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ABSTRACT There is no methodology for the estimation of the dynamic features of large-molecular-weight RNAs in
homogeneous physiological media. In this report, a luminescence anisotropy-based method using a long-lifetime luminescent
oligonucleotide probe for the estimation of the dynamic features of large-molecular-weight RNA is described. As a luminescent
probe, Ru(ll) complex-labeled oligonucleotides, which have a complementary sequence to the single-stranded regions of
Escherichia coli 16S rRNA, were synthesized. After the hybridization of the probe to single-stranded regions of 16S rRNA, the
segmental motions of the regions were evaluated by time-resolved luminescence anisotropy analysis. In 16S rRNA, the L2 site
(323-332 nt) was found to be the most flexible among the seven sites chosen. From a comparison between the hybridization
kinetics of oligonucleotides to these single-stranded regions and the rotational correlation times, it was suggested that the
flexibility of the single-stranded region was closely correlated with the hybridization kinetics. Furthermore, results of the
luminescence lifetime measurement and luminescence quenching experiments suggested that the highly flexible region was

located on the surface of the 16S rRNA and that the less flexible region was located in the depths of 16S rRNA.

INTRODUCTION

The recent development of methodologies for the structural
study of biomolecules enables researchers to predict inter-
actions between biomolecules and to design effective in-
hibitors for particular biomolecules. Especially in structural
studies of proteins, information on the correlation between
function and structure has largely contributed to structure-
based drug discoveries. Contrarily, the structural studies
of RNA are limited to some extent due to its enormous
diversity. Recently, bacterial 30S and 50S ribosomal sub-
units were crystallized and their three-dimensional structures
were reported (1,2). As for the 50S ribosomal subunit, the
relationship between the structure and the function has been
revealed (3). However, these are rare examples and it will
take more time to determine the three-dimensional structures
of other RNAs. Furthermore, structural dynamics is an im-
portant issue for further understanding the functions of bio-
molecules. The dynamic features of biomolecules should be
taken into consideration when analyzing the interaction
between biomolecules. X-ray crystallography, which is mainly
used for the determination of the structure of biomolecules
(4,5), can only evaluate a static structure. To evaluate dynamic
features of RNA, the development of sophisticated methods
other than crystallography might contribute to the structure-
based discovery of RNA-regulating molecules such as small-
interference RNAs and antisense oligonucleotides. As methods
for evaluating the dynamic features of biomolecules, NMR
(6,7), electron paramagnetic resonance (EPR) (8,9), and
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fluorescence-based methods (10,11) have been reported.
Nuclear spin relaxation measurement based on NMR spectros-
copy using 'H, '*C, '°N, and *'P has been frequently used for
the determination of the intramolecular flexibility of tRNA
(12,13) and small proteins (14). The distinguishing feature of
NMR is, in principle, that the method requires no specific
labeling of biomolecules. However, the signal resolution limits
the applicable molecular-weight range of the specimen (<20
kDa in molecular mass). EPR measurement (15) requires the
spin-labeling of biomolecules at the designated site. Further-
more, NMR or EPR spectroscopy requires a large quantity of
the specimen (several milligrams in weight); therefore, the
applicability of these methods is limited to biomolecules that
can be easily obtained. As another method to evaluate the
dynamic features of biomolecules, fluorescence-based methods
have been reported. Tuschl et al. delineated the conformational
dynamics of hammerhead ribozyme by fluorescence resonance
energy transfer analysis (10). This method is certainly useful for
evaluating the structural dynamics of biomolecules. As for pro-
teins, fluorescence anisotropy was measured using internal
chromophores such as tryptophan, and the rotational correlation
time (@) derived from fluorescence anisotropy delineated the
rotational motion around the tryptophan residue (16). This
method has not been applied to evaluate the dynamic features of
highly folded RNA.

In this study, we paid attention to the segmental motion
of a single strand of folded RNA to estimate the dynamic
structure of large-molecular-weight RNA (>100 kDa). We
adopted time-resolved luminescence anisotropy analysis using
a luminescent DNA probe to evaluate the segmental motions
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of the single-stranded regions of the folded RNA. Escherichia
coli 16S rRNA (16S rRNA; ~500 kDa) was used as the
model folded RNA. In time-resolved luminescence anisotropy
analysis, the rotational motion of the molecule is evaluated by
0. It is theoretically estimated that the 6 value of single-
stranded regions of 16S rRNA ranges from 100 ns to a few us.
Therefore, long-lifetime luminescence probes (10 ns to 1 us)
are required to evaluate large 6 values (100 ns to 10 ws)
(17). In this study, as a long-lifetime luminescent material, we
adopted the Tris-1,10-phenanthroline Ru(II) complex with
a lifetime in the range of 500 ns to 1 ws (18). The Ru(Il)
complex was conjugated to the oligodeoxyribonucleotides
(Ru-probes), and the Ru-probes were successfully used as
probes for the evaluation of the segmental motions of single-
stranded regions of 16S rRNA.

EXPERIMENTAL
Chemicals

Ruthenium trichloride (RuClz) and organic solvents were
purchased from Wako Chemicals (Osaka, Japan). 1,10-
Phenanthroline was purchased from Aldrich Chemical (St.
Louis, MO). 5-Nitro-1,10-phenanthroline was purchased
from Tokyo Kasei Kogyo (Tokyo, Japan). Reagents for the
oligonucleotide synthesis were purchased from Glen Re-
search (Sterling, VA). A mixture of 16S and 23S rRNAs was
purchased from Roche (Basel, Switzerland) and used with-
out further purification.

Synthesis of Ru(ll)
complex-labeled oligodeoxyribonucleotide

The Ru(Il) complex-labeled oligodeoxyribonucleotides were
synthesized according to Scheme 1.

Fmoc-6-aminohexanoic acid

According to the general F-moc protection procedure (19),
6-aminohexanoic acid (0.79 g, 6 mmols) and triethylamine

NO; NH:  Emoc-NH(CH,)sCO,H
(Qs 10%Pd-C 7\ A anhydride VAR
N N=/ EOH N N= dry MeCN/CH,Cl N
2
1

NHCO(CH,)sNH-Fmoc NHCO(CHj)sNH,

7\ 7\
Ne § N%/ CDI activated \
/ (PFs )

\\\Z Z

3

2

W

I\I
X

4123

(0.84 ml, 6 mmols) were dissolved in MilliQ water (3 ml),
and Fmoc-N-hydroxysuccineimide solution (1.96 g, 5.8
mmols/acetonitrile (6 ml)) was added to the solution. The
reaction solution was adjusted to pH 8.5-9.0 and then stirred
at room temperature. After 2 h, the solution was filtered, and
1.5 N HCI aqueous solution (~20 ml) was added to the
filtrate. The resulting white precipitate was collected by
filtration, and the precipitate was washed with MilliQ water,
with a yield of 1.64 g (80%).

5-(Fmoc-6-aminohexaneamide)-1,10-phenanthroline

5-Amino-1,10-phenanthroline was synthesized according
to a reported procedure (20). Fmoc-6-aminohexanoic
anhydride was obtained from the condensation reaction of
Fmoc-6-aminohexanoic acid (1.98 g, 5.6 mmols) with N,N'-
dicyclohexylcarbodiimide (0.58 g, 2.8 mmols) in dry dichloro-
methane. Fmoc-6-aminohexanoic anhydride was mixed
with 5-amino-1,10-phenanthroline (0.17 g, 0.9 mmols) in
dry dichloromethane/acetonitrile (1:1 v/v) and stirred at room
temperature for 160 h. The resulting yellow-white precipitate
was collected by filtration, washed with dichloromethane/
acetonitrile 1:1 (v/v), and dried in vacuo, for a yield of 0.36 g
(68%).

Bis-(1,10-phenanthroline) 5-(6-aminohexaneamide)-1,
10-phenanthroline Ru(ll) dihexafluorophosphate

Dichloro-bis-1,10-phenanthroline Ru(I) dehydrate (Ru(phen),
Cl,) was synthesized according to the reported procedure
(21). The heteroligand Ru(Il) complex was synthesized
according to the reported procedure (22) with some modifi-
cations. 5-(Fmoc-6-aminohexaneamide)-1,10-phenanthroline
(0.053 g, 0.1 mmols) and Ru(phen),Cl, (0.057 g, 0.1 mmols)
were dissolved in H,O/EtOH (1:2 (v/v), 3 ml), and the solu-
tion was refluxed for 6 h. The reaction solution was evaporated
to dryness, and the residue was dissolved in MilliQ water
(16 ml). The unreacted 5-(Fmoc-6-aminohexaneamide)-
1,10-phenanthroline and Ru(phen),Cl, were removed by

NHCO(CH,)sNH-Fmoc
A Ru(phen),Cl,
N= H,O/EtOH
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filtration, and the filtrate was evaporated to dryness. The
residue was dissolved in piperidine/DMF (1:3 (v/v), 2 ml),
and the solution was incubated at room temperature for 0.5 h.
After evaporation, the residue was dissolved in MilliQ water
(16 ml) and filtered. Then saturated NH4PFg aqueous
solution was added to the filtrate, and the orange precipitate
that had formed was collected, yielding 0.10 g (95%).

Introduction of 5 to 5’ end of oligodeoxyribonucleotides

Oligodeoxyribonucleotides (ODN, 10 mer, Table 1) were
synthesized according to general cyanoethyl phosphoramidite
chemistry on a controlled pore glass support. The labeling
reaction was carried out on the glass support in a filter-
equipped air-tight syringe. The 5’ end of the ODN was
activated by 1,l-carbonyldiimidazole (23), and bis-(1,10-
phenanthroline) 5-(6-aminohexaneamide)-1,10-phenanthro-
line Ru(Il) dihexafluorophosphate in dry dimethylsulfoxide
(0.1 M) was added to the 1,1-carbonyldiimidazole-activated
oligodeoxyribonucleotide on the glass support. After the
incubation (60°C, 30 h), the glass support was washed
sequentially with dimethylsulfoxide and acetonitrile. De-
protection of ODN and cleavage from the glass support were
carried out according to conventional protocol. The crude
solution of the Ru(Il) complex-labeled ODN (Ru-probe) was
purified by reverse-phase high-performance liquid chroma-
tography with an acetonitrile gradient. Isomers of the Ru-
probe were characterized by CD spectra.

Sample preparation and physical measurements

A solution of the 16S and 23S rRNA mixture (10 mM Tris-
HCI (pH 7.5), 100 mM NacCl, and 1 mM MgCl,) was incu-
bated at 11°C for 24 h, and used for all sample preparations
without further purification. The synthesized Ru-probe was
dissolved in the same buffer solution as the rRNA and used
for all sample preparations. All measurements were carried
out at 11°C. The CD spectra were measured by a CD spec-
trophotometer (J-720, JASCO, Tokyo, Japan) equipped with
a thermal controller (RET-100, Neslab, Portsmouth, NH).
The melting temperatures of the hybrid of the Ru-probe and
its complementary oligo-RNA were measured by a spectro-

TABLE 1 Sequences of Ru-probes and secondary structure of
target site on 16S rRNA

Structure around

Target site the target site Sequence (5’ to 3')
Ru-L1 L1 (887-896 nt) internal loop GCC GTA CTC C
Ru-L2 L2 (323-332 nt) stem loop CCG TGT CTC A
Ru-L3 L3 (557-566 nt) internal loop CAG TAA TTC C
Ru-L4 L4 (811-820 nt) internal loop ATC GTT TAC G
Ru-L5 L5 (1373-1382 nt) internal loop GAA CGT ATT C
Ru-L6 L6 (963-972 nt) internal loop GCG TTG CAT C
Ru-S1 S1 (634-643 nt) stem GTA TCA GAT G
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photometer (U-2000A, Hitach, Tokyo, Japan) equipped with
a thermal controller. Luminescence anisotropy decay curves
and emission decay curves were measured by a time-
correlated single-photon counting system (NAES-550,
Horiba, Kyoto, Japan) equipped with excitation (B390)
and emission (Y52) filters and with a thermal controller. The
luminescence spectra were measured by a spectrofluoropho-
tometer (RF-5300PC, Shimadzu, Kyoto, Japan) equipped
with a thermal controller.

THEORY

Time-resolved luminescence
anisotropy measurement

The luminescence anisotropy decay curves (r(,) were calculated according
to the following equation:

Ty = (Lwi — G X L)/ Twe 2 X G X Lyy), (1)

where the subscripts vv and vh of I indicate the orientation of the excita-
tion and emission polarizers, respectively. For example, /., represents the
intensity decay of the vertically polarized emission when excited by a
vertically polarized light pulse. G, which is the instrumental responsive
factor, was estimated from the following equation:

G= Zlhv(l)/zlhh(t)~ (@)
t t

From Eqgs. 1 and 2, r, was obtained. The r(, was fitted to the ideal curves
represented by Eq. 3 using the nonlinear least-square deconvolution method

r([) = Zrm X (7t/01) + Ve, (3)

where the ry; are the fractional anisotropies that decay with the correlation
time 6;. The last term, r ., was used to account for the presence of a nonzero
anisotropy at long time. From the fitted decay curve, the rotational
correlation time (0) was estimated. The predicted 6 was calculated by the
following equation:

0 = nMw(h +v)/RT. @)

Evaluation of the Stern-Volmer constant

The emission intensity of the Ru-probe is represented by the following
general Stern-Volmer equation:

Iobs - I()/(l + KSVX[Q])7 (5)

where /s and /I represent the observed emission intensity and the emission
intensity in the absence of a quencher, respectively, and K, and [Q]
represent the Stern-Volmer constant and the concentration of the quencher in
the medium, respectively. If hybridization occurs, it is assumed that two
kinds of Ru-probe, i.e., free and bound probes, exist in the system. Based on
this assumption, the emission intensity of the Ru-probe in the presence of
16S rRNA is represented by the following equation:

Io/T = I /1 = I/ {x X [l /(1 + Ko X [Q])] + (1 — )
X [lor /(1 + Kor X [Q])]}, (6)

where /or and Iy represent the emission intensity of the free and bound Ru-
probes, respectively, K,y and K, represent the Stern-Volmer constant of
the free and bound Ru-probes, respectively, and x represents the binding
ratio of the Ru-probe in the system. The titration curves of the quencher
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molecule were fitted to Eq. 6. K,r and K, g were estimated from the fitted
titration curves according to Eq. 6.

RESULTS AND DISCUSSION

To evaluate the rotational motion of biomolecules using
time-resolved luminescence anisotropy analysis, the rota-
tional correlation time, 0, is generally used as an indicator of
the rotational motion. In our case, it was predicted that the 6
value of the single-stranded regions of 16S rRNA was in the
submicrosecond to microsecond range, according to Eq. 4.
Therefore, to evaluate the segmental motions of the single-
stranded regions of 16S rRNA, the lifetime of the lumi-
nescent probe needed to be around hundreds of nanoseconds.
As a luminescent probe that could fulfill this requirement,
we adopted the Ru(II) complex, the luminescence lifetime
of which is ~500 ns to 1 ws. The Ru(Il) complex was
introduced to the 5’ end of ODN and used as a luminescent
probe to evaluate the segmental motions of the single-
stranded regions of 16S rRNA.

The oligonucleotide sequences of Ru-probes are summa-
rized in Table 1. The target sites of 16S rRNA (1542 nt)
were chosen on the basis of the reported secondary structure
(24) (Fig. 1). The probes were purified by reverse-phase
high-performance liquid chromatography, where the enan-
tiomeric isomers (A and A isomers) were also isolated (20).
The luminescence properties are summarized in Table 2. The
difference in the luminescence properties between the
enantiomers was negligible.
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FIGURE 1 Reported secondary structure of E. coli 16S ribosomal RNA
(24) and target sites of Ru-probes.
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TABLE 2 Luminescence properties of Ru-probe

)\cx,max (nm) /\cm.max (nm) T (HS) fl T2 (HS) f2 Xz

Ru-probe A 461 587 1400 09 400 0.1 13
Ru-probe A 462 589 1300 0.8 100 02 14
Ru(phen)?* 457 580 800 1 —  — 11

The oligonucleotide sequence of Ru probe is 5" Ru-GCC GTA CTC C-3'.
[Ru-probe] (or [Ru(phen)?]) = 0.75 pM in 10 mM Tris-HCI (pH 7.5)
containing 100 mM NaCl and 1 mM MgCl,. Measurements were carried
out at 11°C.

It has been reported that Tris-1,10-phenanthroline Ru(Il)
complex (Ru(phen)?) interacts with double-helical DNA
and that the luminescence intensity is enhanced by the
interaction. It was also reported that the manner of the
interaction differed for the different enantiomeric isomers of
Ru(phen); " (25) On the other hand, the binding affinity of
the Ru(phen)3 to double-helical RNA was lower than that to
double-helical DNA, and the enantioselectivity of the former
interaction was negligible (25). Therefore, in this study, the A
isomer was used as the luminescent probe. The emission
spectrum of the A isomer of the Ru-probe was similar to that
of Ru(phen)?r , though the luminescence decay measurements
showed the presence of two different lifetimes. The major
component of the luminescence lifetime, 7, of the Ru-probe
was longer than that of Ru(phen)?r7 suggesting that the
oligonucleotide strand of the Ru-probe might interact with the
Ru(phen); " residue at the 5" end of the oligonucleotide. As
shown in Table 2, the 7, of the Ru-probe was long enough to
evaluate the 6 value of the single-stranded regions of 16S
rRNA. The introduction of Ru(phen)?r to the oligodeoxy-
ribonucleotide slightly changed the duplex stability (AT, =
—4—~2°C for the melting temperature estimated from the
thermal denaturation curves).

To estimate the segmental motions of the single-stranded
regions of 16S rRNA, the rotational correlation time () of
the Ru-probe/16S tRNA hybrid was measured. The aniso-
tropy decay curves were well analyzed by a two-component
exponential fitting, suggesting that there were two major
luminescent species. The 6 values calculated according to
Eq. 3 are summarized in Table 3. The rotational correlation
time, 6,, was detected in several Ru-probes (Ru-L1, -L2, -L4,

TABLE 3 Time-resolved luminescence anisotropy analysis of
Ru-probes in the presence of 16S rRNA

0 (ns) To1 6, (ns) To2 Too )(2
Ru-L1 alone 9 0.06 n.d. n.d. n.d. 0.76
Ru-L1 6 0.09 1200 0.05 0.02 1.05
Ru-L2 18 0.03 150 0.04 0.01 1.27
Ru-L3 9 0.12 n.d. n.d. 0.02 1.75
Ru-L4 8 0.07 590 0.05 n.d. 1.39
Ru-L5 29 0.08 380 0.01 0.05 1.10
Ru-L6 56 0.02 540 0.01 0.01 1.42
Ru-S1 22 0.11 n.d. n.d. n.d. 0.88

[Ru-probe] = [16S tRNA] = 0.75 uM in 10 mM Tris-HCI (pH 7.5)
containing 100 mM NaCl and 1 mM MgCl,. n.d., not detected.
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-L5, and -L6) in the presence of 16S rRNA, whereas 6, was
not detected in the case of the other Ru-probes (Ru-L3 and
Ru-S1). This is probably due to the fact that the rotational
motion of the Ru-probe was restricted and that the Ru-probe
could hybridize with the single-stranded region of 16S
rRNA. As the magnitude of 6, was different among the Ru-
probes in the presence of 16S rRNA, it was suggested that
each 6, represented the segmental motion of the single-
stranded region of 16S rRNA on which the Ru-probes were
hybridized. The order of magnitude of 6, suggested that the
magnitude of the segmental motions of these sites were in the
order L2 > L4 and L5 > L6 > L1. This order might provide
information concerning flexibilities of the single-stranded
regions of 16S rRNA in homogeneous physiological
medium. That is, site L2 was the most flexible among the
five sites. In almost all cases of the Ru-probes, a nonzero
anisotropy at long time, r,, was observed in the presence of
16S rRNA. This observation is the result of the presence
of slow motion(s) that display long 6(s) which cannot be
observed with 0.5-~1 ws luminescence decay time Ru-
probe.

To further characterize the single-stranded regions of
16S rRNA in which the Ru-probes were hybridized, the
luminescence lifetimes of the Ru-probes were measured
(Table 4). Three cases in which the luminescence lifetime
of Ru(phen)?r increased have been reported. They are the
cases when 1), the Ru complex is intercalated with the
double-helical DNA (26), 2), the Ru(Il) complex is isolated
from quencher molecules such as solvents or salts, and 3),
the Ru(II) complex is located in a high-ionic-strength envi-
ronment. In all cases, it was assumed that the luminescence
lifetimes of the Ru-probes that were bound to their target
sites were largely concerned with the entangling of the RNA
strand around the single-stranded regions of 16S rRNA
where the Ru-probes hybridized. In our case, the addition of

TABLE 4 Luminescence lifetimes of Ru-probes in the presence
or absence of 16S rRNA

71 (ns) fi 7> (ns) £ X

Ru-L1 1350 (10)* 0.91 400 (70)* 0.09 1.30
+ rRNA 1690 (20) 0.80 550 (50) 0.20 1.03
Ru-L2 1300 (<10) 0.86 210 (30) 0.14 1.22
+ rRNA 1380 (10) 0.85 360 (40) 0.15 1.32
Ru-L3 1170 (<10) 0.85 60 (10) 0.15 1.54
+ rRNA 1260 (<10) 0.86 240 (30) 0.14 1.42
Ru-L4 1120 (<10) 0.84 180 (10) 0.16 1.35
+ rRNA 1270 (10) 0.82 360 (30) 0.18 1.66
Ru-L5 1210 (<10) 0.89 100 (20) 0.11 1.63
+ rRNA 1230 (<10) 0.84 280 (20) 0.16 1.64
Ru-L6 1350 (<10) 0.86 240 (20) 0.14 1.12
+ rRNA 1330 (<10) 0.84 230 (20) 0.16 1.56
Ru-S1 1300 (<10) 0.86 210 (30) 0.14 1.22
+ rRNA 1380 (10) 0.85 360 (40) 0.15 1.32

[Ru-probe] = [16S tRNA] = 0.75 uM in 10 mM Tris-HCI (pH 7.5)
containing 100 mM NaCl and 1 mM MgCl,. Values in parentheses indicate
asymptotic standard errors.
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16S rRNA caused a remarkable increase of the luminescence
lifetime of Ru-L1 compared with the other Ru-probes. This
result indicated at least that the entangling of the RNA strand
around the L1 site was relatively high. That is, the local nucle-
otide density around L1 might be relatively high compared
with the other sites chosen, which made sense based on the
flexibility of L1.

To verify this assumption, a luminescence quenching study
was performed. As a quencher molecule, potassium ferrocy-
anide (K4[Fe(CN)s]), which is a good quencher of Ru(Il)
complex derivatives (25), was adopted. Potassium ferrocya-
nide was added to the mixture of the Ru-probe and 16S rRNA,
and the luminescence intensity was measured in the presence
of various concentrations of ferrocyanide anion (Fig. 2). The
resulting Stern-Volmer constants (K,) of the derivatives of
the Ru(Il) complex are summarized in Table 5. The K, s of the
Ru-probes were lower than that of Ru(phen);*. This result
suggested that the oligonucleotide strand of the Ru-probe
might inhibit the access of the ferrocyanide anion to the Ru(II)
complex. K, g was detected by the addition of 16S rRNA,
indicating that the binding of the Ru-probes to 16S rRNA
inhibited the access of the ferrocyanide anion to the Ru(Il)
complexes conjugated with the oligonucleotides. The differ-
ence in K, g of Ru-L1 and -L2 in the presence of 16S rRNA
indicated that the environments around the bound Ru-probes
were different between these two Ru-probes. That is, the
collision frequencies of ferrocyanide anion to the Ru(II) com-
plexes were quite different. It was assumed that the Ru(Il)

Ru-L2|

lo/ 1
lo/ 1

0 2 4 6 8 10
[Kq[Fe(CN)gl] (mM)

0 2 4 6 8 10
[Kq[Fe(CN)gl] (mM)

FIGURE 2 Stern-Volmer plot of the emission from Ru-probe in the
presence or absence of 16S rRNA. Solid circles represent the profile of
[Ru(phen);]Cl,. Open circles and squares represent the profiles of the
Ru-probe in the absence and presence, respectively, of 16S rRNA. [Ru
derivative] = 0.75 uM in 10 mM Tris-HCI buffer (pH 7.5) containing 100
mM NaCl and 1 mM MgCl,. The excitation wavelength was 453 nm with
observation at 583 nm and a bandpass of 5 nm at 11°C.
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TABLE 5 Stern-Volmer constant (Ks,) of Ru-probes in the
presence or absence of 16S rRNA

Ky, g M7H* Ky 5 M H* Bound ratio
Ru-L1 576 — —
+ rRNA 576 61 0.61
Ru-L2 589 — —
+ rRNA 589 94 0.56
Ru(phen)_%+ 4850 — —

*K,y was estimated from Fig. 2 by the curve-fitting protocol according to
Eq. 6.

complex of Ru-L2 located around its target site underwent
frequent collision by ferrocyanide anion, whereas that of
Ru-L1 did not. This result was in good agreement with
the flexibilities of these single-stranded regions, as already
discussed.

Based on the results discussed above, we proposed a novel
concept for predicting the local flexibility of the single-
stranded regions, which significantly affects their interaction
with other biomolecules. To further verify this proposal, the
flexibilities of the single-stranded regions were evaluated
from the viewpoint of hybridization kinetics. We previously
reported the kinetics of interactions between single-stranded
regions of 16S rRNA and their complementary oligonucleo-
tides by fluorescence anisotropy analysis using 5’-fluorescein-
labeled oligonucleotides (27). In the report, we concluded that
the L2 site accepted its complementary oligonucleotide far
more rapidly than did the L1 site. The order of magnitude
of the association rate constant (k,s..) and dissociation rate
constant (kgissoc) Of the hybridization was L2 > L6 > L1. This
result suggested that a rapidly moving site, like L2, rather
promptly accepts its complementary oligonucleotide, whereas
a slowly moving site, like L1, reluctantly accepts its com-
plementary oligonucleotide.

Taking these results into consideration, it seems that the
L1 site was located in the depths of the 16S rRNA, and that
the L2 site was on the relatively outer region of 16S rRNA.
Such information is of great importance in the designing of
RNA-acting molecules. Some molecules might interact with
the stem regions and some with the single-stranded ones.
Antisense molecules, especially, have to hybridize with the
latter regions. Static analysis using a steady-state fluores-
cence method clearly predicted the single-stranded regions in
the folded RNA (28). However, static information is not
enough when designing antisense molecules (29). If the
regions are located deep in the RNA, the antisense molecule
may take time to reach the region and to hybridize with it. By
that time, in the competition with cellular processes such as
translocation of ribosome, the antisense effect could be
diminished. If the regions are located in the surface of RNA,
the antisense molecules can easily hybridize with the region,
and there, RNase H can promptly recognize the heterodu-
plex. The static analysis is quite ineffective for such
evaluation, and only time-resolved luminescence anisotropy
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analysis using a long-lifetime luminescent probe is effective
for the purpose.

In conclusion, the segmental motions of single-stranded
regions of 16S rRNA were estimated by the time-resolved
luminescence anisotropy analysis using a long-lifetime
Ru(Il) complex-labeled oligonucleotide as a probe. Results
from the luminescence lifetime and luminescence quenching
experiments were in good agreement with the prediction
from the measurement of the segmental motions. It was
predicted that the segmental motion, namely flexibility, is
correlated to the depth from the surface of the 16S rRNA.
Comparison between the flexibility of the single-stranded
regions and the hybridization kinetics with their comple-
mentary oligonucleotides suggested a significant correlation
between the flexibility and hybridization kinetics.
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