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With the object of elucidating the factors that affect the rate and efficiency of oligonucle�
otide hybridization with complementary regions in natural RNA, the interaction of tRNAPhe

and in vitro transcript of this tRNA with synthetic oligonucleotides matching the 32—61 region
comprising the variable loop and anticodon and TΨC stems of the molecule was studied in
detail. Gel retardation was used to assay thermodynamic and kinetic parameters of tRNA
interaction with oligonucleotides. Oligonucleotide hybridization rates do not depend on the
oligonucleotide length and are determined by the stability of RNA structure within the
binding site. The rate constant for hybridization correlates with the number of base pairs in
the RNA opened during binding with the oligonucleotide. Factors stabilizing the tRNA
secondary structure (the presence of Mg2+ ions, low temperature, hypermodified bases)
decrease significantly both the rate and efficiency of hybridization. Analysis of the tRNAPhe

structure in the presence of an oligonucleotide shows that binding of oligonucleotides with
the 45—61 region of tRNAPhe results only in unfolding of the TΨC hairpin and does not
disturb the secondary structure of the rest of the molecule.
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The design of specific ligands that interact with nucleic
acids is needed for investigations of the structure and
functions of nucleic acids and for the development of
gene�directed therapeutics affecting the expression of spe�
cific genes. By now, the most promising results in the
targeted impact on RNA have been obtained by using
oligonucleotide derivatives complementary to accessible
nonstructured polynucleotide sequences.1,2 Under physi�
ological conditions, open, single�stranded nucleotide se�
quences in natural RNA are virtually missing, the real
RNA targets represent a three�dimensional fold of cer�
tain nucleotide sequences.3,4 Folding of single�stranded
nucleic acids into a three�dimensional structure is a cru�
cial factor hampering the interaction of antisense oligo�
nucleotides with these biopolymers.5 Further progress
along this line is impossible without investigation of the
factors affecting the efficiency of oligonucleotide inter�
action with elements of the secondary structure of natu�
ral nucleic acids.

Previously, it has been shown that oligodeoxyribo�
nucleotides* can efficiently invade the structures of natu�
ral RNA 6 and even the stable structure of tRNAs.7—10 It
was found that, under nearly physiological conditions

but in the absence of magnesium ions, oligonucleotides
matching the 62—76 and 44—61 sequences of yeast
tRNAPhe were able to hybridize with this tRNAPhe with
association constants of about 104—105 L mol–1.10—12

We performed a detailed study of the interaction of oli�
gonucleotides with yeast tRNAPhe and elucidated the
factors affecting the rate of oligonucleotide hybridiza�
tion with natural RNA. The results obtained suggest un�
ambiguously that the rate of oligonucleotide hybridiza�
tion is determined by the stability of the RNA structure
in the binding site and that the natural modified nucleo�
bases also play a role in the structure stabilization.

Experimental

Commercial (Sigma) ribonucleoside triphosphates and
deoxyribonucleoside triphosphates, acrylamide, N,N´�me�
thylenebisacrylamide, LiClO4, dithiothreitol (DTT), di�
thioerythritol (DTE), diethyl pyrocarbonate (DEPC), and
"Stains�all", and Tris from Merck (Germany) were used. Other
compounds were "high�purity," "reagent," or "analytical grade"
commercial chemicals.

5´�[32P]�Cytidine 3´,5´�bisphosphate (5´�[32P]pCp) with a
specific activity of ∼4000 Ci mmol–1 produced by Biosan (Rus�
sia); Т4 RNA�ligase produced by Fermentas (Lithuania), and* Below referred to as oligonucleotides for short.
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RNase ONE of Promega (USA) were used. The yeast tRNAPhe

was a generous gift of Dr G. Kait (Institute de Biologie
Moleculaire et Cellulaire du C.N.R.S., France). Т7 RNA poly�
merase was prepared by V. N. Ankilova (Laboratory of En�
zyme Biochemistry of the Novosibirsk Institute of Bioorganic
Chemistry).

Oligonucleotides were synthesised at the Novosibirsk Insti�
tute of Bioorganic Chemistry by the standard phosphor�
amidite method and isolated using ion�exchange and reversed�
phase HPLC.

All buffer solutions and reaction mixtures were prepared
using MilliQ purified water (Millipore). The buffers were ster�
ilized by filtration through a 0.22 µm nitrocellulose (Millipore).

The optical density was measured on an SF�46 spectropho�
tometer (Research and Production Concern LOMO, St. Pe�
tersburg). Polyacrylamide gels (PAAG) were dried in vacuo
using a LABCONCO gel dryer. рН was measured on an
Orion 410A рН�meter. Radioactivity was counted using a
Canberra Packard counter. The gels were autoradiographed
using a RENEKS X�ray film (Russia).

Preparation of the in vitro transcript of yeast tRNAPhe. RNA
was synthesized as described previously13 using linearized plas�
mid p65YF014 containing a sequence of yeast tRNAPhe as a
DNA template, under control of promoter of Т7 phage RNA
polymerase. The reaction mixture (1 mL) contained 40 mM
Tris�HCl, pH 7.5, 6 mM MgCl2, 2 mM spermidine, 10 mM
NaCl, 10 mM DTT, 5 mM of each of ribonucleoside triphos�
phates (ATP, UTP, CTP, GTP), 50 µg of linearized plasmid,
and 200 U of Т7 phage RNA polymerase. The reaction mixture
was incubated for 2 h at 37 °С. The incubation was followed by
two successive extractions with equal volumes of water�satu�
rated phenol and chloroform. Then RNA was precipitated with
ethanol and kept for ∼16 h at –20 °С, centrifuged (15 min,
4 °С, 14000 rpm), washed with ethanol, dried at 37 °С for
30 min, dissolved in 100 µL of an application solution (8 М
urea containing 0.025% Bromophenol Blue and 0.035% Xylene
Cyanole; solution 1), and applied onto 12% denaturing PAAG.
The RNA band was visualized by UV shadow (λ 254 nm) using
an intensifying screen (Merck). RNA was eluted from the gel
by two 5�mL portions of the RNA elution buffer (0.3 М sodium
acetate, pH 5.5, 10% phenol) for 18 h at 4 °С. A fourfold
volume of ethanol was added to the eluted RNA, and the mix�
ture was kept for ∼16 h at –20 °С. The RNA pellet was recov�
ered by centrifugation (15 min, 4 °С, 14000 rpm), washed with
ethanol, dried at 37 °С for 30 min, and dissolved in water. The
concentration of the in vitro tRNAPhe transcript was deter�
mined from the optical density at 260 nm. The yield of tran�
script after purification was 500—600 µg.

3´�[32Р]�Labeling to the tRNA. The introduction of the
32Р�label at the 3´�end of tRNA was carried out using a known
method.15 The standard 15�µL reaction mixture contained
0.1 ОU260 individual tRNAPhe, 50 mM HEPES�KOH, pH 7.5,
10 mM MgCl2, 2 mM DTT, 10% DMSO, 100 µg mL–1 of
bovine serum albumin, 20 mBq 5´�[32P]�pCp and 20 U of
Т4 RNA ligase. To decrease the nonspecific degradation of
tRNA during the enzymatic reaction, incubation with the en�
zyme was carried out at 4 °С for 18 h. After incubation, an
equal volume of 8 М urea was added to the reaction mixture
and the mixture was applied on the denaturing 10% PAAG.
After electrophoresis, the gel was autoradiographed on a
RENEKS film for 30 s. The tRNA band was cut out and eluted

3 times with 300 µL of 0.3 М sodium acetate, рН 5.5. tRNA
was precipitated with ethanol at –20 °С for ∼16 h. The tRNA
precipitate was recovered by centrifugation (13000 rpm–1,
15 min, 4 °С), washed with ethanol, dried, and dissolved in
water, and the concentration and specific activity were deter�
mined. The typical specific activity of tRNA preparations was
(1—3)•105 pulses (min nmol)–1.

Dependence of the equilibrium binding extent on the oligo�
nucleotide concentration. The oligonucleotide hybridization with
tRNAPhe was assayed using the gel retardation technique.16

Prior to hybridization, 3´�[32P]�tRNA (final concentration in
the mixture, 0.5 µmol L–1) was incubated in water successively
at 90 °С (1 min), 0 °С (1 min), and 20 °С (or 37 °С) for 10 min.
After the addition of 2 µL of a buffer containing 250 mM
HEPES�KOH, pH 7.5, 1 М KCl, and 0.5 mM EDTA or a
similar buffer containing additionally 25 mM MgCl2 to the
aqueous solution of tRNA, the specimens were again incubated
for 20 min at 20 °С (37 °С). The oligonucleotide in a concen�
tration ranging from 0 to 1 mM was added to the tRNA mix�
ture. After incubation for 6 h at 20 °С or for 1 h at 37 °С,
10�µL samples were mixed with 8 µL of the loading buffer
(50% glycerol, 0.025% Bromophenol Blue, 0.025% Xylene
Cyanole) equilibrated at 4 °С and applied immediately onto
running 10% native PAAG. Electrophoresis was carried out in
a 100 mM Tris�borate buffer (pH 8.3) for 6 h at 4 °С and at a
voltage of 20 V cm–1. After electrophoresis, the gel was dried
and autoradiographed, the bands corresponding to the free tRNA
and its complex with the oligonucleotide were cut out of the gel
and the Cherenkov radiation was measured.

The experimental data were processed on an IBM PC com�
puter using Excel 97 and Origin 5.0 softwares. The equilibrium
binding constants were determined by optimization of the pa�
rameter KA of Eq. (1), which relates the experimental degree of
binding to the oligonucleotide concentration. The binding con�
stant KA was calculated by minimizing the mean�square devia�
tion between the experimental curve and the theoretical curve
derived from Eq. (1).

α([X]) = KA[X]/(1 + KA[X]), (1)

where КА is the equilibrium constant for oligonucleotide bind�
ing to tRNAPhe; α([X]) is the degree of binding; [X] is the
oligonucleotide concentration.

Kinetics of the oligonucleotide binding to tRNAPhe. The
samples were prepared as described above. The volume of the
reaction mixture was 100 µL, the final tRNA concentration
was 0.5 µmol L–1, that of oligonucleotide was 20 µmol L–1. At
a specified moment, a 5�µL aliquot was taken from the reac�
tion mixture, mixed with 5 µL of the loading buffer, and ap�
plied onto running native 10% PAAG. Electrophoresis and gel
analysis were carried out as described in the previous section.

The rate constants for binding were determined by opti�
mizing the parameters k+ and k– of Eq. (2), which relates the
experimental degrees of binding (α) to time (t). The forward
and reverse rate constants for hybridization were calculated by
minimizing the mean�square deviations between the experi�
mental curve and the theoretical curve based on Eq. (2).

α(t) = k+[X]/(k+[X] + k–)•(1 – e–t(k+[X] + k–)), (2)

where k+, k– are the rate constants for the forward and reverse
reactions of oligonucleotide hybridization with tRNAPhe.
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In some cases, when the curves did not reach a plateau, the
rate constant for the forward hybridization reaction was deter�
mined from the slope ratio of the initial section of the kinetic
curve.

Probing of the tRNAPhe structure in the course of hybridiza�
tion with oligonucleotide 2С. Probing of tRNA was car�
ried out using ribonuclease ONE.17 The hybridization of
3´�[32P]�tRNAPhe with oligonucleotide 2С (Table 1) was car�
ried out as described above. A solution of RNase ONE (0.1 U,
1 µL) was immediately added to aliquots withdrawn from the
reaction mixture (10 µL) at definite time intervals, and the
mixture was incubated for 2.5 min at 20 °С. The hydrolysis was
quenched by precipitating the RNA from the reaction mixture
by a 2% solution of LiClO4 in acetone. The mixtures were
processed on a CENTRICON T�42K centrifuge (13 min,
13000 rpm) and the RNA pellets were dried, dissolved in load�
ing buffer 1, and analyzed by electrophoresis in 12% PAAG
under denaturing conditions. To identify the cleavage sites,
partial hydrolyzates of RNA obtained using Т1 RNase or
under alkaline conditions were used as markers in RNA
probing.17

Fluorescent titration. Pyrene derivatives of oligonucleotides
were synthesized by a previously published procedure.18 Fluo�
rescence was measured on a Hitachi MPF4 fluorimeter with an
excitation wavelength of 340 nm and an emission wavelength
of 395 nm. Prior to hybridization, a solution of tRNAPhe with a
concentration of 200 µmol L–1 was prepared in an HB buffer
(50 mM HEPES�KOH, pH 7.5, 200 mM KCl, 0.1 mM EDTA)
and a solution of modified oligonucleotide 5´�pyrenyl�2C
was prepared in the same buffer with a concentration of
1.05 µmol L–1. An oligonucleotide solution (190 µL) and an
RNA solution (10 µL) were mixed in a 200�µL quartz cell
maintained at 20 °С. The final concentrations of tRNA and
the pyrene derivative of oligonucleotide 2С were 10 and
1 µmol L–1, respectively. Immediately after mixing, fluores�
cence was measured; the intervals between the measure�
ments were 30 s. The binding rate constants were deter�
mined by optimizing the k+, k– parameters of Eq. (3), which
relates the experimental relative fluorescence values ( f )
to time (t). The forward (k+) and reverse (k–) rate constants
for oligonucleotide hybridization with tRNAPhe were calcu�
lated by minimizing the mean�square deviation of the ex�

perimental curve from the theoretical curve plotted based
on Eq. (3).

f (t) = a1(k+[X]/(k+[X] + k–)•(1 – e–t(k+[X] + k–)) + a0, (3)

where a1 and a2 are time�independent coefficients; f(t) is the
relative fluorescence; t is time; [X] is the RNA concentration.

Results and Discussion

Equilibrium hybridization of oligonucleotides with
tRNAPhe. Yeast tRNAPhe is one of the few RNA mol�
ecules whose secondary and tertiary structures have been
studied in detail.19,20 The tRNA secondary structure, the
so�called clover leaf, consists of elements typical of most
RNA, namely, D, TΨC, and anticodon hairpins, double�
stranded regions, and an ACCA sequence at the 3´�end
(Fig. 1). To study the interaction of oligonucleotides
with RNA, we synthesized nine oligonucleotides of 2*
series matching the tRNAPhe anticodon loop, variable
loop, and TΨC loop regions (see Table 1, Fig. 1), which
can be divided into four groups. The first group com�
prises oligonucleotides 2A, 2B, 2C, and 2D differing in
length at the 5´�end in the part matching the TΨC loop.
The second�group oligonucleotides (2A, 2E, 2F, and 2G)
differ in length at the 3´�end in the part matching the
variable loop. Oligonucleotide 2А is the reference oligo�
nucleotide in all groups. The third group includes oligo�
nucleotide 2H, an analog of 2A, which contains a se�
quence of five mismatches to the TΨC stem. Oligo�
nucleotide 2Z is complementary to the anticodon hair�
pin and to the variable loop.

Hybridization of oligonucleotides with tRNAPhe was
studied by gel retardation technique based on the differ�
ence between the electrophoretic mobilities of free and
oligonucleotide�bound tRNA in 10% native PAAG. Bind�
ing of oligonucleotides 2A—2H and 2Z to tRNAPhe

Table 1. Sequences and binding sites of oligonucleotides 2A—2H and 2Z in the tRNAPhe

structure

Oligonucleotide Sequence Length Binding site

2A GGATCGAACACAGGACCT 18 44—61
2B GATCGAACACAGGACCT 17 44—60
2C ATCGAACACAGGACCT 16 44—59
2D TCGAACACAGGACCT 15 44—58
2E GGATCGAACACAGGACC 17 45—61
2F GGATCGAACACAGGAC 16 46—61
2G GGATCGAACACAGGA 15 47—61
2H GGATCGAAATACTGACCT* 18 44—61
2Z GACCTCCAGATCTTCA 16 32—49

* An oligonucleotide mismatch to the tRNA sequence is marked.

* Oligonucleotides of series 1 have been studied previously.11,12
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was performed at an oligonucleotide concentration of
20 µmol L–1, allowing the oligonucleotides to be differ�
entiated according to the binding extent. A typical auto�
radiograph of a 10% native gel after separation of

tRNA/oligonucleotide hybridization products is presented
in Fig. 2. The quantitative data on the hybridization are
given in Fig. 3, a. It can be seen from Figs 2 and 3, a that
shortening of oligonucleotides from the side matching
the 3´�part of the TΨC loop (first�group oligonucleotides)
does not affect substantially the binding extent. Mean�
while, shortening of oligonucleotides in the region match�
ing the variable loop (second�group oligonucleotides)
results in a sharp drop of the binding extent from
nearly 100% for oligonucleotide 2А to 0% for oligo�
nucleotide 2G. These data suggest that a region of the
variable loop representing a single�stranded sequence of
five nucleotides is the most important for the oligonucle�
otide interaction with tRNA. Similar data were obtained
in other studies,11,12 in which efficient hybridization of
oligonucleotides with the 68—76 3´�region of tRNAPhe

was shown to require that they match the single�stranded
АССА sequence at the tRNA 3´�end. In addition, oligo�
nucleotide 2H, which contains a mismatch to the TΨC
stem, does not bind noticeably to the tRNA at any con�
centrations of the oligonucleotide. This indicates unam�
biguously that the 5´�fragment of the TΨC stem (nucle�

Fig. 1. Secondary structure of the yeast tRNAPhe. The lines show oligonucleotide matching sequences. The dashed line shows the
mismatches for oligonucleotide 2H.

I

II

1 2A 2B 2C 2D 2E 2F 2G 2H 2Z

Fig. 2. Analysis of binding of oligonucleotides 2A—2H and 2Z
to yeast tRNAPhe by the gel retardation method, (1) initial
tRNA, I are complexes, II are tRNAPhe. Autoradiograph of
10% native PAAG. The reaction mixtures containing tRNAPhe

in a concentration of 0.5 µmol L–1, oligonucleotides in a con�
centration of 20 µmol L–1, 50 mM HEPES�KOH pH 7.5,
200 mM KCl, and 0.1 mM EDTA, were incubated at 20 °С for
6 h and applied on 10% native PAAG.
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otides 49—53) is involved in the interaction. The degree
of binding of oligonucleotide 2Z matching the anticodon
hairpin and the variable loop was ∼20% for an oligo�
nucleotide concentration of 20 µmol L–1, which proves
the possibility of oligonucleotide hybridization with one
of the most stable natural hairpins (Fig. 3, a).

The matching region to oligonucleotides 2A—2H and
2Z contains a number of minor bases (m1A, Ψ, m7G,

m5C, Y), which can influence the efficiency of oligo�
nucleotide hybridization with this tRNA region. To esti�
mate the effect of minor bases on the oligonucleotide
affinity for tRNA, hybridization of oligonucleotides
2A—2H, 2Z with the in vitro transcript of yeast tRNAPhe

was studied. For each of oligonucleotides 2A—2H and
2Z in a concentration of 20 µmol L–1, quantitative com�
plex formation with the tRNA was observed. Compari�
son of the hybridization efficiency was performed for an
oligonucleotide concentration of 2 µmol L–1 (Fig. 3, b).
The character of binding of oligonucleotides 2A—2H
and 2Z to the in vitro transcript of yeast tRNAPhe (see
Fig. 3, a) differs basically from that to the mature tRNAPhe

(see Fig. 3, b). Stepwise shortening of oligonucleotides
from both 3´� and 5´�ends results in a gradual decrease
in the degree of binding, which correlates with the sta�
bility of heteroduplexes (Fig. 3, c) formed by oligonucle�
otides 2А—2H and 2Z with the linear strands calculated
by the nearest neighbors method.22 However, in the case
of the in vitro tRNAPhe transcript, too, shortening of
oligonucleotides from the 3´�end (2A, 2E, 2F, and 2G)
still entails a sharper decrease in the binding efficiency
than shortening from the 5´�end.

Hybridization of tRNA with each of the oligo�
nucleotides in the concentration range from 1.75 to
840 µmol L–1 at 20 °С (Table 2) was carried out to
determine the equilibrium binding constants (Kх). Reli�
able determination of the constants was possible only for
those oligonucleotides whose binding extent was at
least 50%. It can be seen from Table 2 that hybridization
of oligonucleotide 2Z with anticodon hairpin decreases

2D 2C 2B 2A 2E 2F 2G 2H 2Z

0.8
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0.2

α
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0.6
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0.2
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2D 2C 2B 2A 2E 2F 2G 2H 2Z
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–22

–19
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c

Fig. 3. Hybridization of oligonucleotides 2A—2H and 2Z with
yeast tRNAPhe.
a. Binding extent (α) of oligonucleotides to yeast tRNAPhe

determined by the gel retardation method (the tRNA concen�
tration is 0.5 µmol L–1, the oligonucleotide concentration is
20 µmol L–1).
b. Binding extent (α) of oligonucleotides with the in vitro tran�
script of yeast tRNAPhe determined by the gel retardation method
(the tRNA concentration is 0.5 µmol L–1, oligonucleotide con�
centration is 2 µmol L–1).
с. Stability of oligonucleotide heteroduplexes with nonstructured
complements calculated by the nearest neighbors method.21

Table 2. Influence of magnesium ions, temperature, and minor
bases on the equilibrium and kinetic constantsa of oligonucle�
otide hybridization with yeast tRNAPhe

Oligo� T 5 mM k+
eff b КА

c

nucleotide /°C Mg2+ /L mol–1 s–1 /L mol–1

2A 20 — 5.23±0.46 (9.2±0.3)•105

20 + (2.01±0.09)•10–1

2C 20 — 5.81±0.18 (7.7±0.5)•105

37 + 8.15±0.58
2Z 20 — 3.85±0.23 (2.2±0.5)•104

37 + 1.03±0.17

a The efficiency of oligonucleotide hybridization with yeast
tRNAPhe was assayed by the gel retardation method for tRNA
concentration of 0.5 µmol L–1 and oligonucleotide concentra�
tion of 20 µmol L–1.
b The rate constant for hybridization was calculated by mini�
mizing the mean�square deviations between the experimental
curve and the theoretical curve based on Eq. (2).
c Association constant KA was calculated by minimizing the
mean�square deviations between the experimental curve and
the theoretical curve based on (1).
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the equilibrium constant by a factor of 30 (oligonucle�
otides 2С and 2Z).

Probing of the tRNA structure in the course of hybrid�
ization with oligonucleotides. Changes in the tRNAPhe

structure upon binding to oligonucleotide 2С were stud�
ied using probing of RNA within a heteroduplex with
oligonucleotide 2С by RNase ONE. This enzyme was
used because RNase ONE is active under hybridization
conditions and the time of limited hydrolysis by this
enzyme (2.5 min) is much shorter than the hybridization
half�period (τ½ ∼1 h). Samples of the 3´�32Р�labeled
tRNA were incubated with oligonucleotide 2С for de�
fined time intervals (0 → 180 min) and then subjected to
partial hydrolysis by RNase ONE (Fig. 4). The results of
probing show that the hybridization site of oligonucleo�
tide 2С coincides with the matching sequence and that
only one complex is formed. The formation of the
2С•tRNAPhe heteroduplex causes unfolding of the TΨC
stem of tRNA and barely influences the 3D structure of
other tRNA elements.

Two stages, fast and slow, can be distinguished
during hybridization. Immediately after the addition
of oligonucleotide 2С, RNA hydrolysis in the re�
gions of the АССА end and the anticodon loop (re�
gion 32—38) is inhibited. Fast inhibition of hydrolysis is
apparently due to the formation of partially match�
ing complexes with these RNA regions. Slow pro�
cesses detectable by the probing occur in the vicin�
ity of the TΨC stem. It should be noted that oligo�
nucleotide 2С hybridization with tRNAPhe does not
result in any global rearrangement of the tRNAPhe

structure, which has been observed for oligonucle�
otide 1D.12

Kinetics of oligonucleotide hybridization with yeast
tRNAPhe. The kinetics of oligonucleotide binding to the
natural tRNAPhe was assayed by gel retardation technique
for fixed concentrations of oligonucleotides (20 µmol L–1)
and tRNAPhe (0.5 µmol L–1). The reaction was carried
out under various conditions: at 20 or 37 °С and in the
presence or absence of magnesium ions. Study of the
hybridization kinetics was reliable only for those oligo�
nucleotides whose equilibrium degree of binding under
the given conditions was no less than 50%. Typical ki�
netics of oligonucleotide hybridization with tRNA is
shown in Fig. 5, a. The variations of the degrees of
oligonucleotide binding to tRNA vs. time for a number
of oligonucleotides are presented in Fig. 5, b (for com�
parison, data for oligonucleotide 1D are given12). At
20 °С, hybridization of oligonucleotides with tRNA pro�
ceeds slowly, the half�reaction period being 0.5 h. This
rather low rate is due apparently to the rigidity of
the tRNAPhe structure at 20 °С. If excess oligonucle�
otide (ON) is present in the reaction mixture ([2С] =
20 µmol L–1, [tRNA] = 0.5 µmol L–1), quasi�linear as�
sumptions may be applied and, in analyzing the quanti�
tative data obtained, the oligonucleotide concentration
may be considered constant. In this case, the kinetic

C OH T1 Cp 0 5 10 30 60 120 180 Ci

C32�A38{

C60→
C61→
A62→
C63→
A64→
G65→

Fig. 4. Probing of the tRNAPhe structure in the complex with
oligonucleotide 2С. Autoradiograph of denaturing 12% PAAG
after separation of the 3′�[32P]�tRNAPhe hydrolyzate during
hybridization with the oligonucleotide. Lanes: C is the initial
tRNA; ОН, Т1 are tRNA partial hydrolyzates by alkali and by
Т1 RNase under denaturing conditions; Cр is tRNA hydro�
lyzed by RNase ONE in the absence of oligonucleotide; lanes
0, 5, 10, 30, 60, 120, and 180 correspond to the time of tRNAPhe

incubation with the oligonucleotide (0, 5, 10, 30, 60, 120, and
180 min); Ci is the incubation control of tRNA.
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curves for the hybridization are described by reaction (4)
and Eq. (5):

tRNA + ON    tRNA•ON, (4)

a(t) = (k+
eff/(k+

eff + k–)•(1 – e–t(k+eff + k–)), (5)

where k+
eff = k+[X].

The rate constants for oligonucleotides hybridization
thus found are listed in Table 2. The data on the kinetics
of oligonucleotide binding to tRNA were obtained by
averaging the data of two independent experiments. The
rate constants are very low (3—5 L mol–1 s–1) com�
pared to the known rate constants for the formation of
duplexes between two linear oligonucleotides (k+ =
105—106 L mol–1 s–1 (21—23 °С)23) or hybridization
of two structured RNA (k+ = 103—104 L mol–1 s–1

(37 °С)24). No correlation between the rate constants for
oligonucleotide hybridization and the oligonucleotide
length or, correspondingly, the stability of the heterodu�
plex formed was found. In general, both k+ and k– val�
ues for oligonucleotides 2A, 2C, and 2Z lie within very
narrow limits.

Using oligonucleotide 2С as an example, the kinetics
of complexation determined by the gel retardation method
was compared with the results obtained by fluores�
cence quenching. Hybridization of the 5´�pyrenyl de�
rivative of oligonucleotide 2C with tRNAPhe causes
quenching of the pyrene fluorescence (Fig. 6). The
value τ1/2 ≈ 15 min found by fluorescence quenching
([tRNAPhe] = 10 µmol L–1, [2C] = 1 µmol L–1) is com�
parable with the value τ1/2 ≈ 35 min determined by the
gel retardation method for the reaction of oligonucle�
otide 2С derivative with a mature tRNAPhe ([tRNAPhe] =
0.5 µmol L–1, [2C] = 20 µmol L–1). In both cases, the
process is slow. The difference between the half�reaction
periods is due to the different hybridization conditions
and reactant concentrations. Thus, it can be claimed

C 0 1 5 10 30 60 120 180 τ/min
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2

1
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1
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4

a

b

Fig. 5. Kinetics of oligonucleotide 2C hybridization with
tRNAPhe at 20 °С.
a. Autoradiograph of the native 10% PAAG after separation of
free tRNA from that bound to oligonucleotide 2C ([tRNAPhe]
0.5 µmol L–1 and [2С] 20 µmol L–1, a standard hybridization
buffer): 1, tRNA•ON complex; 2, tRNA; C, the starting tRNA
(lanes 0, 1, 5, 10, 30, 60, 120, 180 correspond to the incubation
time of 0, 1, 5, 10, 30, 60, 120, 180 min respectively).
b. Kinetic curves for binding of oligonucleotides 1D (1), 2A (2),
2C (3), and 2Z (4) to yeast tRNAPhe at 20 °С ([tRNA] =
5•10–7 mol L–1, [ON] = 2•10–5 mol L–1).
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Fig. 6. a. Interaction of the oligonucleotide 2С pyrene deriva�
tive with the in vitro transcript of yeast tRNAPhe. b. Fluores�
cence quenching upon binding of the pyrene derivative of oli�
gonucleotide 2С to the in vitro transcript of yeast tRNAPhe at
20 °С ([tRNA] = 10–5 mol L–1, [2C] = 10–6 mol L–1).
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that, generally, the gel retardation technique provides
adequate quantitative data on the interaction of oligo�
nucleotides with tRNA.

The conclusion concerning the key role of the RNA
secondary structure in the hybridization is supported by
the fact that the rate constant for hybridization depends
on the factors affecting the stability of the tRNA struc�
ture, namely, the temperature, the addition of magne�
sium ions, and the presence of minor bases. We studied
the influence of various factors on the rates of binding of
oligonucleotides 2A, 2C, and 2Z to tRNAPhe. The ob�
served rate constants are listed in Table 2. It can be seen
that the rates of oligonucleotide hybridization with the
mature tRNAPhe and with the in vitro transcript of
tRNAPhe containing no modified bases differ by a factor
of 30. The addition of magnesium ions, which stabilize
the 3D structure of tRNA, decreases the rate constants
for the forward reactions of both the in vitro tRNAPhe

transcript and the mature tRNAPhe (by factors of 50
and 100, respectively). An increase in the hybridization
temperature from 20 to 37 °С induces a substantial in�
crease in the rate constant for the forward reaction (ap�
proximately 150�fold without Mg2+ ions and 1000�fold
in the presence of Mg2+ ions).

These results suggest that an efficient reaction with
an oligonucleotide requires the presence of a short single�
stranded sequence in the target RNA structure; it is pos�
sible to determine the size of this sequence. Oligonucle�
otides 2A, 2B, 2C, and 2D, which bind efficiently, match
seven, six, five, and four bases located in the TΨC loop,
respectively, and five more bases in the variable loop
(Table 3). Oligonucleotides 2A, 2E, 2F, and 2G match
five, four, three, and two bases, respectively, in this re�
gion. Oligonucleotide 2G, which is not hybridized with
tRNA, matches seven bases of the TΨC loop (like 2А)

and only two bases of the variable loop. Shortening of
series 2 oligonucleotides in the region matching the vari�
able loop (oligonucleotides 2А, 2Е, 2F, 2G) entails a
pronounced decrease in the efficiency of binding, whereas
shortening of the oligonucleotide from the 5´�end does
not induce such substantial changes. This might be due
to the fact that even the shortest oligonucleotide 2D
retains a section matching five bases of the TΨC loop in
its sequence. Thus, the single�stranded section needed
for efficient hybridization should not be smaller than
three or four bases in size. The function of this RNA
section is, apparently, to initiate the formation of a het�
eroduplex, similarly to the nucleation site in the duplex
formation between linear oligonucleotides.25 Unlike the
nucleation site of linear oligonucleotides, whose size was
determined to be two base pairs, an efficient nucleation
in the formation of a heteroduplex between the oligo�
nucleotide and a structured RNA requires a more ex�
tended single�stranded RNA sequence. It cannot be ruled
out that in the interaction of oligonucleotide with the
structured RNA, the size of the nucleation site remains
the same as in the case of linear molecules, but invasion
of the oligonucleotide into the RNA structure requires
the formation of an intermediate complementary com�
plex, three or four base pairs long.

For the formation of a stable oligonucleotide com�
plex with tRNA, the energy of the heteroduplex formed
should be lower than the energy of the structure of the
RNA section being unfolded. Evidently, the greater the
energy benefit, the higher the oligonucleotide affinity to
the RNA target. Oligonucleotides of series 2 represent
an apparent exception to this rule. Indeed, upon short�
ening of oligonucleotide 2А from the 5´�end (2A, 2B,
2C, 2D), a decrease in the hybridization capacity is hardly
observed and does not correlate with the calculated sta�

Table 3. Effect of the length of the oligonucleotide binding site and the size of the single�
stranded section on the efficiency of oligonucleotide hybridization with yeast tRNAPhe

Oligo� Length Single�stranded region Degree of binding
nucleotide

TΨC loop Variable tRNAPhe a tRNAPhe

loop transcript b

2A 18 7 5 0.9 0.7
2E 17 7 4 0.7 0.55
2F 16 7 3 0.15 0.4
2G 15 7 2 0.01 0.1
2A 18 7 5 0.9 0.7
2B 17 6 5 0.85 0.5
2C 16 5 5 0.8 0.3
2D 15 4 5 0.75 0.2
1D 15 4c 0.8 —

a For tRNA concentration of 0.5 µmol L–1 and oligonucleotide concentration of 20 µmol L–1.
b For tRNA concentration of 0.5 µmol L–1 and oligonucleotide concentration of 2 µmol L–1.
c Hybridization with the single�stranded АССА sequence at the 3´�end of tRNA.
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bilities of heteroduplexes. This can be explained only by
assuming that the 5´�end bases of the oligonucleotide
make no contribution to the stability of the heteroduplex
formed. The tRNA region matching the 5´�end of oligo�
nucleotides contains a minor base m1A, which is unable
to form a Watson�Crick pair, unlike other minor bases
(T, Ψ, m5C, m7G) located in this section. Probably, the
bases at the 5´�end of oligonucleotides 2A, 2B, 2C, and
2D form a "dangling" end and make no contribution to
the energy of heteroduplex formation. This suggestion is
confirmed by the data on hybridization of the same oli�
gonucleotides with the in vitro transcript of tRNAPhe.

In the case of the tRNAPhe transcript, the decrease in
the affinity of oligonucleotides (2A, 2B, 2C, 2D) to the
RNA target correlates with the calculated stabilities of
heteroduplexes (see Fig. 3, с). Previously, effects of this
type have been observed for the tRNATyr from E. coli 21

and for the bovine mitochondrial tRNASer(AGY).8 In
both cases, the decrease in the binding extent of oligo�
nucleotides was due to the hypermodified bases located
directly after the 3´�end nucleotide of the anticodon
triplet, ms2i6A and t6A. In the case of yeast tRNAPhe, the
hypermodified base in the 3´�pair of the anticodon loop
is represented by weibutin (Y), which might decrease
the efficiency of hybridization of oligonucleotide 2Z
with tRNA.

At 20 °С, binding of oligonucleotides to the yeast
tRNAPhe is slow. The rate of hybridization of oligonucle�
otides having the same nucleation site virtually does not
depend on the length of the oligonucleotide (2А and 2С).
This is possible, provided that unfolding of the tRNA
structure in the section matching the oligonucleotide is
the limiting step of the hybridization. The effective rate
constants for binding for 16�mer oligonucleotides match�
ing different sections are 1.84 12 (1D), 5.81 (2C), and
3.85 (2Z) L mol–1 s–1 (Table 4). Hybridization of oli�
gonucleotide 1D causes disruption of 12 base pairs,
which is apparently responsible for the lowest bind�
ing rate constant. For each of oligonucleotides 2С
and 2Z, five base pairs need to be disrupted in the
tRNA. However, oligonucleotide 2С matches the TΨC
hairpin and 2Z, the more stable anticodon hairpin,26

which is reflected accordingly in the corresponding rate
constants.

In the presence of 5 mM MgCl2, the binding rate
constant decreases 100�fold for oligonucleotide 2С and
25�fold for oligonucleotide 2А (at 20 °С). The yeast
tRNAPhe has four sites for specific binding of magnesium
ions,27 which stabilize substantially the tRNA 3D struc�
ture, thus hampering oligonucleotide binding. In oligo�
nucleotide 2С hybridization with the in vitro tRNAPhe

transcript, the binding rate markedly increases (approxi�
mately 30�fold). This result is consistent with the pub�
lished data indicating that minor bases stabilize the 3D
structure of tRNA.28 These data are also in line with the
assumption concerning the crucial role of unfolding of
the RNA structure during hybridization. An increase in
the hybridization rate constant both in the presence and
in the absence of magnesium ions is observed as the
temperature rises from 20 to 37 °С. This is related to the
general destabilization of the tRNA 3D structure at higher
temperatures, which facilitates binding. This behavior of
k+ attests to a positive activation energy of the forward
hybridization reaction. Similar conclusions have been
drawn in investigations29—31 of the hybridization kinet�
ics of antisense RNA with their biological targets, natu�
ral RNA.

*          *          *

The kinetic aspects of the interactions of oligonucle�
otides matching various RNA structures still remain little
studied. The results obtained in this work are useful for
understanding the principles of interactions between
antisense oligonucleotides and RNA. The results of our
experiments indicate that the rate of oligonucleotide hy�
bridization with RNA is determined exclusively by the
stability of the RNA structure in the oligonucleotide bind�
ing site and does not depend on the oligonucleotide
length. The factors that destabilize the 3D RNA struc�
ture (higher temperature, the absence of magnesium ions)
increase both the rate and the equilibrium constant of
hybridization. Conversely, the presence of magnesium
ions decreases the rate and the equilibrium constant of
oligonucleotide binding to RNA by destabilizing the RNA
structure. The data on the equilibrium hybridization of
oligonucleotides with tRNA permit one to conclude that
efficient binding of oligonucleotides to natural RNA re�

Table 4. Dependence of the rate of oligonucleotide hybridization with tRNAPhe on the number of
opened base pairs and hybridization section

Oligo� Rate constant The number Binding
nucleotide /L mol–1 s–1 of opened base pairs site

1D 1.9 12 Acceptor stem
+ TΨC hairpin

2C 5.8 5 TΨC hairpin
2Z 3.9 5 Anticodon hairpin
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quires the presence of open single�stranded sequences,
three or four bases long, in the site matching the oligo�
nucleotide; these are important for productive nucle�
ation and for initiation of the formation of the hetero�
duplex.
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