cooled slowly to room temperature, to assure
in the reverse order to that of the hairpin—Target, so that it fornt®mplete formation of the duplex. Then F-D32-R (30 pmol) was
a similar hairpin structure as the hairpin—Target with the sanseded. The extent of the change in FRET was about half that
stability of the stem, however, because of the reversed sequendleserved with ss—Target (second spectrum from the top iB)Fig.
the uncomplementary hairpin—Target should not hybridize witfThis result indicated that the probe could interact with ss—Target

the F-D32-R. that had formed a duplex with D32 by displacing the D32 strand
The target molecules were incubated with the probe in the a significant extent.
hybridization buffer at various molar ratios. Fig&ehows a Incubation of the probe with hairpin—-Target resulted in a smaller

typical set of results of such experiments when the molar ratio btit still significant decrease in the extent of FRET. The increase in
the probe to the target was kept at 1:5. When ss—Target was mixledrescence at 519 nm was about one quarter of that with ss—Target
with F-D32-R, the fluorescence intensity at 519 nm increaseghird spectrum from the top in Fig). In this case, the FRET can
significantly (top spectrum in Figh), indicating very limited be ascribed to competition between the intermolecular interaction
FRET if any and the successful hybridization between ss—Target anith the probe and intramolecular formation of a stem. It is
F-D32-R, as depicted in the scheme in the lower left part d@fportant to note here that part of the population of probe molecules
Figure2b. This result was in agreement with the changes in FREiybridized to the complementary sequence that had formed the
of a fluorescently double-labeled 15mer oligonucleotide that weiiatramolecular double-stranded stem structure. It is of great interest
reported by Parkhurst and Parkhurs®)( A small increase at that a thermodynamically favored intramolecular interaction could
586.5 nm was also observed upon hybridization. This change canbetpartially displaced by a less favored intermolecular interaction. In
be ascribed to the increase in the fluorescence from the accemtontrast to the results with the hairpin-Target, no change in FRET
because the fluorescence spectra overlap each other; the decreasad detected when the probe was incubated with the un-
intensity at the peak wavelength of the acceptor would be buriedmplementary hairpin-Target (data not shown), that had no
under the considerably increased fluorescence of the donor. Tt@mplementary sequence to the probe, indicating that the change in
possibility of the static quenching of the acceptor was tested BBRET observed with the hairpin-Target was not due to the
comparison of the excitation spectra of a DNA labeled wittmon-specific interaction with the hairpin structure but due to the
6-carboxytetramethylrhodamine and of F-D32-R, because the stadjoecific interaction between complementary sequences. This
guenching should cause a change of the excitation speetfm ( conclusion was confirmed by gel-shift assays (see below).

The resultant two spectra were nearly identical except that theThe difference between the results with hairpin—Target and
spectrum of F-D32-R had a shoulder in the lower wavelength regidluplex—Target can be ascribed to the higher stability of the
due to the energy transfer (data not shown). This result indicated tpabduct of the intramolecular hybridization as compared with the
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Figure 7. Time-dependence of changes in FRE], ), (c) Typical time-courses of changes in the fluorescence spectra of a 1 ml solution of probe (30 nM) after
the addition of 150 pmol of ss—Target, of duplex—Target generated by mixing 150 pmol of ss—Target and the same amouat of ZEPpaol of hairpin—Target,
respectively.) The increase in the peak emission intensity (as a percentage) at 519 nm (dengtgdrasmployed as the measure of the extent of hybridization.
Time-courses are shown for changes jif#Fat 30 min after the addition of either ss—Target (solid line), duplex—Target (dashed line) or hairpin—Target (broken line).

product of the intermolecular hybridization. These result§ime-dependent changes in FRET
indicate that the hybridization affinity of designed sequences

such as antisense molecules. can be estimated froﬂ?e hybridization of the probe to its target molecule increases the

measurements of FRET using fluorescently double-labeld@fak intensity of emission at 519 nig(ITherefore, the increase
antisense molecules and their target nucleic acids in solution, ©f the peak emission intensity in percentage at 519 nm (denoted

To confirm that the change in FRET was due to the hybridizatio® Fryb), estimated by the following equation, is a measure of the

of the probe with target molecules, gel-shift assays were perform&Ye! Of hybridization:

by using a fluorescence imaging analyzer. The probe was incubated — (- _ _

with either ss—Target, D32, hairpin—Target, or uncomplementary Rityb = (I = Ira)/(IF100— IFo) * 100 3
hairpin-Target in various molar ratios, and electrophoresed witlihere E is the intensity at 519 nngdis the | without any target
native polyacrylamide gel. FiguBeshows the resultant signals of the molecules, andshggis the saturated value gf Wwhere all probe
fluorescence at 590 nm (red) and that at 530 nm (green) of the gablecules are hybridized to the target molecules. In this
that had been excited with 488 nm blue laser beam. The incubatiexperiment, 190 was the ¢ obtained at the incubation of the

of the probe with ss—Target and hairpin—Target shifted the rgmtobe with ss—Target (molar ratio was 1:5) for 70 min, where
original band on to the upper green band in dose-dependent manfigorescence had reached the maximum equilibrium value. We
In contrast, the incubation with D32 or uncomplementary hairpinexamined the time course of changesigdfter the addition of
Target did not show apparent shifts because they were unabletie probe to the hybridization solution that contained an
hybridize with the probe. These results demonstrate that tiappropriate target (Fig). Measurements were made for up to
observed change in FRET was due to the hybridization with tH0 min (Fig.7a—c). In the solution that contained ss—Target, the
targets because the change in FRET was accompanied with #ague of Ry, increased rapidly after mixing of the probe with
increase in apparent molecular weights. The advantage of uskg-Target, and at 20 min after the mixing the rate of complex
fluorescently double-labeled oligonucleotides in gel-shift assays isached at 91% (Figa and d). By contrast, when the probe was
that, in addition to the observations of shifted bands, they can eubated with either duplex—Target (Fith. and d) or hairpin—
detected by different colors. Target (Fig.7c and d), there was a more gradual increase and the
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concentration of the target. In the experiments for which results are
shown in the inset in FiguBl, the ratio of D11-Target to F-D32-R
was changed by up to 100-fold, whereas the corresponding ratio for

—o—ss-Target the ss—Target and F-D32-R was changed by only as much as 5-fold,
— B -hairpin-Target for which results are shown in FigufeDespite such a high molar
ratio of D11-Target to F-D32-R, the intensity at 519 nghwlas
lower than that observed for ss—Target and F-D32-R. This result was
due to the shorter distance between the two fluorophores in the
D11-Target/F-D32-R complex than that in the ss—Target/F-D32-R
B complex (compare the top scheme in Bawith the bottom left
scheme in Figzb) and also because the hybridization affinity of the
, D11-Target/F-D32-R complex should be lower than that of the
4 5 ss—Target/F-D32-R complex. The lower affinity might be
Concentration ratio [Target)/[F-D32-R] attributable to the fact that the annealing regions, consisting of two
short five-base sequences, were separated at both termini of
F-D32-R. The short terminal sequences might hybridize
Figure 8. Dose-dependent changes iR Various amounts (0, 6, 10, 15, 30, 60, contiguously to the substrate oligonucleotide, skipping one base.
90 and 150 pmol) of ss—Target (solid line) or hairpin—Target (broken line) Werghis annealing pattern would closely resemble one with a mis-
incubated with 30 pmol of F-D32-R for 70 min. The amount of the target stran i . .
apparently affected the extent gfyg in a dose-dependent manner. matched nucleotid&ince a 15mer oligodeoxynucleotide has been
reported to be unable to hybridize to targets with a mismatched
base in the central site at°Z5 (27), our probe might have had

points at 70 min wer&48% and 24%, respectively, lower than lower affir_lity _for the D11-Target, requiri.ng higher co_ncentrations
that with the ss—Target/F-D32-R combination. for hybridization. It should also be mentioned that, since the value

We next investigated the effect on the change in FRET of tH 'F did not reach a plateau in our experimental conditions, we
molar ratio of the target to the probe (F8Y. The concentration could not estimate the exact extent of hybridization. Nevertheless,

of the probe was fixed at 30 nM. Concentrations of target DNAG® €xperiments for which results are shown in the inset in
were varied from 6 to 150 nM. Measurements were made 59Ure9b clearly demonstrated that our strategy could be applied
70 min after the mixing of the probe with the target, in order t& identify the successful formation of a complexwiesn a
ensure that the hybridization reactions were complete Tfig. "IP0Zyme and substrate-like molecules. .
The amount of target DNA apparently affecteflyRin a We examined the effect of the length of the stem that contained

concentration-dependent manrégures shows that 150 nM of the target site for F-D32-R. Incubation of F-D32-R with various
ss-Target is enough to saturate 30 nM of F-D32-R, where em-DNAs resulted in stem-length-dependent changes in FRET
150 nM of hairpin—Target is not. The results presented in Figur&sig- 9b). The value ofd with the Stem-12-Target was the same

7 and8 show that we were able successfully to distinguish thes With the D11-Target, indicating that the probe was successful in
gmpetition against the corresponding sequence within the intra-

suitable target from the less accessible target at all ratios of targn X . X :
to probe that we examined. olecular stem region. It is of great interest that the intermolecular
hybridization between the target site of Stem-12-Target and
) ) ) F-D32-R was able to overcome the formation of the intramolecular
Interactions between structured nucleic acids stem within the Stem-12—Target, in particular, when we consider

Ribozymes are potential drugs for the treatment of genomic disead Stabilizing effect of the linkage tetranucleotides -GAAR (

(1,3,4,7). We investigated whether the present spectrofiuorometricy contrast, the probe failed to compete successiully with

method might be useful for selecting the best sequence f0r|rgramolecular interactions of oligonucleotides with stem struc-

ribozyme ¢3), using our probe. As the first step toward this goallU€S Of >14 bp, even when the Stem-DNA was present at molar

the probe (F-D32-R) was designed on the basis of a hammerhé%%S of target to probe of >100:1 (Fi).

Ry (%)

ribozyme; the RNA sequence was replaced by the corresponding /€ Were able to distinguish successful hybridizations with

DNA sequence because of facilitate synthesis and easier handlinGppctured nucleic acids from unsuccessful ones by following

DNA. In order to examine whether the probe with a higher-orderdg'anges in FRET. These results suggest that this strategy should

structure could interact with a target embedded in a hairpin structuf$ aPPlicable to the identification of the best target site for

we also synthesized six kinds of target DNA. Since the part hctlonal_ nucleic acids, including ribozymes and the more

F-D32-R could form a hairpin structure that corresponded to tH€Cently discovered DNA enzymes.

stem—loop Il of the parental RNA ribozyme and since the sites for

blndlng of F-D32-R to the target DNA were located at thenfl and Or|g|n of the decrease in FRET: measurements of

the 3-end, successful hybridization of F-D32-R with the linear targedinisotropy

DNA should result in the complex depicted at the top of Figawre

In the case discussed above (Bjgthe hybridizing regions were as The decrease in FRET can be explained most simply by an

long as 32 nt. In the present case, the length of the hybridizifgcrease in the average distance between the donor and the

arms was 10 nt in total, as indicated by bold letters in Figjure acceptor upon hybridization. An increase in the intramolecular
When F-D32-R was incubated with the linear targetlistance between the two fluorophores of the probe might occur

(D11-Target), the intensity at 519 nng)(increased in a dose- upon hybridization as a consequence of the stiffness of the

dependent manner (Figb, inset), indicating that the extent of double-stranded oligonucleotide moiety within the probe. An

hybridization of the probe to the target was correlated with thalternative explanation is that inhibition of the dipole—dipole
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Figure 9. (a) Interaction of the hammerhead-ribozyme-shaped F-D32-R either with a linear target that mimicked a ribozyme substrage{Pdrlwitara highly
structured substrate (Stem-14—Target). When F-D32-R is mixed with D11-Target, FRET is expected to decrease as a rdizalioh hBigrcontrast, the incubation
with a stable stem—Target is not expected to lead to a decrease in FRET because of failure of hybllizfeats 6f the length of the duplex structure within the
Stem-Target on the decrease in FRET. After a 70 min incubation of 30 pmol of F-D32-R with 3 nmol of stem—Target withnggineuhdeintensity at 519 nm
was measured. It was apparent that F-D32-R had hybridized to Stem-12—-Target, but not to Stem-Targets with >14 bp ihdhessesholvs the dose dependence
of increase in the intensity at 519 nm after a 70 min incubation of 30 pmol of F-D32-R with D11-Target.

coupling of the FRET pair results from interference with rotati~~
of the fluorophores. The rotational mobility of fluorophores can Lane
estimated from steady-state fluorescence depolarization durin

period between excitation and the emission of light, when Specific
fluorophore is excited with polarized light47). The extent of complex
this phenomenon can be estimated from the fluoresce
anisotropy (r), which can be calculated from equafio(see
Materials and Methods). An increase in fluorescence anisoti _ Free

1 2 3 4 5 6 7 8 9 10 11 12

can be interpreted as evidence of a decrease in th®&mata FD32-R

movement of fluorophores. To investigate these possibilities, el A AN S ey e

measured the fluorescence anisotropy of 6-carboxytetramethy e LU L L S R NN By A,

damine attached to the probe. The anisotropy was@®B before ~ ® . .7 AL e NN RN

hybridization. This value remained essentially constant throug} Rk ¢ g o Experimemal data

the 70 min incubation in a solution of the 32mer complement & Ol ®  Average dala

ss—Target (r = 0.3& 0.02). The conservation of fluorescenc ‘g’ ok g 8

anisotropy indicates that the rotational mobility of the fluoropht - 8 @

was consistently maintained during the hybridization. From th E 60 | PN o

results, it appears that the decrease in FRET that accomp g bl i 2 S Sttt -2

hybridization was due to the spatial separation of the fluoroph & 4 | o | § o o

that was associated with double-strand formation and not to~ 3 N o, ° o

immobilization. Z T :
2 T rpnr=20nM I i

Titration of the ss—Target/F-D32-R by D32: demonstration of Al “‘T‘"?‘I:m“’“‘ 2 .

the similar affinity of the target (ss—Target) to the - = 5 e e = i

fluorescently double-labeled DNA (F-D32-R) and to the g
unmodified DNA (D32) Concentration of D32 (nM)

We investigated the possible difference in affinity of the target DNA
(ss—Target) to the fluorescently double-labeled DNA (F-D32-R) and
to the unmodified DNA (D32). This analysis was based on 10. The dift in affinity of the target DNA (ss-Targef) to th
P ; ; ; re 10. The difference in affinity of the targe ss—Target) to the
momto”ng. Changes .by a ﬂuorespence Imaging ana!yzer n uorescently double-labeled DNA (F-D32-R) tr the unmodified DNA (D32).
concentrations of shifted bands in a gel upon addition of farious amounts of D32 were incubated overnight in the solution containing
competitor molecules (titration). This gel-shift assay is similar to nM of F-D32-R (2 pmol) and 200 nM of ss—Target. After the incubation, the
one shown in Figuré, however, in order to simplify the analysismixtures were separated by a 12% native PAGE, analyzed and quantitated by &
; ; fluorscence imaging analyzer. Lanes 1-11 show results of the incubation with
02 Iy the fluo_r eslcenlc.e at 530b?m (%%enghwas mg ntlt Oreci{ ZH(J)%HF%_ 00 nM of D32. Lane 12 is the control lanénaiitt D32 and ss—Targdh) (The extent
shows a typical gel image obtaine y_ e |n_cu ation o n omplex formation was estimated as described in the Materials and Methods. For 50%
SS—Ta_rQEt and 200 nM of F'D'32'R with various amounts of Dgguption of the bound complex of F-D32-R and ss—Target, <2 pmol of D32 was
following by native polyacrylamide gel electrophoresis. The amoussjuired, indicating that F-D32-R had a slightly lower affinity than did D32.
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of F-D32-R bound to ss—Target decreased by the addition of D325 Stryer.L. (1978 nnu. Rev. Biochem7, 819-846.
shown in Figurd 0. According to the titration curve shown in Figure 11 Herman,B. (1989) In Taylor,D.L. and Wang,Y. (edlsorescence

10b with the averaged experimental valuek§0 nM of D32 was 2”5?2’25832259f Living Cells In Cultur@art & Academic Press, New York.

required to replace the half of the F-D32-R bound to ss—Targes Tuschl,T., Gohlke,C., Jovin,T.M., Westhof,E. and Eckstein,F. (1994)
(200 nM in total), indicating that F-D32-R had a little lower affinity  Science266, 785-789. .
to ss—Target than did D32. However, considering the experimeni@ Mergny,J.L., Boutorine,A.S., Garestier,T,, Belloc,F., Rougee,M.,

errors, the additions of the 6-carboxyfluorescein and 6-carboxy- BUlYChevN.V., Koshkin,A.A., Bourson,J., Lebedev,A.V., ValeurB.,
. . . . Thuong,N.T. and Héléne,C. (1994)icleic Acids Re®22, 920-928.
tetramethylrhodamine to both ends of an oligonucleotide did N4 clegg R.M., Murchie A.LH., Zechel,A. and Lilley,D.M.J. (1993pc.

appear to significantly influence the stability of the duplex, a slightly  Natl. Acad. Sci. US80, 2994-2998.

lower affinity of the fluorescently double-labeled DNA to targetsl5 Jareserijman,E.A. and Jovin,T.M. (1996Mol. Biol. 257, 597-617.
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Conclusion 18 Sixou,S., Szoka,F.C.,Jr, Green,G.A., Giusti,B., Zon,G. and Chin,D.J.
. . (1994)Nucleic Acids Re22, 662—668.
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double-labeled oligonucleotides can be used to detect intermolecudar Bjornson,K.P., Amaratunga,M., Moore,K.J. and Lohman,T.M. (1994)
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