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This paper considers the site�directed cleavage of the in vitro transcript
of human tRNALys

3 by the conjugate CNH2Gly(ArgLeu)3ArgLeuN—p�DЕG—
5´CCCTGGACCCTCAGAT3´ (conjugate pep�1A) of the oligodeoxyribonucleotide 1A
(CCCTGGACCCTCAGAT) with a peptide [LeuArg]4Gly attached at the 5´ terminus of the
oligonucleotide through diethylene glycol as a linker. Under physiological conditions, the
conjugate pep�1A cleaved the C56�A57 phosphodiester bond of the RNA target with high
efficacy. In addition, the conjugate cleaved several other bonds in the D loop, at the basis of
the amino�acceptor stem, and in the anticodon hairpin due, probably, to the formation of
imperfect complexes of the conjugate with partially complementary sequences in the RNA
structure.
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The development of approaches to the sequence�spe�
cific RNA cleavage is a topical problem arising from
both the necessity of manipulating with RNA molecules
in molecular biological studies and the demand for the
design of therapeutic agents inactivating RNAs of infec�
tious agents and mRNAs which encode proteins respon�
sible for the development of pathological states. An ap�
proach to the design of compounds capable of cleaving
particular RNAs involves the construction of oligonucle�
otide conjugates with catalytically active groups, which
can induce cleavage of the phosphodiester bonds in RNA.
The oligonucleotides ensure highly selective interactions
of conjugates with RNA and deliver catalytically active
groups to the desired region of the target molecule.

There are several types of oligodeoxyribonucleotide
conjugates bearing groups, which are capable of cata�
lyzing RNA cleavage. Among these are imidazole resi�
dues,1,2 imidazole derivatives bearing an amino group,3

bisimidazole constructs,4 ethylenediamine, propylene�
diamine,5 terpyridine derivatives chelating copper ions,6

and various lanthanide complexes.7 The above�mentioned
oligonucleotide conjugates both with metal complexes
as active groups and with organic RNA�hydrolyzing con�
structions cleave RNA with different efficacies. Thus the
degree of RNA cleavage was ∼2—5%, 55—80%, and
80—90% upon its incubation for ca. 1 day using conju�
gates with imidazole and Zn2+ ions as a cofactor,1,8 the
texaphyrin complex with the Dy3+ cofactor,9,10 and mac�

rocyclic europium complexes, respectively.11,12 Conju�
gates containing bisimidazole catalytic constructs, which
mimic the active centers of natural ribonucleases, proved
to be more efficient.4,13—16

Screening of peptides with different structures re�
vealed simple structures capable of cleaving RNA,17 viz.,
the [LeuArg]n peptides with alternating hydrophobic and
basic amino acid residues.18,19 The attachment of short
peptides [LeuArg]2—4 to the 5´�terminal phosphate of
the 6�mer oligonucleotide resulted in conjugates capable
of cleaving RNA.20

In the present study, we examined the site�
directed cleavage of the in vitro transcript of
human tRNALys

3 by the oligonucleotide�peptide
conjugate CNH2Gly(ArgLeu)3ArgLeuN—p�DЕG—
5´CCCTGGACCCTCAGAT3´ (pep�1A). It was demon�
strated that this conjugate binds to several regions of
RNA under physiological conditions. The cleavage of
the in vitro transcript of human tRNALys

3 in the presence
of pep�1A occurs at the C56—A57 phosphodiester bond
in the vicinity of the oligonucleotide binding site and
also at several other phosphodiester bonds in the region
of the D loop and the anticodon hairpin in the vicinity
of the sequences partially complementary to the oligonuc�
leotide.

Experimental

Tris(hydroxymethyl)aminomethane (Tris), acrylamide,
N,N´�methylenebisacrylamide, agarose, ATP, DTT (dithio�
threitol), BSA (bovine serum albumin), and HEPES were pur�
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chased from Sigma (USA). Other reagents of "special purity"
grade or "reagent" grade were domestically produced.

[γ�32P]Adenosine 5´�triphosphate ([γ�32P]ATP)
(3000 Ci mmol–1) and [5´�32P]cytidine 3´,5´�bisphosphate
([32P]pCp) (3000 Ci mmol–1) were from Biosan (Russia), T4
RNA ligase was purchased from Fermentas (Lithuania), the
oligopeptide [LeuArg]4Gly�amide was produced at the "Vec�
tor" State Scientific Center (Russia), RNase T1 was from
Boehringer Mannheim (Germany), and restriction endonu�
clease Zsp2I was purchased from Sibenzim (Russia); T7 RNA
polymerase was produced at the Novosibirsk Institute of Bioor�
ganic Chemistry of the Siberian Branch of the Russian Acad�
emy of Sciences.

All biochemical assays were carried out in Milli�Q purified
water (Millipore, USA). All buffer solutions were filtered
through nitrocellulose filters (0.22 µm pore size; Millipore,
USA). [32P]�Labeled RNA was visualized in gel by auto�
radiography on a Renex X�ray film (Russia).

The oligodeoxyribonucleotide 1A with the spacer, viz.,
p(DEG)CCCTGGACCCTCAGAT, was synthesized by the
phosphoramidite method on an automated ASM�700 synthe�
sizer (Biosset, Russia). After deprotection, the oligonucleotide
was isolated by successive ion�exchange and reversed�phase
HPLC on columns packed with Polysil SA�500 (Teoreticheskaya
praktika [Theoretical Practice], Russia) and LiChrosorb RP�18
(Merck).

The conjugate pep�1A was synthesized according to a pro�
cedure reported previously.21 After the synthesis, the conjugate
was isolated by reversed�phase HPLC on a column with
LiChrosorb RP�18. The homogeneity of the oligonucleotide
1A and conjugate pep�1A were analyzed by electrophoresis in
20% denaturing polyacrylamide gel (PAAG) after which the
nucleotide material was stained with the Stains�all dye. The
homogeneity of the specimens used in subsequent studies was
no lower than 98%.

Linearization of plasmid pHtk(wt) with restriction endonu�
clease Zsp2I. The reaction mixture (400 µL) contained 10 mM
Tris�HCl, pH 7.6, 10 mM MgCl2, 1 mM DTT, and plasmid
pHtk(wt) (100 µg). Restriction endonuclease Zsp2I was added
to the reaction mixture (1.5 IU per µg of plasmid DNA) and
the mixture was incubated at 37 °C for 4 h. The extent of
hydrolysis of pHtk(wt) DNA was checked by electrophoresis in
1% agarose gel. After the reaction was quenched, the plasmid
DNA was extracted with an equal volume of a 1 : 1 phe�
nol—chloroform mixture, precipitated with ethanol from 0.3 M
sodium acetate (pH 5.8), kept at –20 °C for 16 h, and centri�
fuged (15 min, 4 °C, 13000 rpm). The precipitate was washed
with 80% ethanol, dried, and dissolved in water (the concen�
tration was 1 µg µL–1).

Preparation of the in vitro transcript of tRNALys
3. The in

vitro transcript of tRNALys
3 was prepared according to a stan�

dard procedure using T7 RNA polymerase.22 The reaction mix�
ture (300 µL) contained 40 mM Tris�HCl, pH 7.5, 6 mM MgCl2,
2 mM spermidine, 10 mM NaCl, 10 mM DTT, 3 mM ribo�
nucleoside triphosphates each (ATP, UTP, CTP, GTP), lin�
earized plasmid pHtk(wt)/Zsp2I (30 µg), and T7 RNA poly�
merase (3 IU per µg of linearized DNA). The reaction mixture
was incubated at 37 °C for 2 h. After the reaction was quenched,
the transcript was twice extracted with an equal volume of a
1 : 1 phenol—chloroform mixture. After the addition of 3 M
sodium acetate (0.1 volume; pH 5.8) to the aqueous phase,

RNA was precipitated with ethanol and kept at –20 °C for
16 h. The RNA pellet was recovered by centrifugation (10 min,
13000 rpm), washed with 80% ethanol, dissolved in 8 M urea
containing 0.05% Bromophenol Blue and 0.05% Xylene Cyanol,
and applied onto 8% denaturing PAAG. RNA in the gel was
visualized by UV�shadow using an intensifying screen (Merck).
RNA was eluted from the gel with 0.3 M sodium acetate, pH 5.8,
in the presence of 10% phenol (300 µL) and then precipitated
with a fourfold volume of ethanol. The RNA pellet was centri�
fuged, washed with 80% ethanol, dried, and dissolved in water.
The concentration of the RNA transcript was determined from
the optical density at 260 nm. The RNA transcript was stored
in water at –20 °C.

Preparation of the [3´�32P]�labeled in vitro transcript of
tRNALys

3. The tRNA was labeled using [32P]pCp and T4 RNA
ligase. The reaction mixture (10 µL) containing 0.1 OU260 of
the in vitro transcript of tRNALys, 10 IU T4 RNA ligase, 20 MBq
[32P]pCp, 50 mM HEPES�KOH, pH 7.5, 10 mM MgCl2,
2 mM DTT, BSA (0.1 mg mL–1), 0.1 mM ATP, and 10% DMSO
was incubated at 4 °C for 18 h. The labeled RNA was isolated
by electrophoresis in 8% PAAG containing 8 M urea. Then
RNA was eluted with 0.5 M ammonium acetate containing
0.1% SDS and 1 mM EDTA (300 µL), precipitated with etha�
nol, dissolved in water, and stored at –20 °C. The spe�
cific activity of the labeled tRNALys

3 thus obtained was
150000—200000 cpm pmol–1.

Cleavage of RNA by the oligonucleotide�peptide conjugate.
The reaction mixture (10 µL) containing [3´�32P]tRNALys

3
(50000 cpm) and the conjugate pep�1A (5—50 µmol L–1) was
incubated in 50 mM Tris�HCl, pH 7.0, containing 0.2 M KCl,
1 mM ЕDTA, and E. coli total tRNA (0.1 mg mL–1) at 37 °C
for 42 h. The reaction was quenched by precipitation with
2% lithium perchlorate solution in acetone (100 µL). The RNA
pellet was separated by centrifugation, washed with acetone
(100 µL), and dissolved in a loading buffer which contained
6 M urea and leading dyes. The hydrolysis products were ana�
lyzed by electrophoresis in 12% PAAG containing 8 M urea.
The determination of the hydrolysis sites was made by comparing
with the products of random hydrolysis of the [3´�32P]�labeled
tRNALys

3 by RNase T1 and 2 M imidazole.23

Study of the temperature dependence on the hydrolytic ac�
tivity of the oligonucleotide�peptide conjugate. The reaction mix�
tures (100 µL) containing [3´�32P]tRNALys

3 (500000 cpm), the
conjugate pep�1A (10 µmol L–1), 50 mM Tris�HCl, pH 7.0,
0.2 M KCl, 1 mM ЕDTA, and E. coli total RNA as a carrier
(0.1 mg mL–1) was incubated at 37, 40, 42, 46, and 50 °C over
different periods of time. The hydrolysis products were ana�
lyzed as described above.

Study of hybridization of the transcript of tRNALys
3 with the

conjugate pep�1A and oligonucleotide 1A. Hybridization of the
transcript of tRNALys

3 with the conjugate pep�1A and oligo�
nucleotide 1A was studied by the gel retardation method. The
reaction mixture (10 µL) contained 0.5 µM [3´�32P]tRNALys

3,
50 mM Tris�HCl, pH 7.0, 0.2 M KCl, 1 mM ЕDTA, E. coli
total RNA (0.1 mg mL–1), (±) 5 mM MgCl2, and 0.05—10 µM
oligonucleotide 1A or conjugate pep�1A. The reaction was car�
ried out at 37 °C for 30 min. Then the samples were mixed with
8 µL of the loading buffer (20% Ficoll, 0.025% Bromophenol
Blue, and 0.025% Xylene Cyanol) and immediately applied
onto a running 10% native PAAG. Electrophoresis was carried
out in a 100 mM Tris�borate buffer (pH 8.3) at 4 °C and
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20 V cm–1 for 6 h. After electrophoresis, the gel was dried and
autoradiographed. The bands of free RNA and its complexes
with the oligonucleotide and conjugate were cut out from the
gel and the Cherenkov radioactivity was measured.

Probing of the tRNALys
3 structure in a complex with the

oligonucleotide 1A using RNase T1. The complex was hydro�
lyzed with RNase T1 under native and partially denaturing
conditions. To perform hydrolysis under native conditions,
the reaction mixture (10 µL) containing [3´�32P]tRNALys

3
(50000 cpm), 50 mM Tris�HCl, pH 7.0, 0.2 M KCl, 1 mM
EDTA, E. coli total RNA (0.1 mg mL–1), and the oligonucle�
otide 1A (1—10 µmol L–1) was incubated at 37 °C for 30 min.
To perform hydrolysis under partially denaturing conditions,
0.2 M KCl was excluded from the reaction mixture. Then
0.1—0.4 IU RNase T1 (0.2 IU µL–1) was added to the sample
thus prepared and the mixtures were incubated at 37 °C for
15 min. The reaction was quenched by precipitation of RNA
with ethanol in the presence of 0.3 M sodium acetate. The
hydrolysis products were analyzed in 12% PAAG containing
8 M urea. The determination of the hydrolysis sites was made
by comparing with the products of random hydrolysis of the
[3´�32P]�labeled transcript of tRNALys

3 by RNase T1 and 2 M
imidazole.23

Probing of the tRNALys
3 structure in the tRNALys

3�oligo�
nucleotide 1A complex using RNase H. Three reaction mixtures
(10 µL each) containing [3´�32P]tRNALys

3 (50000 cpm), 50 mM
Tris�HCl, pH 7.5, 0.2 M KCl, 1 mM EDTA, 1 mM DDT, and
the oligonucleotide 1A (1—10 µmol L) were incubated at 37 °C
for 30 min. Then 1 IU RNase H (1 IU µL–1) was added to one
sample and the subsequent dilutions of the enzyme were ob�
tained by adding aliquots (1 µL) from the first reaction mixture
to the second mixture and from the second mixture to the third
mixture. Solutions of RNase H with concentrations of 100, 10,
and 1 IU mL–1 were thus obtained. The samples were incu�
bated at 37 °C for 15 min. The reaction was terminated by
precipitation of RNA with ethanol in the presence of 0.3 M
sodium acetate. The hydrolysis products were analyzed in
12% PAAG containing 8 M urea as described above.

Results and Discussion

Synthesis of oligonucleotide�peptide conjugates

Hexadecadeoxyribonucleotide p(DEG)—
CCCTGGACCCTCAGAT (1A) bearing the diethylene
glycol (DEG) residue attached to the 5´�terminus of
the oligonucleotide through a phosphate group was
synthesized according to a standard procedure.21

The conjugate CGly(ArgLeu)3ArgLeuN—p�DЕG—
5´CCCTGGACCCTCAGAT3´ was prepared according
to a procedure reported previously.22 The peptide was
attached to the oligonucleotide according to a procedure22

involving the formation of the phosphoramide bond. The
structure of the conjugate is shown in Scheme 1.

Study of interaction of the conjugate pep�1A
with the in vitro transcript of human tRNALys

3

We used the in vitro transcript of human tRNALys
3 as

a model RNA (Fig. 1). The natural analog of this tran�
script serves as a primer for HIV�1 reverse transcriptase
in the key step of virus cycle of replication.24 The hybrid�
ization of the 3´�terminus of tRNALys

3 with the primer
binding site (PBS) of HIV�1 genomic RNA results in a
pseudoknot whose tertiary structure is recognized by vi�
rus reverse transcriptase. Destruction of the tertiary struc�
ture of this pseudoknot blocks the reverse transcription of
viral genomic RNA.25 The conjugate was synthesized with
the use of the oligonucleotide 1A complementary to the
sequence 38—53 of tRNALys

3. This oligonucleotide should
deliver the peptide [LeuArg]4Gly to the C56—A57 bond
located in the TΨC loop of the molecule (see Fig. 1).

Scheme 1

DEG
Oligonucleotide

Catalytically active peptide
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We studied the binding of tRNALys
3 to the conjugate

pep�1A and oligonucleotide 1A by the gel retardation
method (Fig. 2). For this purpose, tRNALys

3 was incu�
bated in a standard buffer (see the Experimental section)
in the presence or in the absence of 5 mM MgCl2. Bind�
ing of the tRNA both to the oligonucleotide 1A (Fig. 2, a)
and to the conjugate pep�1A (Fig. 2, b) resulted in sev�
eral types of complexes characterized by different elec�
trophoretic mobilities in 10% native PAAG. In com�
plex 1, tRNALys

3 was bound to one molecule of the oli�
gonucleotide 1A or conjugate pep�1A, whereas tRNALys

3
in complex 2 binds at least two molecules of the
oligonucleotide or conjugate. Previously, we have ob�
served cooperative binding of two oligonucleotide mol�
ecules to RNA with the simultaneous formation of per�
fect and imperfect heteroduplexes in the case of yeast
tRNAPhe (see Ref. 26) and the 23S rRNA fragment con�
taining the α�sarcin loop.27

In the absence of magnesium ions, the extent of hy�
bridization reached 100% when tRNALys

3 and the oligo�
nucleotide 1A were taken in equimolar concentrations
(0.5 µmol L–1). However, several types of complexes
simultaneously formed under these conditions. In the
presence of magnesium ions, complete binding of the
oligonucleotide 1A was observed at the oligonucleotide
concentration of 5 µmol L–1. In the latter case, the for�

mation of several types of complexes was also observed.
Binding of the conjugate pep�1A to tRNALys

3 occurred
less efficiently but (as in the case of the oligonucleotide)
several types of complexes were formed as well. The
perfect duplex was predominantly formed only when the
conjugate was taken at a concentration ranging from 0.1
to 0.7 µmol L–1. The conjugate pep�1A was completely
bound to tRNALys

3 at the conjugate concentration of
1 µmol L–1. In the presence of magnesium ions, binding
of the conjugate to tRNALys

3 is less efficient but several
types of complexes were formed in the latter case as well.
As the concentration of the oligonucleotide 1A or conju�
gate pep�1A was increased, the proportion of complex 2
gradually increased. Apparently, binding of the oligo�
nucleotide 1A and conjugate pep�1A, even at low con�
centrations, to the 38—53 region of tRNALys

3 causes a
change in the structure of the tRNALys

3 molecule pro�
viding efficient cooperative binding of one more oligo�
nucleotide or conjugate molecule.

The results of the tRNALys
3—oligonucleotide 1A prob�

ing with RNase T1 are presented in Fig. 3. It can be seen
that in the tRNALys

3�oligonucleotide 1A complex, the
phosphodiester bonds adjacent to the G53, G52, G51,

Fig. 1. Secondary structure of the in vitro transcript of human
tRNALys

3.24 The phosphodiester bonds cleaved by the oligo�
nucleotide�peptide conjugate pep�1A are marked by ovals. The
intensity of shading corresponds to the extent of cleavage of the
corresponding phosphodiester bond.

Table 1. Context analysis of binding sites of the oligonucleotide
1A to tRNALys

3

Region of tRNALys
3 Imperfect complex*

17—2 61CCCTGGACCCTCAGAT16

| | | | | | | |

17CUGACUCGAUAGGCCC2

26—11 61CCCTGGACCCTCAGAT16

| | | | | | | |

26ACGAGAUGGCUGACUC11

32—17 61CCCTGGACCCTCAGAT16

| | | | | | |

32CAGACUACGAGAUGGC17

33—18 61CCCTGGACCCTCAGAT16

| | | | | | | |

33UCAGACUACGAGAUGG18

41—26 61CCCTGGACCCTCAGAT16

| | | | | | | |

41UCUAAUUTTCAGACUA26

66—51 61CCCTGGACCCTCAGAT16

| | | | | | |

66UGUCCCUGAACUUGGG51

* The program ignored the possibility of the formation of
bulge�loops in the oligonucleotide upon the formation of im�
perfect complexes; 1—16, the sequence of the oligonucleotide
1A from the 5´�terminus to the 3´�terminus; the sequence of
the tRNALys

3 region in a reverse orientation is shown in the
second row; the possible base pairs are connected by lines. The
nucleotides forming complementary pairs are given in bold type.
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K1 0.05 0.1 0.3 0.5 0.7 1 5 10 K2 0.05 0.1 0.3 0.5 0.7 1 5 10 1A/µmol L–1

2 {
1

tRNA

–MgCl2 +MgCl2

K1 0.05 0.1 0.3 0.5 0.7 1 5 10 K2 0.05 0.1 0.3 0.5 0.7 1 5 10 pep�1A/µmol L–1

2 {
1

tRNA

–MgCl2 +MgCl2

a

b

Fig. 2. Analysis of tRNALys
3 binding to the oligonucleotide 1A (a) and the conjugate pep�1A (b) by the gel retardation method. The

autoradiograph of 10% native PAAG. a. Incubation of tRNALys
3 under standard conditions in the presence of the oligonucle�

otide 1A (0.05—10 µmol L–1) at 37 °C for 30 min. Lanes K1 and K2, tRNALys
3 in the absence of the oligonucleotide 1A;

lanes 0.05—10 (–MgCl2), incubation of tRNALys
3 with the oligonucleotide 1A in the absence of magnesium ions. Lanes 0.05—10

(+MgCl2), incubation of RNA with the oligonucleotide 1A in the presence of magnesium ions (5 µmol L–1). b. Incubation of
tRNALys

3 under the standard conditions in the presence of 0.05—10 µM conjugate at 37 °C for 30 min. Lanes K1 and K2, tRNALys
3

in the absence of the conjugate pep�1A; lanes 0.05—10 (–MgCl2), incubation of tRNALys
3 with the conjugate pep�1A in the absence

of magnesium ions. Lanes 0.05—10 (+MgCl2), incubation of tRNALys
3 with the conjugate pep�1A in the presence of magnesium

ions (5 µmol L–1).

G46, G45, G44, and G42 bases, which match com�
pletely the oligonucleotide, are protected from hydroly�
sis with RNase T1 under the native conditions. Simulta�
neously, the extent of hydrolysis at the G65, G30, and
G18, G19, G22, G24 residues in the D loop is sharply
increased. In addition, sensitivity of G10 to hydrolysis is
slightly changed. These results provide evidence that bind�
ing of the oligonucleotide 1A to the 38—53 region is
accompanied by a substantial reorganization of the
tRNALys

3 molecule as a whole (particularly, in the re�
gion of the D hairpin). The probing of the complex with
the use of RNase H revealed the formation of the perfect
heteroduplex with the oligonucleotide 1A only in the
38—53 region of tRNALys

3 (the data are not presented).
It is known that RNase H recognizes heteroduplexes
consisting of at least six base pairs.28 Apparently, imper�
fect complexes contain shorter continuous hetero�
duplexes.

The context analysis of the tRNALys
3 sequence showed

that the oligonucleotide 1A can form at least two imper�
fect complexes in the region of the D loop, one imper�

fect complex in the region of the anticodon loop, and
one imperfect complex in the region of the TΨC loop in
addition to the 16�mer complementarity region 38—53
(Table 1).

Ribonuclease activity of the
oligonucleotide�peptide conjugates

The ribonuclease activity of the conjugate pep�1A
was assayed under physiological conditions (37 °C,
pH 7.0). The products of [3´�32P]�tRNALys

3 hydrolysis
by the conjugate pep�1A were analyzed by electrophore�
sis in 12% PAAG under denaturing conditions (Fig. 4).
Incubation of RNA in the presence of the oligonucle�
otide 1A (Fig. 4, lane 6) or the peptide [LeuArg]4Gly
taken in a concentration of 10 µmol L–1 (Fig. 4, lane 5)
(incubation for 24 h) did not lead to RNA cleavage.
When the concentration of the peptide was increased to
50 µmol L–1, aggregation with RNA occured to give
conjugates stable under denaturing conditions (results
are not presented). In the presence of 10 µM conjugate
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G10

G18—G19

G30

G42

44
G { 45

46

51
G { 52

53

G59

G65

G69

G70

G71

G73

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

n s/d n s/d n s/d

0 µM 1 A 1 µM 1 A 10 µM 1 A

Fig. 3. Probing of the complex of 3´�[32P]—tRNALys
3 with the oligonucleotide 1A using RNase T1. The autoradiograph of

12% PAAG containing 8 M urea. The concentration of the oligonucleotide 1A for each lane is given at the top of the figure:
1 and 2, hydrolysis of tRNALys

3 with 2 M imidazole and RNase T1 under the denaturing conditions, respectively; 3, 7, 11,
and 15, incubation of tRNALys

3 in the absence of RNase T1; 4, 8, 12, 16, 19, and 22, incubation of tRNALys
3 in the presence of

0.1 IU RNase T1; 5, 9, 13, 17, 20, and 23, incubation of tRNALys
3 in the presence of 0.2 IU. RNase T1; 6, 10, 14, 18, 21,

and 24, incubation of tRNA in the presence of 0.4 IU RNase T1 for 10 min; n, native conditions, s/d, incubation in the absence of
monovalent and divalent cations.

pep�1A, the site�directed RNA cleavage occurs under
the conditions of complete binding of RNA (after 3 h) at
the C56—A57 bond located in the vicinity of the prob�
able localization of the peptide residue upon the forma�
tion of the full�sized complementary heteroduplex. An
increase in the incubation time (lanes 9, 10) or the con�

centration of the conjugate (lanes 11—14) led not only
to an increase in the yield of the hydrolysis products in
the C56—A57 region but also to the formation of a lim�
ited series of products of RNA hydrolysis at the G73—
C74 phosphodiester bond in the amino�acceptor stem,
at the G65—U66 and G59—U60 bonds in the TΨC hair�
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G10

G18—G19

22
G { 24

G30

G42

44
G { 45

46

51
G { 52

53

G59

G65

G69

G70

G71

G73

1 2 3 4 5 6 7 8 9 10 11 12 13 14

C13—A14
G18—G19

{G19—U20
U20—A21

C28—A29
G30—A31

U36—A37

C56—A57

G59—U60

G65—U66

G73—C74

10 µM 50 µM

pep�1A

Fig. 4. Cleavage of the 3´�[32P]�labeled in vitro transcript of tRNALys
3 by the conjugate pep�1A, analysis in denaturing 12% PAAG:

1 and 2, hydrolysis of tRNALys
3 with 2 M imidazole, pH 7.0, and RNase T1 under the denaturing conditions, respectively; 3 and 4,

controls, incubation of tRNALys
3 in the absence of the conjugate for 1 and 24 h, respectively; 5, incubation of tRNALys

3 in the
presence of 1 µM peptide [ArgLeu]4 for 24 h; 6, incubation of tRNALys

3 in the presence of 1 µM oligonucleotide 1A for 24 h; 7, 8, 9,
and 10, incubation of tRNALys

3 in the presence of 10 µM conjugate pep�1A at 37 °C for 3, 6, 18, and 42 h, respectively; 11, 12, 13,
and 14, incubation of tRNALys

3 in the presence of 50 µM conjugate pep�1A at 37 °C for 3, 6, 18, and 42 h, respectively. The sites of
hydrolysis by RNase T1 and the conjugate pep�1A are given to the left and right of the figure, respectively.
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pin, at the U36—A37, G30—A31, and C28—A29 bonds
in the anticodon hairpin, and at the U20—A21, G19—
U20, G18—G19, G15—U16, C13—A14, and U8—A9
bonds in the D loop of the in vitro transcript of tRNALys

3.
It can be assumed that hydrolysis at these sites occurs
due to the formation of imperfect complexes whose ac�
cumulation is increased as the concentration of the con�
jugate is increased (see Fig. 2). It should be noted that
the extent of hydrolysis at the C56—A57 bond, which
takes place in the full�sized complex, is somewhat in�
creased as the concentration of the reagent is increased
from 5 to 50 µmol L–1 although this complex exists
throughout the entire concentration range.

The plots of the extent of tRNALys
3 cleavage by the

conjugate pep�1A vs. the time at different concentrations
of the conjugate are shown in Fig. 5. After incubation for
42 h, the total extent of RNA hydrolysis at all sites
reached 8% (5 µM pep�1A, curve 3), 17% (10 µM pep�1A,
curve 2), and 57±5% (50 µM pep�1A, curve 1). The data
on the accumulation of the products of tRNALys

3 hy�
drolysis at different phosphodiester bonds are presented
in Fig. 6. It can be seen that the kinetic curves for the
accumulation of hydrolysis products differ in character.
Hydrolysis of tRNA at the C56—A57 phosphodiester
bond, i.e., in the vicinity of the full�sized hybrid com�
plex, proceeded rapidly. Thus a noticeable extent of hy�
drolysis was observed already after incubation for 3 h,
and the curve flattened out (15%) after 18 h. This type of
the kinetic curve (saturated curve) is characteristic of the
reactions proceeding in stable complementary com�
plexes.27 By contrast, the accumulation of products of
tRNALys

3 hydrolysis at other phosphodiester bonds, viz.,
at G18—G19, G19—U20, and U20—A21 in the D loop
(22%), at G73—C74 (12%) at the basis of the amino�
acceptor stem, and at G30—A31 and U38—A37 (7 and
3%, respectively) in the anticodon hairpin, depends lin�
early on the time up to 42 h. This character of the kinetic

curves suggests that cleavage at these sites occurs either
within imperfect complexes or under the action of the
conjugate present in solution. Both pathways are theo�
retically possible at a high concentration of the conju�
gate pep�1A (50 µmol L–1). However, considering that
the targeting of tRNA cleavage is a non�random event
and the efficiency of hydrolysis at these sites (Fig. 5) as
well as the portion of imperfect complexes is increased
as the concentration of the reagent is increased (see
Fig. 2), it is more probable that the reaction occurs within
these imperfect complexes.

The fact that the RNA cleavage at the C56—A57
bond is a complementary addressed process is supported
by suppression of the conjugate activity with an excess of
the non�modified oligonucleotide. Cleavage of tRNALys

3
by the conjugate pep�1A (10 µmol L–1) in the presence of
a fivefold excess of the oligonucleotide 1A (50 µmol L–1),
which is a competitive inhibitor of reactions proceeding
within complementary complexes, indicates that the re�
action at the C56—A57 bond is inhibited to the highest
extent (by a factor of 1.8). For the G18—G19, G19—U20,
U20—A21, C28—A29, U36—A37, and G73—C74 bonds,
the reaction was suppressed by only 10—20%. This is an
argument in support of the assumption that the cleavage
at these sites proceeds within imperfect complexes. A
slight decrease in the extent of hydrolysis in the presence
of an excess of the oligonucleotide 1A may be associated
with the high exchange rate of unstable complexes.

10 20 30 40 τ/h
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2

3
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40

20
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α (%)

Fig. 5. Kinetics of cleavage of the in vitro transcript of tRNALys
3

by the conjugate pep�1A. Incubation of tRNALys
3 in a standard

buffer at 37 °C the presence of the conjugate pep�1A. The con�
centration of the conjugate pep�1A (µmol L–1): 1, 50; 2, 10; 3, 5.
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Fig. 6. Kinetics of cleavage of the in vitro transcript of tRNALys
3

by the conjugate pep�1A at different sites after incubation for
3 (1), 6 (2), 18 (3), and 42 h (4).
* The overall extent of depolymerization of tRNALys

3 at the
G18—G19, G19—U20, and U20—A21 phosphodiester bonds
in the D loop.
** The phosphodiester bond in the vicinity of the site of bind�
ing of the conjugate pep�1A.
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The temperature dependence of tRNALys
3 cleavage

by the conjugate pep�1A is shown in Fig. 7. In the tem�
perature range from 37 to 50 °C, the efficacy of RNA
cleavage is initially increased (up to 40 °C) and then the
extent of tRNA hydrolysis is gradually decreased. At
50 °C, the cleavage occurs as a background process, i.e.,
it is time independent and amounts to 3—5%. The tem�
perature dependence of the extent of tRNALys

3 cleavage
by the conjugate pep�1A is bell�shaped with a maximum
at 40 °C, which is attributable to the fact that the reac�
tion occurs within both a perfect complex possessing a
high melting point and a series of unstable imperfect
complexes.

The analysis of the RNA�hydrolyzing activity of the
conjugate pep�1A and its binding to tRNALys

3 revealed a
number of characteristic features. The conjugate pep�1A
is efficiently invaded into the tRNALys

3 structure. At
micromolar concentrations of pep�1A, tRNALys

3 is quan�
titatively involved in the complex, the formation of im�
perfect complexes being observed along with the forma�
tion of a perfect complex. The formation of several im�
perfect complexes is confirmed by the appearance of a
diffusion band in the electrophoretic analysis under the
native conditions, the data of the tRNALys

3 structure
probing in the complex with the oligonucleotide 1A, and
the character of tRNA cleavage with the conjugate
pep�1A. The probable schemes of the formation of com�
plexes through incomplete pairing of the conjugates with
tRNALys

3 were revealed by the context analysis.
The maximum rate of RNA cleavage was achieved

when the concentration of the conjugate was an order of
magnitude higher than that sufficient for the formation
of the complex with RNA. A comparison of the data on
the rate of RNA hydrolysis at the C56—A57 bond de�
pending on the concentration of the conjugate with the
data on binding of the conjugate to RNA leads to the

conclusion that the conjugate exists in forms, which are
either active or inactive in the cleavage of the phos�
phodiester bonds in RNA. Within the stable 16�mer het�
eroduplex with tRNALys

3, the active pep�1A molecules
bound to RNA rapidly hydrolyze the latter. In com�
plexes containing the inactive form of the conjugate, the
reaction does not take place, and the replacement of
inactive molecules in the complex by active molecules
from the solution proceeds slowly due to slow dissocia�
tion of the duplex. As a result, the kinetic curve for
tRNALys

3 hydrolysis at the C56—A57 bond reaches a
plateau when the extent of cleavage reaches ∼17% (see
Fig. 6). Hydrolysis of RNA by active molecules involved
in unstable imperfect complexes proceeds more slowly,
but this reaction is accompanied by the rapid replace�
ment of the conjugate molecules bound to RNA with the
conjugate molecules from the solution. Due to the rapid
exchange, active molecules from the solution can easily
reach the regions of imperfect hybridization resulting in
the efficient cleavage in these sites. Analogous observa�
tions were made in the studies of alkylation of DNA with
oligonucleotide derivatives29 and chemical ligation.30

These experiments showed that in some cases the reac�
tions proceed more efficiently within unstable complexes
in which rapid exchange can take place.

Based on the above�considered results, the following
conclusions can be made regarding the size of the ad�
dressing region of oligonucleotide conjugates bearing cata�
lytic groups. To ensure the catalytic mode of the reac�
tion, the size of the oligonucleotide fragment of the con�
jugate must be sufficiently short to provide the dynamic
equilibrium between the RNA�bound and free conju�
gates. The minimal length of the construction is limited
by the size necessary for the interaction with the target
sequence. In the case of highly structured regions of
targets, which necessitate the use of long oligonucleotide
addresses, the reaction can be substantially inhibited due
to slow exchange of the molecules in the complex. This
poses yet another problem, viz., the formation of tandem
complexes of conjugates with RNA. In this connection,
the use of targets with sequences involved in structures
with short stable hairpins, such as tRNA, is non�optimal.

The results obtained in the present study account for
low efficacy of the reactions of oligonucleotide conju�
gates observed in many investigations where RNA�hydro�
lyzing constructions were covalently linked to oligo�
nucleotides that form stable complexes with an RNA
target. These results also give researchers a new line of
investigation aimed at the design of highly specific and
efficient artificial ribonucleases operating in the cata�
lytic manner.
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Fig. 7. Plots of the extent of cleavage (α
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) of the in vitro tran�
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3 by the conjugate pep�1A vs. the temperature

for different incubation times: 3 (1); 5 (2); 10 (3); 24 h (4).
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