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ABSTRACT

A previously presented homogeneous assay method,
named the excimer-forming two-probe nucleic acid
hybridization (ETPH) method, is based on specific
excimer formation between two pyrenes attached at
the neighboring terminals of two sequential probe
oligonucleotides complementary to a single target. In
this study, we investigated assay conditions and optimal
molecular design of probes for intense excimer emission
using a pyrenemethyliodoacetamide-introduced 16mer
probe, a pyrene butanoic acid-introduced 16mer
probe and a target 32mer. The length of the linker
between the pyrene residue and the terminal sugar
moiety remarkably influenced the quantum efficiency
of excimer emission; the pair of linker arms of these
two probes was optimal. The quantum efficiency was
also dependent upon the concentrations of dimethyl-
formamide and NaCl added to the assay solution.

Spectroscopic measurementsand T, analysis showed
esidues

that an optimal configuration of the two pyrene r
for intense excimer emission might be affected by
pyrene—pyrene interaction, pyrene—duplex interaction
(intercalation/stacking) and solvent conditions as a
whole. We then demonstrated the practicality of the
ETPH method with the optimal hybridization conditions
thus attained by determining that the concentration of

16S rRNA in extracts from Vibrio mimicus ATCC 33655

cells in exponential growth phase is 18 500 16S rRNA
molecules/cell on average.

INTRODUCTION

with an interplanar distance of 3-4 A—g). These unique
characteristics enabled researchers to develop various application
methods for biophysical and polymer analyses; e.g. probing the
dynamics of membranes vitro and in vivo (4), observing
enzyme—substrate and protein—protein reactioyi, (interpreting

the conformational change of polymers and proteit,(and
detecting guest molecules by the host—guest interaction of
cyclodextrins 9). All these applications use excimer emission
with a large Stokes shift for the real-time observation of a specific
chemical reaction or of the dynamic changes in physical
parameters of materials.

Nucleic acid hybridization is the formation of sequence-specific,
base-paired duplexes from any combination of nucleic acid
fragments. Since its first description by Schildkrewal (10),
hybridization methods have been essential techniques for >35 years,
not only for advancing our understanding of gene structure and
function, but also for diagnosing illnesses, for criminal identification
in forensic investigations, etd.k). The majority of hybridization
methods use oligonucleotide probes artificially labeled with
markers, such as radioisotopes, fluorescent dye molecules,
enzymes and biotinl@). However, a common disadvantage is
that the excess probe which must be added to the hybridization
solutions must be removed using solid surfaces, such as gels,
microtiter plates and membrane filteds3), Consequently, the
methods are tedious and time-consuming. To overcome these
disadvantages, several homogeneous hybridization assay
methods have been proposet4,{5). To our knowledge,
however, other than the PCR monitoring method based on
fluorescence resonance energy transféy, these methods are
not yet satisfactory for practical use in laboratories.

This lack of a practical method is the reason we developed a
novel hybridization method called the excimer-forming two-probe
hybridization (ETPH) methodl{; Fig. 1), which uses two

An excimer, usually seen in quenching processes of aromatlifferent oligonucleotide probes for hybridization. The sequences
hydrocarbons in condensed phase, is a complex betweerofahese probes run sequentially on the complementary target.
molecule in the excited stattM*) and the same species in the Neighboring terminals, one in thegosition of one probe and the
ground statelM), namelyIM* + IM o (M*IM) « 1D* (1).  other in the Sposition of the other probe, are each labeled with
It is characterized by its fluorescence spectrum; a broad bande excimer-forming fluorophore. Upon hybridization, these
shifted to longer wavelengths with respect to the structureitlorophores come into close proximity and form an excimer. The
monomer emission band. The formation of excimers of aromatéxcimer fluorescence with characteristically large Stokes shift
hydrocarbons is restricted to a parallel, cofacial configurationan be easily discriminated from the monomer fluorescence,
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Figure 1. Principle of the ETPH method, where the fluorophores can come into _
close proximity upon hybridization between the two probes and the target. 0=(|:
(éH;) o n=4, PBuA-P3
n=6, PHeA-P3

thereby allowing homogeneous hybridization assays to be done OO
even in the presence of excess unhybridized probes. In a previous
study (L7) using pyrene as a model fluorophore, we demonstrated O‘
that hybridization actually induces the formation of an excimer.

Moreover, Manret al (18) pointed out that the introduction of

lipophilic moieties, such as pyrene, into oligonucleotides may

. . Figure 2. Terminal structures of the pyrene-labeled hybridization probes.
lead to increased transport of the nucleotides across Cﬁll) The B-terminal of R (PXIA-Ps) and B) the 3-terminal of B (PYA-P3).

membranes, resulting in easy staining of target nucleic acids. If

this is true, the ETPH method holds promise asnamivo

technique for real-time imaging of target nucleic acids, because

it requires no washing of excess probes out of a cell. Probes for the detection of Tar were two different 16mer deoxy-
In this study, we clarified assay solution conditions andibonucleotides that run sequentially and that are complementary to

determined an optimal molecular design of probes for intenshe Tar 32mer;'3STCTCCCGTGCCTATGG-5and 3-[C]GCT-

excimer emission using pyrene-labeled probes having linker arr@CACCTCGCTTA-5 (designated 4 and B, respectively),

of different length between a sugar moiety and a pyrene residuehere [C] designates the ribonucleotide that is the only exception.

Clarifying the assay solution is important for laboratory use of th€alculated using an empirical equati@?)( the predicted free

ETPH method and determining the optimal probe design isnergy changes in the hybridization reactions between the probes

important for extending the method to aromatic hydrocarborend their corresponding target sequences were similar (=32.5 and

other than pyrene. Because the 1-pyrenebutyric acid hydrazide34.2 kcal/mol for B and B, respectively; 1 M Nain the

introduced probe that we used in a previous study (S absence of formamide at pH 7.0 and@p Furthermore, the

thermochemically unstablé ), in this study we mainly used a possibility of hairpin—stem formation was negligible. All the

1-pyrenebutanoic acid-introduced probe. Using the probes andcleotides were purchased from Rikaken, Japan.

assay conditions thus attained, we then demonstrated that the

ETPH method could be applied to homogeneous assays by us

it to deteciVibrio mimicus1es rRNA [R#oduction of pyrene residues into the probes

A pyrene residue was attached to th@®HB of the 5terminal
deoxyribose of B(Fig. 2A) by the method of Czworkowski al

(23) usingN-(1-pyrene)iodoacetamide (PIAY:(1-pyrenemethyl)-
iodoacetamide (PMIA)N-(1-pyreneethyl)iodoacetamide (PEIA)
andN-(1-pyrenepropyl)iodoacetamide (PPIA) as precursor dye
The model target (hereafter denoted Tar) for detection wasnaolecules that had different lengths of methylene chains,
32mer deoxyribonucleotide with the same sequence as descritje@H»-], (n= 0, 1, 2 or 3). [These precursors (Molecular Probes,
previously (7). This sequence is part of the 16S rRNAs ofUSA) are designated PXIAs, and the probes PMdAaRd
V.mimicusandVibrio cholerag(when T residues are replaced by PXIA-Pss.] We purified these probes using HPLC with an
U residues). The central portion (position 11-27) of Tar is actadecylsilyl silica gel columri.{). After condensation with an
sequence to specify specie¥aholeraeandV.mimicugposition  evaporator centrifuge and ethanol precipitation, the preparations
1260-1276 in their rRNAsY(). This region is suitable for the were dissolved in 0.1 M phosphate buffer (pH 7.0) and stored at
detection of these bacteria in their natural habitét ( —80°C until use.

MATERIALS AND METHODS

Target and probe oligonucleotides
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A pyrene residue was attached to théeBninal ribose of £  quinine sulfate dissolved in 0.5 M sulfuric aa§= 0.546;28)
(Fig. 2B) by the carbonyldiimidazole (CDI) metho@4j using as a standard.
1-pyrenebutanoic acid (PBuA) and 1-pyrenehexanoic acid
(PHeA) as precursors (Molecular Probes). (Generally, th®lelting curve and melting temperature (Try,)
precursors are designa;ed PYAS, an(_j'the probes Pgah® he melting curve of each hybrid was obtained by determining
PYA-Pss.) The preparations were purified to remove unreact(’_a’}ée Por00f the solution as a function of temperature. It @min

oligonucleotides and precursor dyes by HPLC using the sa ) o
co?wditions used for P)QIA@(N). T%le frayction with thg initial 1O' the solution to reach temperature equilibrium after each 5

simultaneous appearance of an absorbance peak at 260 nm apﬂg mental increase. The solution in the cuvette was stirred with
fluorescence peak at 375 nm (excitation at 345 nm) was collecté Magnetic stirrer and the temperature was measured with a
Further treatments were the same as those described in Hyginum resistance thermoprobe (Model R003; Chino, Japan)

preceding paragraph for PXIAs® The product may be present Inserted into the cuvette through a sealed cap. The 100% level of
as a mixture of 20H- and ?rOH-IébeIed isomer<6). We used dissociation (i.e. complete dissociation) in the melting curve was
this isomer mixture without further separation. defined as an absorbance change of <0.5%hange. In our

experiments, 0 and 100% occurred at 25 an€6Eespectively.
Determination of the concentrations of target, probe For the apparent .melting curves, we used thg profilgs of
i leotides. PXIA- d PYA- get. p fluorescence intensity versus temperature determined using the
oligonuciectides, Rs an Rss procedures described above for the absorbance measurements.
The concentrations of target and unlabeled probe oligonucleotides
were determined from the absorbances at 260 ngpYia 0.1 M Instrumentation
phosphate buffer (pH 7.0), based on their calculated extincti
coefficients p6): Tar, 326.4; B, 139.9; B, 136.4/mM/cm. The
concentration of the pyrene-labeled probe was also obtained fr
the Apgo Of its oligonucleotide portion. However, thegdof the
pyrene-labeled probe was the overlap of thgpAalues of its
pyrene moiety and the oligonucleotide portion. We therefor
estimated the contribution of the pyrene moiety to the tgig) A
by assuming that thesfg Apeak(rz4s) ratios of the spectra of the
corresponding PXIAs and PYAs in the standard hybridizatio
solution (oc. cit) were the same as those of the spectra of labele
oligonucleotides in 0.1 M phosphate buffer (pH 7.0): PIA, 0.45; —— .
PMIA. 020; PEIA, 0.34: PPIA 0.31. PBuA,(B.ZG; FzHeA, 0.9 Determination of 165 rRNA ofVimimicus
Thus, we calculated the§p of the oligonucleotide portion using We used the 16S rRNA afmimicusATCC 33655 as a model

%Absorbance measurements were done using a UV-2500 (PC) S
spectrophotometer (Shimadzu, Japan) with a cuvette whose light
h length was 1.0 cm. Excitation and emission spectra were
measured using a 850 spectrofluorometer (Hitachi, Japan) with a
1-cm square cuvette. The spectrofluorometer was calibrated
ﬁsing arhodamine B-based quantum counter and a scatterer. In all
of the spectra data, the background emission from the buffer alone
was subtracted. The circular dichroism (CD) spectra were
corded using a J-600 CD spectrometer (JASCO, Japan).

the following equation target _for the ETPH methoc_i. Several loopfuls of the precul_tu_red
Oligo — yr-oligo _ vr bacteria were inoculated into 100 ml of a broth containing
A260 Azed” i Aosd” i CIA o PYA peptone and NaCP@) in a 500 ml Erlenmeyer flask and then
= Appd Y1090 — AggPYroligo x Ay PXIA OrPYA/ aerobically cultivated with a shaker a8 Eighty milliliters of
Apeak(as) XA O PYA 1 the culture in exponential growth phase were harvested by

centrifugation and the resulting pellet of bacteria was lysed to
o extract RNA with TRI Reageft(Molecular Research Center,
Hybridization USA) according to the manufacturer’s instructions. The resulting

The standard hybridization solution used for this study containdt§!let Of RNA was then dissolved inp@. In parallel with this

10 mM phosphate buffer (pH 7.0), 20% (v/v) dimethylformamidéjroced_ure' cells in a unit volume of the culture were counted by
(DMF) and 0.2 M NaCl. In many cases, we added 100 nM ead{l Ordinary plating method using a solid medium of Vibrio Agar
of PMIA-Ps, PBUA-R; and Tar to this solution. After this mixture issui' (Nissui Pharmaceutical, Japan).

was allowed to set for at least 10 min, spectroscopic measurementsH€ concentration of 16S rRNA in an extract was determined
were done at 2% (standard hybridization conditions) unlessunder the standard hybridization conditions by the ETPH method
otherwise stated. except for two differences: the standard hybridization solution
also contained 2 mM EDTA, and the hybridization mixtures were
Determination of fluorescence quantum efficiency incubated initially at 55C for 10 min and then successively at
25°C for >50 min.

Fluorescence quantum efficiencyps{mp was obtained by

comparing the integrated fluorescence spectra of a sampheagents and experimental conditions
(Fsamp with that of a standard samplés(y) that has a known

fluorescence quantum efficienags) (27) The DMF used for PXIA-Psyntheses and hybridization assays

was dehydrated by refluxing with Caldfter pre-dehydration
Psamp= Pstd X (KstdKsamp X (Nsam@Nstd? X (FsamdFstd 2  with molecular sieves. T4 polynucleotide kinase was purchased
[F=/f,dv=rfA2dA] from Takara Shuzo (Japan) and adenosk@-{3-thiotriphosphate)

" g used for PXIA-B synthesis, from Boeringer Mannheim (Germany).
whereK represents absorbance at the wavelength of excitationThe reagents prepared were either filtered with a filtration unit
is refraction index and, fand £ denote wave number-scaled and(Sterifil”-D; Millipore, USA) or autoclaved. All the experimental
wavelength-scaled fluorescence spectra, respectively. We ugedcedures were done in a clean booth (Class 100) except when
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14— ot : : e (81% quenching). The degree of such quenching is more
R ey significant in the absence than presence of DMF, and depends on
12+ 347 mm 495mm |+ oSy | the nucleotide sequence and the presence of pyrimidine nucleotides
> 104 i P25 2 T e I (32,33). The monomer emissions of both PBugafd PMIA-R
'z Fa i were further quenched upon hybridization when one of the probes
R L was not labeled with a pyrene residue (i.e. hybrids between
g 35 PBuUA-PyPs and Tar, and betweenyyPMIA-P5 and Tar). The
g 64 ai b - fluorescence quantum efficiencies of the precursor dye molecules
g E 3292 m i show the pyrene monomer emission to be quenched by 95 and 83%
oAy S - in the PBUA-R and PMIA-R duplex formations, respectively.
2 '\'"";;' ' | There was no difference in absorption spectra of the pyrene-
N X labeled probes (PBuAsPand PMIA-R) before and after
o4 e hybridization with Tar.
300 350 400 450 500 550 600

Wavelength [nm] Effect of DMF concentration on excimer emission intensity

From a practical viewpoint, the addition of formamide to a
Figure 3. Excitation and emission spectra of the hybrid between PMIA- hybridization buffer is effective for weakening the base pairing of
P5/PBUA-P$ an_d Tar at 25C. The samp_le was the standard hybridizati(_)n dup|exes so that an adequatﬁ value can be chosen for
solution (Materials and Methods) containing 100 nM each of these nucleotldeshybridization stringency 34,35). Furthermore, a water-soluble
organic solvent may influence the fluorescence quantum efficiency
f. pyrene through pyrene—solvent dipole—dipole interactions
). We therefore added DMF, which has an effect similar to that
of formamide, to a hybridization solution for intense pyrene
excimer emission. The maximum intensity of excimer emission
occurred at a DMF concentration between 30 and 40%4#&jg.
RESULTS AND DISCUSSION and decreased as the concentration was increased further. In
Excitation and emission spectra of the hybrid between contrast, due to dissociation of the duplex into single strands,
PMIA-P 5/PBUA-P5 and Tar monomer emission increased sharply when the DMF concentration
exceeded 40%. One of the standard hybridization conditions was
A broad emission band with a maximum at 495 nm was observedt at a DMF concentration of 20% because the fraction of
(Fig. 3) in addition to structured monomer emission bands belowxcimer fluorescence (at 495 nm) to monomer fluorescence (at
450 nm. Evidence that this 495 nm band is attributable to pyre@#8 nm) was maximal around this concentration. The effects of
excimer emission includes these three characteristics of excimeDF concentration on other pyrene monomer emissions (the
(i) the shape and position of the band was similar to those afixture of PMIA-R; and PBUA-R, the hybrid between PMIAP
pyrene excimer emissions previously reporte@1); (i) the  and Tar) are shown in Figua.
intensities of the monomer bands and the 495 nm band weakened
and intensified, respectively, with increasing concentration of theffect of NaCl concentration on excimer formation
target added to the hybridization solutioh1{,31); (iii) the ) ) o
excitation spectra recorded at 379 (monomer) and 495 nionovalent cations, such as Nanfluence the equilibrium:
(excimer) were almost the same (B). constant and the rate of duplex formation because they dissipate
the negative charge of phosphai@-39). Generally, as the Na
concentration increases to 0.2 M, the equilibrium shifts toward
duplex formation and the formation rate increases. Furthermore,
NaCl affects the interactions (e.g. intercalation) between nucleic
To help interpret pyrene excimer formation, we looked at thacid chains and non-ionic aromatic hydrocarbons, such as pyrene
spectral characteristics of pyrene-labeled probes and their hybriasd benzd]pyrene. This effect depends on whether or not these
not accompanied by excimer formation. A comparison of thenolecules are conjugated to the chains through covalent linkages
absorption spectrum for PBuAsBnd that for its precursor PBUA (18,40,41). The higher the concentration of Wéhe stronger the
shows that the maximum (346 nm) in the UV spectrum oihteractions become when the chains are single-stranded, and the
PBuUA-B; was red-shifted by 2 nm relative to that (344 nm) ofveaker when double-stranded). We therefore examined these
PBUA dissolved in the standard hybridization solution (data nddaCl effects on the pyrene excimer formation that accompanies
shown). A similar tendency was also recognized for PHg&rB  hybridization. NaCl remarkably influenced the intensity of
for PIA-, PMIA-, PEIA- and PPIA-BEs. Using the extinction excimer fluorescence: the intensity increased until it peaked at an
coefficients of oligonucleotide portions at 260 nm (Materials antlaCl concentration of 0.1 M, after which it reached a plateau
Methods), we determined the extinction coefficients of pyrenéata not shown). The rate of excimer formation was also
residues in PMIA-B and PBUA-B at 350 nm to be 25.8 and affected: in the absence of NaCl, the rate was extremely low,
22.7/mM/cm, respectively, in 0.1 M phosphate buffer (pH 7.0)whereas in the presence of 0.2 M NaCl, the excimer intensity
A comparison of the emission spectra for PBufaRd PBUA  reached hybridization equilibrium in 10 min. These effects on the
indicates that pyrene monomer emission was remarkabigtensity coincide with those reported previousi,89). Our
guenched (91%) by the introduction of a pyrene residue to Pesults show that NaCl exerts its effect indirectly on excimer
(data not shown). Such quenching also occurred for PMIA-Formation through its effect on duplex formation. Furthermore,

capped vessels and cuvettes were used. When RNA
manipulated, all the vessels and cuvettes were sterilized
inactivate RNase according to the established metlBajis (

Absorption and emission spectra of the pyrene-introduced
probes
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Figure 4. Effect of DMF on hybrid formationX) between PMIA-B'PBuUA-P; Figure 5. Effect of length of the linker arm between the terminal sugar moiety
and Tar andR) between PMIA-B and Tar without PBUA-R Also shown in and the pyrene residue (Fig. 2) on excimer formation. Excimer formation was

(B) is the effect on dye-labeled probes without Tar. The effects were evaluatedevaluated at 28C by measuring emission spectra with 345 nm excitation.
at 25°C by measuring fluorescence intensities at 495 nm (for excimer) and 378 nm(A) Hybridization between PBuAzP(n = 4)/PXIA-Rs (n = 0-3) and Tar.

(for monomer) with 345 nm excitation. The concentration of each dye-labeled (B) Hybridization between PHeAzRn = 6)/PXIA-B; (n = 0-3) and Tar. The
probe and Tar was 100 nM except for the hybrid between PMI&aB Tar concentration of each dye-labeled probe and Tar was 100 nM. The solvent was
(200 nM each). The solvent was the standard hybridization solution (Materials the standard hybridization solution (Materials and Methods).

and Methods).

these results also show that addition of 0.2 M NaCl is necessdhg optimal combination of linker arms of the probes. We
for the standard hybridization conditions and that spectroscopigerefore prepared four types of PXIA-Bnd two types of
measurements should be taken a minimum of 10 min aft€&YA-P3 and then combined them to obtain fluorescence spectra.
initiation of duplex formation. The length of linker arms strongly influenced the intensity of
pyrene excimer emission (Fidg). From a comparison of

Effect of length of the linker arms between the pyrene residue PXIA-Pss with the common probe PBu/gPthe intensity of

and the sugar moiety of the probes on excimer formation pyrene exicimer emission in decreasing order was PMIA-P
PEIA-Ps > PPIA-R > PIA-B; (Fig. 5A). The order was the same

Excimer formation of aromatic hydrocarbons is initiated bywvhen PHeA-R replaced PBuA-Pas the common probe (F&B).
collision between excited and unexcited molecules, i.e. is Bmission was more intense for PBuA-fhan for PHeA-R
diffusion-controlled reaction in solutiori,8,31). Furthermore,  Although PYA is a mixture of'’20H- and 3-OH-labeled isomers,
the relative configuration between the molecules strongly affectse orders for PXIAs and PYAs were the same for all preparations
excimer formation 1), especially in crystals2(42) and intra-  of PYA used in this study. Because these results show that the
molecular dimers43). We previously showed that the intensity optimal set of probes was the PMIA/PBUA-P; system, we
of pyrene excimer emission significantly decreases when the twged this probe combination for other experiments unless
probes are further separated by inserting one or two extgaherwise mentioned.
nucleotides into the central portion of the target where the
termin_al_s of the _complemen_tary probes mé@;. (This means that_ Melting curves for the duplexes
for efficient excimer formation, separation between neighboring
terminals of the probes should be a few angstroms; neverthelelssgeneral, both intercalation of aromatic hydrocarbons, such as
the pyrenes are conjugated to sugar moieties with to some extpgitene, into a duplex and stacking onto a base quench the
flexible linker arms. fluorescence of these hydrocarboris3,44). We therefore

For further characterization of the ETPH method and its futurevaluated the strength of these interactions for intense excimer
application to fluorophores other than pyrene, it is crucial to finémission in the ETPH method. Because such interactions can
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s TS P S RS B S change in the 25-8%& range. Therefore, the main reason why

40 - the Ty (47°C) from the A7 measurement and that (48) for

monomer emission. Generally, excimer emission quantum
efficiencies, including that of pyrene, are sensitive to temperature
change, decreasing with increasing temperature above room
temperaturel(3,31,46). Accordingly, this effect may be additive
- to the effect of duplex dissociation-based excimer decrease,
20 0 4 s @ 1 thereby lowering the appareft, more than that expected from
hyperchromicity-based measurements. Other (appargntalues
were also determined from melting curves (data not shown). In
k" 1 both absorption and fluorescence measurements, there was no
Ve ] appreciable difference between the (apparBptyalues for the
f hybrid PMIA-R; and Tar (48C), and that for the hybrid PBuAgP
J and Tar (48C). This similarity coincides with the comparison of
/ - the predicted free energy changes for these hybridizations
P L (Materials and Methods). In addition, th&$g values were not
/ appreciably different from those for the corresponding hybrids
0 without labels (i.e. Pand Tar, and £and Tar).

1 (A) i monomer emission increased with increasing temperature
T (Fig. 6B) is the dissociation of pyrene dimers to monomers,

— 80 [T®— PMIA-P;+ PBuA-P, L accompanied by dissociation from double-stranded to single-
% ] _,_*P:TP3+T3, / I stranded oligonucleotides. In fact, the appargr©8°C) for the
£ | |-~ PPIA-P + PHeA-P, / L monomer emission was similar to thg (47°C, Fig.6A) from
g the hyperchromicity-based measurement. On the other hand, the
% T T 1* ——————— - apparent, (45°C) for excimer emission was slightly lower than
&3
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CD spectra of the hybrids

204 . . . . .
CD spectra of nucleic acid molecules in solution provide not only

reliable information on their overall conformationd3)( but also

L on the interaction responsible for the association of achiral
B S A Y AL molecules with chiral compounds, such as nucleic a¢&)sKor

the three hybrids PMIA4PBUA-B; and Tar, PPIA-FPHeA-R;

and Tar, and &Pz and Tar (2.QuM each of the probes and Tar),
dissolved in the standard hybridization solution, we obtained CD
Figure 6. (A) Dissociation profiles of three kinds of hybrid, determined by Spectra in the wavelength region 260—400 nm. All the spectra
measuring Azoas a function of temperature ail dissociation profiles ofthe  exhibited one positive Cotton effect with a peak2t0 nm. We

hybrid between PMIA-§PBUA-P; and Tar, prepared by measuring excimer coy|d not detect any difference among these spectra. Furthermore,

and monomer fluorescence intensities at 495 and 378 nm, respectively, as . . .
function of temperature. The concentration of each dye-labeled |orobe,\’?7e could not detect an induced CD SlgndlIMO nm for either

oligonucleotide and Tar was 400 "M in (A) and 100 nM in (B). Other conditions the hybrid PMIA-B/PBUA-P; and Tar, or the hybrid PP'A'
are those in Figure 3 except for temperature. Ps/PHeA-R; and Tar. These results suggest that pyrene residues

do not strongly interact with the helix and/or are not in a chiral
environment, despite a slight, increase observed for the hybrid
PPIA-R/PHeA-R; and Tar (FigbA).

Temperature [°C]

stabilize the duplex, resulting inTg, increase45), we did this
evaluation by measuring thie, values. FiguréA shows the
hyperchromicity-based melting curves for our hybridization|
system. The melting curve for the duplex between PMIA-
Ps/PBUA-P; and Tar was similar to that for the duplex of theTo induce excimer emission, the hybridization conditions, which
unlabeled probes (i.e.s#P3 and Tar). Furthermore, the two include the molecular design of the dye-labeled probes, are
duplexes had the sariig, value of 47C. However, the duplex important not only for pyrene-labeled probes but also for other
from PPIA-R/PHeA-R;, which was the third worst probe dye-labeled probes in the future. Studies by Metral (18) and
combination for excimer emission (FigB), exhibited a more Koeniget al (44) involving single-probe hybridization (i.e. not
gentle slope of the curve and Tig value was 5€C. excimer formation) reported that a pyrene conjugated to the
For further interpretation of duplex formation, we obtained théerminal of a hybrid through long linker arms intercalates into the
melting curve for the hybrid between PMIA/PBuUA-P;and Tar  duplex or stacks onto a base upon hybridization, resultin@in a
by monitoring its fluorescence spectrum. By defining the O anishcrease and remarkable fluorescence quenching. In contrast,
100% levels of the duplex as 25 and G2respectively, and the studies by Kierzelet al (32) and Yamanat al (49) involving
appareniy, value as that corresponding to the 50% levelTghe single-probe hybridization did not report such,@increase and
levels (Fig.6B) were 45 and 48 for excimer and monomer fluorescence quenching. Yamagtal (49) reported that pyrene
emissions, respectively. Preliminary experiments indicated that conjugated to the ®H and 3-OH of terminal sugars with the
intensities of the monomer emission spectra of both PMl&aB  shortest linker arm, -CH, and Kierzelet al (32) reported that
PBuUA-R; dissolved in the standard hybridization solution did noa pyrene residue docks into the major groove of a duplex.

nteractions of pyrene residues in the duplex
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However, our hybridizations using PMIAsBnd PBUA-B, even o : : L ' ' ' ' .
when they were single-probe hybridizations, showed neither
intercalation nor stacking by the criterialgf value (Fig.6) and

CD spectrum; this result differs from those reported by M#nn

al. (18) and Koeniget al (44). However, the differences in length
between linker arms of the probes [e!gteBminal deoxyribose-
PO;—(CHp)s-pyrene] in the studies by Mam al and Koenig

et al and those of our probes (Fi).were too small to explain

the discrepancy in the results. Another discrepancy is that our
hybridizations showed quenching of monomer fluorescence
when one of the probes was not labeled with a pyrene, whereas

Fluorescence intensity
(=
1
T

studies by Kierzelet al (32) and Yamanat al (49) did not. 2- L
There are two differences in the experimental conditions between

our study and all four of those other studig$32,44,49): (i) the 0- L
addition of DMF to hybridization solutions; (ii) in excimer 0 20 40 6 8 10 120 140 1e0
formation, the presence of one pyrene residue close to the other RNA concentration [nM]

pyrene residue on the hybrid. The DMF addition (>20%) easily

recovered the monomer intensity of pyrenes from the quenching

observed for single strands (F#B). For duplexes from the Figure 7. Calibration curve for determining 16S rRNA \éfimicusby the
combination of PMIA-B and Tar (without PBuAdp, however, ol eas e o one of he target 32mer bonucieatide, whose
the monome.r intensity dlq not gasny recover untl.l DMF addltlonsequer%e was the same as that for Tar (U replgces T). Other conditions,are those
was 40% (Fig4B). If the liberation of pyrene residues from an jisied in Materials and Methods.

interaction with the duplex (e.g. intercalation) by DMF leads to

the formation of an excimer, its enhancement should be observed

at a similar concentration. However, such Enhar_\cement WBcterium. There were prerequisites for the measurements: (i) a
observed at a DMF concentration of onl§0% (Fig. 4A).  high yield of RNA for extract preparation; (i) a small number of
Therefore, the DMF addition alone does not explain thgens in the analysis for accuracy in the assay. The first
enhancement in excimer emission. The existence of an exFarequisite was achieved using the TRI Reab@xtraction
pyrene residue close to the other pyrene residue may enhajggiqcols in a single step of RNA isolation and two steps of
dimer formation with the aid of DMF molecules. This means thaliconho| precipitation, of which the yield of RNA has proven to be
an optimal configuration of the two pyrene residues for intensgremely high in a wide variety of biological materialg)( The
excimer emission may be affected by pyrene—pyrene interactiafycong prerequisite was accomplished using the ETPH method

pyrene-duplex interaction (intercalation/stacking) and solvefhere an aliquot of the extract was mixed with the standard
conditions (including DMF and NaCl addition) as a whole. Thepridization solution containing 2 mM EDTA in a cuvette.

optimal conditions thus attained in this study may restrict & pyren€ana\ytical data normalized to the number of cells was $.85
residue to being intercalated or stacked, thereby enhancifgiox 10¢ molecules/cell (mean SD, four experiments), which
excimer formation. is comparable with the data (1.8710* molecules/cell) for
- ) o Escherichia coliB/r cells in exponential growth phase3). A
Detectability of excimer emission typical example of RNA calibration curves (Fi§j.shows that at

The quantum efficiency of excimer emission of the hybrideaSt 10 nM ribonucleotide can be detected using a commercially
between PMIA-BPBUA-P; and Tar was 0.0560.007 (meatt available spectrofluorometer. This calibration curve had a peak at

SD, four measurements using separate preparations of the Séﬂ%nM F‘;]NA which is _the same co_ncentrz_aft_ion ﬁs the @ddﬁd
probes) under the optimal hybridization conditions determined ffCP€s: This agreement in concentration verifies the practicality
this study. The extinction coefficient of a pair of pyrene residudd détermining the concentrations of pyrene-labeled probes using

in the duplex was 41.8/mM/cm. When we compare thesk (Materials and Methods). Furthermore, when the target

quantum efficiencies and extinction coefficient values with thosgoncentration exceeded 100 nM, the decrease in excimer

of widely used labels for nucleic acid detection, namely thgmission was gradual; even when the target concentration was six
fluorescein family of dyes [e.gD.4 (G0) and 67/mM/cm at 490 nm times greater (600 _nM) than the probe. concentration, excimer
(51) in an aqueous neutral buffer solution], the detectability ofMission still remainedll/3 of the maximum intensity. This
pyrene excimer emission is one order of magnitude lower thdfiPlies that two types of probe molecules have a strong tendency
that of fluorescein fluorescence (assuming that other instrumentati%hyb”d'ze, to an identical target molecule; n other words, the
conditions are the same). Therefore, one should use a hi get that simultaneously forms two duplexes is more stable than
sensitivity spectrofluorometer, such as a photon-counting tygg€ t@rget that has a duplex on one half and a staggered sequenc

model, when attempting to detect a low concentration (e.g. <1 n\j? the other half.
of hybrids by the ETPH method.
CONCLUSION

Determination of 165 rRNA content in a cell ol.mimicus We have been developing a homogeneous nucleic acid hybridization

To demonstrate the ETPH method, we analyzed 16S rRNA in amethod called the excimer-forming two-probe hybridization
extract fromV.mimicuswith synthetic oligoribonucleotides as a (ETPH) method. Using pyrene-labeled probes, we investigated
standard to determine 16S rRNA content in a cell of théhe optimal molecular design of probes and assay conditions for



5416 Nucleic Acids Research, 1998, Vol. 26, No. 23

the ETPH method. Intense excimer emission is attained usind&
combination of a pyrenemethyliodoacetamide-introduced prob
and a pyrenebutanoic acid-introduced probe in an assay mixture
containing 20% (v/v) DMF and 0.2 M NaCl at pH 7. The quantumg
efficiency of this combination was 0.0%60.007. The excimer
emission may be variable due to the relative configuration of tHg
two pyrene molecules in a hybrid. We demonstrated th
practicality of using the ETPH method for homogenous assays by
determining that the content of 16S rRNA in a celMdfrio 23

mimicusATCC 33655 is 18 500 molecules/cell on average. o
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