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ABSTRACT

Recently, artificial ribonucleases (aRNases)—con-
jugates of oligodeoxyribonucleotides and peptide
(LR);-G-amide—were designed and assessed in
terms of the activity and specificity of RNA clea-
vage. The conjugates were shown to cleave RNA at
Pyr-A and G-X sequences. Variations of oligonu-
cleotide length and sequence, peptide and linker
structure led to the development of conjugates
exhibiting G-X cleavage specificity only. The most
efficient catalyst is built of nonadeoxyribonucleo-
tide of unique sequence and peptide (LR);-G-NH>
connected by the linker of three abasic deoxyribo-
nucleotides (conjugate pep-9). Investigation of the
cleavage specificity of conjugate pep-9 showed
that the compound is the first single-stranded
guanine-specific aRNase, which mimics RNase T1.
Rate enhancement of RNA cleavage at G-X linkages
catalysed by pep-9 is 102 compared to non-
catalysed reaction, pep-9 cleaves these linkages
only 10°fold less efficiently than RNase T1

(kcaLRNase T /k cat_pep-9 — 1 05)-

INTRODUCTION

The major challenges in the development of artificial
ribonucleases (aRNases) are the achievement of sequence
specificity of RNA cleavage and high cleavage efficiency.
Natural ribonucleases of RNase A family (1-4) exhibit
pyrimidine-X specificity. Ribonucleases of T1 family
(RNase T1 from Aspergillus oryzae (5) and RNase F1
from  Fusarium moniliforme (6) exhibit guanine-X
specificity, and RNase U2 from Ustilago sphaerogena
(7) exhibit adenine-X specificity. Attempts have been
made to alter the specificity of ribonuclease T1 by protein
engineering methods (8), but this goal has not been
achieved till date.

One approach to the design of aRNases consists of
mimicking active sites of natural enzymes by conjugates
bearing the functional groups of amino acids that form
the catalytic centre of the enzyme and catalysing the

transesterification reaction [for example, imidazole (9-11),
aminogroups (12), guanidinium groups (13)]. aRNases
designed using this approach usually display cleavage
specificity similar to that of RNase A: they cleave RNA
predominantly at linkages within Pyr-A motifs, which are
known to be highly sensitive towards various cleaving
agents (14). These aRNases accelerate cleavage at the
most sensitive sites within RNA.

The sequence specificity of natural RNases is deter-
mined by the substrate recognition centre in which the
specific interaction of amino acids with RNA provides
for the specific binding and placement of a particular
heterocyclic base, thus resulting in the optimal conforma-
tion of internucleotide phosphodiester bonds, which are
subjected to cleavage. Accurate mimicking of ribonuclease
active centres is a difficult task because of their complex
spatial structure providing for multipoint contacts within
the enzyme—substrate complex, and specific and dynamic
nature of the centres that undergo conformational
changes.

Attempts were made to stabilize the RNA heterocyclic
bases optimally for cleavage conformations via stacking
interactions with aromatic amino acids [for example,
phenylalanine (15)], which were introduced into the
structure of conjugates mimicking RNase active
centres. However, these conjugates did not exhibit any
cleavage specificity other than Pyr-A. aRNases displaying
other specificity were developed by introducing guanidi-
nium groups and arginine residues into the structure
of aRNases: some G—X cleavage activity was reported
for conjugates of anthraquinone and imidodiacetate
bearing carboxylic and ammonium ions (13) and
conjugates of oligodeoxyribonucleotides and peptide
(LR)4-G-amide (16-21).

Recently, the conjugates of peptide (LR)4-G-NH,
attached to 5-terminal phosphate of antisense oligonu-
cleotides were obtained (16,19). These conjugates were
found to cleave RNA both in the vicinity of oligonucleo-
tide complementary sequence and in a random manner
at Pyr-A and G—X linkages (16,19). We found that the
oligonucleotide in the conjugates plays an unusual role: it
promotes formation of an ‘active’ peptide conformation
because the peptide itself exhibits no ribonuclease activity
(17,20). All designed oligonucleotide—peptide conjugates
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displayed either G—X>Pyr-A or G—X<Pyr-A activity,
but both activities were observed simultaneously. The
main task of this work was to design the conjugate(s)
exhibiting G-X cleavage activity similar only to
RNase TI.

In this article, we solve this problem and describe the
first single-stranded guanine-specific aRNase—conjugate
of nonadeoxyribonucleotide GGATCTCTT and peptide
(RL)4-G-amide connected by the linker of three deoxy-
ribose residues (pep-9), which display only G-X cleavage
activity under various conditions. Rate enhancement of
RNA cleavage at G-X linkages catalysed by pep-9 is 10°,
as compared to non-catalysed reactions; pep-9 cleaves G—
X linkages only 10°-fold less rapidly than RNase Tl

(kcat_RNase Tl/kcat_pep—9 = 105)

MATERIALS AND METHODS

[y-*PJATP (specific activity >3000Ci/mM) was from
Biosan Co. T4 polynucleotide kinase and RNase TI
were purchased from Fermentas (Lithuania). Peptide
(LR)4-G-NH, was purchased from Diapharm Ltd.
(St. Petersburg, Russia). Fok I restriction endonuclease
was from Sibenzyme (Russia). T7 RNA-polymerase
was prepared by Dr V. Ankilova (this institute). All
buffers were prepared using MilliQ water, contained
0.1lmM EDTA and were filtered through 0.22-um
millipore filters.

Oligonucleotides

Oligoribonucleotides YAGAAACAACGGUUCGGAAG
uu? (RNA-21s) and YCUAACUUCCGAACCGUU
GUUU? (RNA- 2las), the chimeric ribo/2’-O-methylribo
ollgonucleotldes SUUC AUrG~UAAA?Y (RNA-10,6v),
SUUCAUrG~AAAAY (RNA- 10:Ga), SUUCAUrG~
GAAAY (RNA-10,¢cc) and “UUCAUrG~CAAA®
(RNA-10,gc) were chemically synthesized by standard
protocols. 2’-O-Methylribo units are underhned

Oligodeoxyribonucleotides (delb)3- ‘PGGATCTCTT?,
pGGATCTCTT3 (delb)3- pGGATCTCTA3
(deIb)q— pTCTCTC* SpTCTCTC?, delb)q— 'pTCT
CTT?, (pdRib);-> pGGGATCTCTT3 (Pdeb)3- ‘PGAT
CTCTT” (delb)3- 'PGGA-(pdRib),-T and (pdRib)s-
pGGAT were synthesized by the standard phosphor-
amidite protocol on ASM-700 synthesizer (Biosset,
Russia) using solid support, nucleoside phosphoramidites,
dSpaser (pRib), chemical phosphorylation reagent
from Glenn Research (USA). Oligonucleotides were
isolated by consecutive ion-exchange (Polysil SA-500
columns, Russia) and reverse-phase HPLC (LiChrosorb
RP-18 columns, Merck, Germany) according to standard
protocols.

Preparation of conjugate pep-9

NH>-G-(RL)s- (pdRib);-° pGGATCTCTTz
(pep-9), NH,-G- (RL)4- PGGATCTCTT?  (pep-9=1),
NH,-G-(RL),- (delb)3- PGGATCTCTA”  (pep-9™/™),
NH»-G-(RL)s-(pdRib);- pTCTCTc* (pep-(TC)3), NH,-
G-(RL)4-*pTCTCTC>  (pep-(TC);™Y), NH,-G-(RL)4

Conjugates
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(delb)3- pTCTCTT? (pep-TCTCTT) NH>-G-(RL),-
(pdRib);-> pGGGATCTCTT3 (pep-9°59), NH,-G-
(RL),~(pdRib);-> pGATCTCTT* (pep-9<—5’c)),
NH,-G-(RL)4-(pdRib);-> pGGA-(pdRib),-T (pep-

GGA(pdRib)4T) and NH,-G-(RL)4- (delb)3- PGGAT?
(pep-GGAT) were synthesized by the formation of
phosphamide bond between 5'-terminal phosphate of
deoxyribose linker or 5'-phosphate group and N-terminal
a-amino group of oligopeptide according to published
protocol (22). The conjugates were isolated by reverse-
phase HPLC on LiChrosorb RP-18 column (4 x 250 mm).
Homogeneity of the conjugates was tested by electro-
phoresis in 15% polyacrylamide/8 M urea gel followed
by staining with ‘Stains-all’. The homogeneity of the
conjugates was 95-98%. The structure and properties of
the conjugate pep-9 are protected by patent (23).

MALDI-TOF mass spectrometry

Molecular weights of peptides, oligonucleotides and
conjugate pep-9 have been verified by MALDI-TOF
mass spectrometry on a REFLEX IIT mass spectrometer
equipped with a pulsed nitrogen laser emitting at 337.1 nm
(Bruker Daltonics, Germany). An overlayer preparation
was used with a 3-hydroxypicolinic acid (HPA) or
2,5-dihydroxybenzoic acid (DHB) as matrix. A 10:1
mixture 50mg/ml matrix in aqueous acetonitrile
(1:1 v/v), and 100 mg/ml aqueous ammonium citrate was
spotted in 1pL aliquots on a bed and dried. Here, 1 pl
10 uM aqueous solution of a sample was added. MALDI-
TOF mass spectra were acquired in positive- or negative-
ion mode. Samples were analysed in reflector mode using
an accelerating voltage of 20kV. All spectra were the
result of signal averaging 200 laser shots. Calibrations
were performed in accordance with the manufacturer’s
recommendations. For oligonucleotides, peptide and
conjugate pep-9 expected and measured masses were:
(pdRib);-GGATCTCTT  expected 3326.1, measured
3326.73, a [M+H]+; peptide (LR)4;-G-NH, expected
1151.78, measured 1151.81, m [M+H]+; conjugate pep-9
expected 4459.6, measured 4459.03, a [M+H]+; conjugate
pep-9°1 expected 3919.2, measured 3922.55, a [M+H]+;
where a, m refers to average and monoisotopic mass,
respectively.

Preparation of [5'->*P]-labelled RNA substrates

A 96-nt fragment of RNA HIV-1 (RNA-96) was prepared
by in vitro transcription using T7 RNA polymerase and
Fok I—linearized plasmid pHIV-1 as described in (17).
RNA-96 was dephosphorylated using bacterial alkaline
phosphatase (BAP) according to described protocol (24).
The reaction mixture, 50 ul of 50 mM Tris-HCI, pH 8.5,
containing 1|mM EDTA, 0.2% SDS, 2% formamide,
2.5mM DTT, 0.1 OD of RNA-96 and 2 U of BAP was
incubated at 37°C for 1h. After 30 min, BAP was added
again to the reaction mixture. The reaction was quenched
by phenol:chloroform (1:1, v/v) extraction, followed by
extraction with ethyl ester and precipitation with ethanol.
5’-End labelling of chimeric ribo/2’-O-methylribo oli-
gonucleotides (RNA-21,6x, where X refers to A, U, G
or C), RNA-21s and RNA-96 were carried out using
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[y**PJATP and T4 polynucleotide kinase according to
(24). [**P]-Labelled RNA was isolated by electrophoresis
in 12% PAAG/8M urea gel. RNA was visualized by
autoradiography on an X-ray film. [*>P]-Labelled RNA-21
and RNA-96 were eluted from the gel by 300l of 0.3M
sodium acetate, pH 5.5, and precipitated with ethanol.

Ribonuclease activity assay

The reaction mixture (10 pl) contained 50 000 c.p.m. [32Pl-
labelled RNA-96, one of the conjugates pep-9, pep-9™",
pep 9. pep-(TC)s,  pep(TC)™™,  pep-TCTCTT,
pep-959 " pep- 93D pep-GGA(pdRib),T, pep-GGAT
at a concentration ranging from 10 to 50 uM, 50 mM
Tris-HCI, pH 7.0, 0.2M KCI, 1 mM EDTA and 100 pg/ml
total RNA carrier (total tRNA from Escherichia coli). The
mixtures were incubated at 37°C for 3-8 h and quenched
by precipitation of RNA with 2% lithium perchlorate in
acetone (150 pul). RNA was collected by centrifugation and
dissolved in loading buffer (6 M urea, 0.025% bromophe-
nol blue, 0.025% xylene cyanol). RNA and RNA cleavage
products were resolved in 12% PAAG/8 M urea gel using
TBE (100mM Tris-borate, pH 8.3, 2mM EDTA) as
running buffer. To identify cleavage sites, an imidazole
ladder and G-ladder produced by partial RNA cleavage
with 2 M imidazole buffer (pH 7.0) (25) and with RNase
T1 (26), respectively, were run in parallel. Quantitative
data were obtained by counting using Molecular Imager
(BioRad). The total extent of RNA cleavage and the
extent of RNA cleavage at specific sites were determined
as a ratio of radioactivity measured in the RNA
fragment(s) to the total radioactivity applied onto the gel.

Effective  rate  constants  of  spontaneous  RNA
cleavage. The reaction mixtures (100ul) containing
500000 c.p.m. [**P]-labelled RNA-10,Gu, RNA-10.Ga,
RNA-10,G or RNA-10,G¢ and corresponding RNA at
a concentration of 0.1uM, 50mM Tris-HCI, pH 7.0,
ImM EDTA, were incubated at temperatures from 50
to 80°C for 10 min—9h. At various time points, aliquots
were taken, frozen at —70°C for 10min and stored
at —20°C. RNA cleavage products were analysed in
12% PAAG/8 M urea gel as described above.

Effective rate constants of spontaneous cleavage at G—X
motifs, (k.y), were obtained by fitting data to the single
exponential Equation (1) (27):

P =Py - (1 —exp —kegr- 1), 1

where P, and P, are the fraction of substrate cleaved at
time ¢ and at the end point, respectively.

Effective rate constants of spontaneous RNA cleavage
at 37°C were obtained by extrapolation to 37°C data of
Arrhenius plot In(keg) to 1/T.

Effective rate constants of RNA cleavage by pep-9
and RNase TI. The reaction mixtures (10 pul) containing
50000c.p.m. [*P]-labelled RNA-10,Gu, RNA-10,GA,
RNA-10,G or RNA-10,g¢ and the corresponding RNA
at a concentration of 0.1 uM, 5-10 uM pep-9 or 0.5-1 U
RNase T1, S0mM Tris-HCI, pH 7.0, I mM EDTA, were
incubated at 37°C for 10-99 h and 5-90 min, respectively.

At particular time, reaction mixtures were frozen at —70°C
for 10min and then stored at —20°C. RNA cleavage
products were analysed in 12% PAAG/8M urea gel as
described above. Effective rate constants, (k.y5), were
obtained by fitting data to the single exponential
Equation (1).

Salt concentration profile

Cleavage of RNA-96. Cleavage reactions were performed
in the reaction mixture (10pul) containing 50000 c.p.m.
[5-*2P]-RNA-96, 10 uM pep-9, 50mM Tris-HCI, pH 7.0,
LiCl at concentration ranging from 0 to 500 mM, 1 mM
EDTA, 100pug/ml RNA carrier. The mixtures were
incubated at 37°C for 5-8 h, and reactions were quenched
by RNA precipitation with 150pul of 2% lithium
perchlorate in acetone followed by the analysis of cleavage
products as described above.

Cleavage of RNA-10,G. Cleavage reactions were per-
formed in the reaction mixture glO ul) containing
50000 c.p.m. [5-**P]-RNA-10,GG (107" M), 10 uM pep-9,
S0mM Tris-HCI, pH 7.0, 1lmM EDTA, LiCl at a
concentration of 0-200 mM or MgCl, at a concentration
of 0-20mM. The mixtures were incubated at 37°C for
52 h. Reactions were quenched by dilution with 8 M urea
containing leading dyes, and cleavage products were
analysed by electrophoresis in 15% PAAG/8M urea gel
as described above.

pH profile of ribonuclease activity of pep-9 and RNase T1

pH profile of RNA cleavage by the conjugate pep-9 and
RNase T1 was assayed in experiments with RNA-96 at pH
from 6.0 to 9.5. The buffers were: 50 mM bis-tris-propane-
KOH for pH 6.0-9.5; 50mM Tris-HCI for pH 7.0-9.0;
50 mM MES-HCI for pH 5.5-6.0; 50 mM sodium acetate—
CH;COOH for pH 3.7-5.0. All buffers contained 200 mM
KCIl and 1 mM EDTA.

pH profile of RNase TI activity. Reactions were per-
formed in reaction mixtures (10ul) containing
50000c.p.m. [5-**P]-RNA-96, 1.5-3 U of RNase TI,
one of the buffers supplemented with 100 pg/ml RNA
carrier at 37°C for 15min. Reactions were quenched by
dilution with 40pul of 0.3M sodium acetate, pH 5.5,
supplemented with 1pg of RNA carrier followed by
phenol:chloroform extraction (l:1, v/v) and ethanol
precipitation.

pH profile of pep-9 activity. Reactions were performed in
reaction mixtures (10 ul) containing 50 000 c.p.m. [5-**P]-
RNA-96, 20 uM of pep-9, one of the buffers supplemented
with 100 pg/ml RNA carrier at 37°C for 3—-6 h. Reactions
were quenched by RNA precipitation with 150 pl of 2%
lithium perchlorate in acetone. RNA cleavage products
were analysed in 12% PAAG/8M urea gels as described
above.



Structure specificity assay

In these experiments, 21-mer ribooligonucleotide RNA-
21s and/or the duplex formed by RNA-21s with com-
plementary strand RNA-21as were used as substrates.

Duplex formation. Reaction mixture (8 pul) containing a
mixture of [5-**P]-RNA-21s and RNA-21s at a concentra-
tion of 8 uM (400 000 c.p.m., Cherenkov counting), equi-
molar amount of RNA-21as, 50mM Tris-HCI, pH 7.0,
0.2M KCI, I mM EDTA, was incubated at 80°C for 1 min
and then slowly cooled to room temperature for 1.5h.
Formation of the duplex RNA-21s5/RNA-2las was
monitored by electrophoresis in 10% native PAAG.

Cleavage reaction. Reaction mixture (10pl) contained
50000 c.p.m. [5->’P]-RNA-21s (0.1 pM) or RNA-21s—
RNA-21as duplex (0.1uM), 5uM of conjugate pep-9,
50mM Tris-HCIL, pH 7.0, 200mM KCl, 1mM EDTA.
Mixtures were incubated at 37°C for 1-24h, and the
reaction was quenched by precipitation with ethanol in the
presence of 0.3 M sodium acetate, pH 5.5, supplemented
with 1 pg RNA carrier. Products of RNA cleavage were
analysed in 12% PAAG/8 M urea gel.

Probing of RNA-96 structure by conjugate pep-9
and RNase T1

Probing of RNA-96 structure by conjugate pep-9 and
RNase T1 was carried out under native (buffer n), semi-
denaturing (buffer s/d) and denaturing (buffer d, d/ and
d2) conditions: n (50 mM Tris-HCIL, pH 7.0, 200 mM KCI,
SmM MgCl,, ImM EDTA); s/d (50mM Tris-HCI,
pH 7.0, 200mM KCI, ImM EDTA);, d (6 M urea,
25mM sodium citrate, pH 4.54.8, I mM EDTA); dI
(6 M urea, S0mM Tris-HCI, pH 7.0, ImM EDTA); 42
(50 mM Tris-HCL, pH 7.0, 1 mM EDTA).

Probing by RNase T1. Reaction mixture (10 pul) contained
50000 c.p.m. [**P]-labelled RNA-96, 3—5 U RNase T1 and
one of the buffers d, dI, d2, s/d or n supplemented with
100 pg/ml RNA carrier. The mixtures in buffer d were
incubated at 55°C for 10 min, while the mixtures contain-
ing other buffers were incubated at 37°C for 10 min. The
reaction in buffer d was quenched by the addition of 2 ul of
Tris-borate buffer, pH 8.3. The reactions in buffers d/, d2,
s/d and n were quenched by the precipitation of RNA with
150l of 2% lithium perchlorate in acetone. RNA
cleavage products were analysed in 12% PAAG/8M
urea gel as described above.

Probing by pep-9. Reaction mixtures (10pul) contained
50000 c.p.m. [**P]-labelled RNA-96, 10uM conjugate
pep-9, and one of the buffers—dl, d2, s/d or n
supplemented with 100 pg/ml RNA carrier. The mixtures
were incubated at 37°C for 3-5h, and the reaction was
quenched by the precipitation of RNA with 150 pl of 2%
lithium perchlorate in acetone. RNA cleavage products
were analysed in 12% PAAG/8M urea as described
above.
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RESULTS
Design of the conjugate pep-9

By screening experiments in which oligonucleotide and
peptide fragments of the conjugates were systematically
varied (18), the conjugate displaying RNase T1 cleavage
specificity was identified. The conjugate consists of
nonadeoxyribonucleotide GGATCTCTT and peptide
(LR)4-G-amide, N-terminus of which is attached to the
S'-terminus of oligonucleotide via the linker group built
of three deoxyribose residues. The conjugate pep-9 was
synthesized as described in (22) via the formation of
phosphamide bond between 5'-terminal phosphate of
the oligonucleotide analogue (pdRib);-pGGATCTCTT
and a-amino group of N-terminal leucine residue of the
peptide.

To elucidate structure—function relationships in the
conjugate pep-9, a series of pep-9 analogues containing
modifications in the oligonucleotide sequence and linker
structure were synthesized and studied in parallel with
pep-9 (Figure 1).

Ribonuclease activity of pep-9 and specificity
of RNA cleavage

Ribonuclease activity of the conjugates was tested in
experiments with the following RNAS: in vitro transcript
of 96-nt fragment of HIV-1 RNA comprising the primer-
binding site (hereafter RNA-96), synthetic oligoribonu-
cleotide RNA-21s (21nt long), duplex RNA-21s/
RNA-21as (19bp) and a series of chimeric ribo/2'-O-
methylribo oligonucleotides (10 nt long), each containing
only one ribo-linkage G-U, G-A, G-G or G-C (2-0-
methylribonucleotides are underlined).

Ribonuclease activity and specificity of RNA cleavage
by pep-9 and its analogues were studied in experiments
with RNA-96 containing 21 G—X linkages. 5'-End-labelled
RNA-96 was incubated with pep-9, and the cleavage
products were identified (Figure 2A). Conjugate pep-9
cleaved RNA-96 only at linkages in G—X motifs. The total
extent of RNA-96 cleavage by the conjugate pep-9 was
60% (at conjugate concentration 50 uM) after 8h of
incubation, and the entire RNA-96 cleavage was achieved
within 18 h. Under the conditions used, RNA cleavage at
Pyr-A linkages did not exceed the level of spontancous
RNA hydrolysis at these motifs in the controls.

RNA-96 was cleaved by pep-9 at linkages within all
21 G-X motifs (Figure 2A and B). According to intensity
and time of appearance of cleavage products, the cleavage
sites can be divided in two groups: the primary sites, where
strong cuts are observed (Figure 2B, enclosed by red), and
secondary sites, where weak cleavages appeared after
longer incubation (Figure 2B, enclosed by yellow). Strong
cuts are located in the single-stranded regions or regions
with unstable secondary structure, while weak cuts are
observed in the double-stranded regions (28).

To study the structure specificity of pep-9 and to exclude
the possibility of structure breathing under the condition
used (absence of Mg?", 37°C) ribooligonucleotide RNA-
21s and duplex formed by RNA-21s with its complemen-
tary strand RNA-2las were subjected to cleavage by this
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Figure 1. Structures of oligonucleotide—peptide conjugates. The conjugate pep-9 is marked.

catalyst (Figure 3A). Single-stranded substrate RNA-21s
was efficiently cleaved by pep-9. Products of the cleavage
at linkages after G,, Gjg, Gi1, Gis, Gig and G9 were
similar to that produced by RNase T1. Longer incubation
(up to 24h) did not affect the pattern of RNA-21ls
cleavage, and no other cuts appeared. On the contrary,
double-stranded duplex RNA-215—RNA-21as was entirely
resistant to pep-9. Even upon long incubation of the
duplex (up to 48h) in the presence of pep-9, no cuts
were observed, showing that pep-9 is a single-stranded
aRNase displaying RNase T1-like specificity of cleavage
(Figure 3B).

Kinetic parameters and the effect of pep-9 concentration on
RNA cleavage

The effect of pep-9 concentration on RNA cleavage
was studied using RNA-96 as a substrate (Figure 2C).

The curve has a shape with saturation similar to the curves
of other oligonucleotide—peptide conjugates studied pre-
viously (17). This type of curve characterizes cleavage
reaction proceeding within a complex, which is an
attribute of enzymatic reactions. At a pep-9 concentration
of 30 uM, the curve reached a plateau (cleavage extent
65%), where cleavage occurred only at linkages in G—-X
motifs. Further increase of conjugate concentration
resulted neither in the increase of cleavage extent nor in
the appearance of new cleavage sites and specificity other
than G-X.

Effective rate constants of RNA cleavage by pep-9 at
individual G—X linkages were measured in experiments
with chimeric ribo/2’-0O-methylribo oligonucleotides (10 nt
long) containing only one ribo-linkage G-U (RNA-
10,6u), G-A (RNA-10,G4), G-G (RNA-10,gg) or G-C
(RNA-10,g¢). To compare the rates of cleavage at G—X
motifs observed in the presence of pep-9 and rates of
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Figure 2. (A) Ribonuclease activity of pep-9. Autoradiograph of 12% polyacrylamide-8M urea gel. Lanes L and Tl—imidazole ladder and
partial RNA digestion with RNase T1 under denaturing conditions. Lane C—RNA incubated in the absence of the conjugate for 8h. Lanes 3, 5
and 8—[5-**P]-RNA-96 was incubated in the presence of 10 uM pep-9 at 37°C for 3, 5 and 8 h, respectively. Sites of RNA cleavage by RNase T1
and conjugate pep-9 are shown on the left and right, respectively. (B) Secondary structure of RNA-96 [as determined by C. Isel er al. (28)] and
sites of cleavage by pep-9 under different conditions. Guanine residues showed by red correspond to primary sites cleaved by pep-9 under
standard conditions (S0 mM Tris-HCL, pH 7.0, 0.2M KCI, | mM EDTA), guanine residues showed by yellow correspond to secondary sites cleaved
by pep-9 under standard conditions. Standard conditions correspond to semi-denaturing conditions. Blue squares, red triangles and green circles
indicate linkages cleaved by pep-9 under denaturing (buffer d2), semi-denaturing (buffer s/d) and native conditions (buffer n), respectively.
For buffers, see the Materials and methods section. (C) The effect of pep-9 concentration on cleavage of RNA-96. Assay conditions: [5'-**P]-RNA-96
was incubated in the presence of pep-9 in 50 mM Tris-HCI buffer, pH 7.0, containing 0.2M KCI, I mM EDTA, 100 pg/ml RNA carrier, at 37°C
for 8h.
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spontancous hydrolysis of these linkages, the cleavage of
chimeric ribooligonucleotides was performed in the
absence of any catalyst at temperatures ranging from 50
to 80°C. Effective rate constants of spontancous RNA
hydrolysis (kefr ne) at 37°C were obtained by extrapolation
to 37°C data of Arrenius plot In(k.g) versus 1/7T. The ke,
of RNA cleavage by pep-9 was calculated using the
equation keg=kea![E] (Table 1), and the k., of sponta-
neous hydrolysis was assumed to be keg. It is seen that
cleavage by pep-9 at linkage G-G proceeds at the

A [5-32P|. AGAAACAACGGUUCGGAAGUU-3°  RNA-21s
[5"-%2P]-AGAAACAACGGUUCGGAAGUU-3

3-UUUGUUGCCAAGCCUUCAAUC-5" RNA-21s/RNA-21as

B RNA-21s+pep-9  RNA-21s/RNA-2lastpep-9

LTI C1 5 8 24 C | 5 8 24 -Time(h)

G19 - e W —-——
Gl6- . o i <
Gl15 - —

Gl11 - -

G10 - -

Co6 -

Figure 3. Cleavage of single-stranded and double-stranded RNA
substrates with pep-9. (A) Sequence of oligoribonucleotide RNA-21s
and RNA-215-RNA-21as duplex. (B) Analysis of RNA-21s and RNA-
21s-RNAas duplex cleavage by pep-9. Autoradiograph of 12%
polyacrylamide/8 M urea gel. Lane L and Tl—imidazole ladder and
partial RNA digestion in the presence of RNase T1, respectively. Lanes
C—RNA-21s was incubated in the absence of pep-9 for 24 h. Lanes 1,
5, 8 and 24—[5-*P]-RNA-21s or duplex (107’ M) were incubated in
the presence of pep-9 (10uM) at 37°C for 1, 5, 8 and 24 h. Positions
of RNA cleavage by the conjugates and RNase Tl are shown on
the left.

highest rate: ke, for G-G is 1.27M~'s™!. Cleavage at
the linkages G-A and G-C proceeds at similar rates
(keat=0.50M~'s™"). Linkage G-U is the most resistant
to cleavage. Rates of spontaneous hydrolysis of G—A and
G-C linkages were the highest among G—X motifs and
have similar values (see Table 1). Rate of spontaneous
hydrolysis of G-G linkage is lower (ke = 1.35 x 1078571,
while linkage G-U also displays enhanced resistance
towards spontaneous hydrolysis. Rate enhancement for
pep-9 can be calculated as a ratio of rate constants of
catalysed to non-catalysed reactions (kcat pep-9/Kkcat_nc)
for each particular ribo-linkage that is on an average
2% 10"-10%. Rate constants (k) for cleavage of the
same chimeric ribo/2’-O-methylribo oligonucleotides
with RNase T1 are 10°-fold higher than k., for pep-9
(see Table 1).

The data obtained show that aRNase pep-9 cleaves
linkages after guanine residues 10°-fold slowly than
RNase T1. Spontaneous cleavage of G—X linkages (non-
catalysed reaction) proceeds 10'—10%-fold slowly than
RNA cleavage catalysed by pep-9.

pH profile of ribonuclease activity and cleavage
specificity of the conjugate pep-9

To elucidate the possible mechanism of RNA cleavage by
the conjugate pep-9 and to determine the range of
conditions under which pep-9 exhibits the highest ribonu-
clease activity, we studied pH profile of RNA-96 cleavage
by pep-9. For this purpose, cleavage of RNA-96 was
carried out in one of the following buffers with over-
lapping pH values: sodium acetate-CH;COOH (pH 3.7—
5.0), MES-NaOH (pH 5.0-6.8); Tris-HCI (pH 7.0-9.0);
and bis-Tris-propane-HCI (pH 7.0-9.5) (Figure 4). It is
seen that pH profile for RNase T1 is bell shaped: RNase
T1 displays the highest activity within the pH interval
5.5-6.8 with a maximum at pH 6.0 under the conditions
used. The pH profile for RNase T1 obtained using
dinucleotide substrate is also bell shaped, but without
well-defined optimum (29). The decrease of efficiency of
RNA-96 cleavage by RNAse T1 at subacid and subalkali
pH is more pronounced in the case of long substrate
RNA-96 (96nt long) than in the case of dinucleotide
substrate.

The pH profile for conjugate pep-9 is a half-bell shaped.
Conjugate pep-9 displayed the highest activity within the

Table 1. Comparison of the k., values for cleavage of chimeric ribo/2’-O-methylribo oligonucleotides: spontaneously, by pep-9 and RNase T1

Ribo-linkage ko M5 kear (579
RNase T1 pep-9* Spontaneous hydrolysis” Rate enhancement (Kcat pep-9/Kcat_nc)
G-A (1.440.3) x 10° 0.5+0.07 2.8x1078 1.8 x 107
G-C (3.24+0.3)x 10° 0.5+0.03 23%x1078 2.3 % 107
G-G 4.940.5) x 10° 13403 14x1078 9.4 % 10’
G- (2.0£0.4) x 10° 0.340.03 0.95x 1078 3.1 %107

Assay conditions: [5'-*?P]-end-labelled RNA-10G,x (where X=U, A, G or C) at a concentration of 0.1 uM was incubated in the presence of 5uM
ep-9 in 50mM Tris-HCI buffer, pH 7.0, containing 1 mM EDTA, at 37°C for 10-100 h.

Assay conditions: [5'->*P]-end-labelled RNA-10g,x (where X=U, A, G or C) at a concentration of 0.1 M was incubated in the absence of any
catalyst in 50mM Tris-HCI buffer, pH 7.0, containing 1 mM EDTA, at 50-80°C for 10 min—10h. Effective rate constants of spontancous RNA
cleavage at 37°C were obtained by extrapolation to 37°C data of plot In(kca) to 1/T. ke of non-catalysed reaction is equal to keg.



pH range from 3.7 to 7.0. With the increase of pH from
7.0 up to 9.5, we observed 10-fold decrease of the cleavage
rate. It is noteworthy that within the pH range conjugate
pep-9 cleaved RNA only at G—X linkages. Thus, variation
of pH did not affect the specificity of RNA cleavage by the
conjugate. At pH 7.0, cleavages of G—X linkages located
within single-stranded regions were observed (Figure 2B).
When pH was decreased from 7.0 to 3.7, a stepwise
increase of cleavage efficiency at the sites within stems was
observed, whereas cleavage efficiency of single-stranded
regions remained unaffected. With the increase of pH
above 7.0, both cleavages within double-stranded and
single-stranded regions were inhibited. Drop of conjugate
activity at alkaline pH can be explained by changes of
electrostatic charges both in RNA substrate and in the

100+
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601 RNase T1

40

Cleavage (%)

201

6.5 10.5
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3.5 4.5 5.5

Figure 4. pH profile of RNA-96 cleavage by pep-9 and RNase TI.
Buffers are listed in the Materials and methods section. Cleavage
activity of pep-9 at various pH was normalized using values of cleavage
activity at overlapping pH values.
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oligonucleotide of pep-9 that alter interactions within the
conjugate.

Effects of monovalent and divalent cations on
ribonuclease activity of pep-9

Recently, we demonstrated that activity and cleavage
specificity of oligonucleotide—peptide conjugates built of
the same peptide NH,-G(RL)4- and various oligodeoxy-
ribonucleotides is affected by monovalent ions: with
increasing concentration, the rate of RNA cleavage at
G-X motifs was decreased (up to 20-fold), while the rate
of RNA cleavage at Pyr-A motifs was not affected (18). To
elucidate the mechanism of RNA cleavage by pep-9, we
studied the effect of monovalent and divalent ions on its
ribonuclease activity: RNA substrates (RNA-96 and
RNA-10,6G) were cleaved by pep-9 at various concentra-
tions of LiCl or MgCl, (Figure 5).

In the absence of monovalent ions, pep-9 exhibited the
highest ribonuclease activity: 90% of RNA-96 was cleaved
in 8 h (Figure SA). Increasing the LiCl concentration up to
500 mM resulted in a 2.5-fold drop in cleavage efficiency.
At any LiCl concentration, pep-9 cleaved RNA-96 only at
G-X linkages. A similar LiCl concentration profile was
observed in the case of short chimeric oligonucleotide
RNA-10,6G. K*, NHJ and Cs* concentration profiles of
RNA-10,gG cleavage by pep-9 (see Figure I,
Supplementary Data) differed insignificantly and showed
similar inhibition of reaction at elevated monovalent ion
concentration. Analogously, in the presence of Mg”"
(5-20mM), 1.5-3-fold inhibition of cleavage reaction was
observed (Figure 5B). It is worth noting that neither
monovalent nor divalent ions stimulated cleavage RNA

by pep-9.

Effects of assay conditions on the activity of pep-9:
comparison with RNase T1

To characterize the properties of the conjugate pep-9,
we compared the cleavage of RNA-96 by pep-9 and
RNase T1 under various conditions. RNA cleavage was

50
40
30

20

10

T
10
[MgCl,], mM

Figure 5. Effect of LiCl (A) and MgCl, (B) on ribonuclease activity of pep-9. Assay conditions. (A) [5'-**P]-RNA-96 (100 ug/ml RNA carrier) or
[5'-*?P]-RNA-10,66 (1077 M) were incubated in the presence of pep-9 (10 uM) in 50mM Tris-HCI, pH 7.0, containing 0-500 mM LiCl, I mM EDTA,
at 37°C for 8 and 52h for RNA-96 and RNA-10,Gg, respectively. Solid line and hatched line correspond to RNA-96 and RNA-10,¢, respectively.
(B) [5-*?P]-RNA-10,G (1077 M) was incubated in the presence of pep-9 (10 uM) in 50mM Tris-HCl, pH 7.0, containing 0-20 mM MgCl,, at 37°C

for 52h.
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Figure 6. Cleavage of [5->?P]-labelled RNA-96 by pep-9 and RNase T1 under various conditions. Autoradiograph of 12% polyacrylamide-8 M urea
gel. Lanes L—imidazole ladder. Lanes C—RNA incubated in the absence of cleaving agents for 8 h and 15min, respectively. pep-9 reaction: [5'-**P]-

RNA-96 was incubated in the presence of 10 uM pep-9 in buffers di, d2, s/d

and n at 37°C for 5-8 h. Tl-reaction: [5'->*P]-RNA-96 was incubated in

the presence of 3-5 U RNase T1 in buffer ¢ at 50°C and in buffers d/, d2, s/d or n at 37°C for 15 min. Buffers are listed in the Materials and methods
section. Incubation time, concentration of RNase T1 and experimental conditions are indicated in the top. Location of cleavage sites is shown on the

left and right.

carried out under native/physiological conditions (in the
presence of potassium and magnesium ions), under semi-
denaturing conditions (in the presence of potassium ions
only) and denaturing conditions: d (6 M urea, 25mM
sodium citrate, pH 4.5-4.8, ImM EDTA, at 55°C); dI
(6 M urea, 50mM Tris-HCI, pH 7.0, ImM EDTA at
37°C) and d2 (SOmM Tris-HCI, pH 7.0, ImM EDTA
at 37°C).

Secondary structure of RNA-96 and positions of the
cleavage by pep-9 under various conditions are shown in
Figure 2B. Under denaturing conditions in the presence
of urea (lanes d/, Figure 6) no cleavage at G-X motifs
by pep-9 was observed, while some cuts at Pyr-A
sequences appeared. Under denaturing conditions d2
(in the absence of 6 M urea, potassium and magnesium
ions), pep-9 cleaves all G-X sequences within RNA-96
(lanes d2, pep-9, Figure 6) and displays the same cleavage
pattern as RNase T1 under denaturing conditions d
(lanes d, T1, Figure 6), that are optimal for RNase T1
activity. Under semi-denaturing and physiological condi-
tions, cleavage sites of pep-9 coincide with the sites of
cleavage by RNase T1. In the presence of mono- and
divalent cations, conjugate pep-9 cleaves RNA-96 only

at linkages within loops, junction and regions with
unstable secondary structure (hairpin 1, Figure 2B). No
cleavages in the stems were observed, apparently due to
stabilization of RNA structure by magnesium ions.
The obtained data clearly show that the conjugate pep-9
can be considered as a reagent useful for investigation
of RNA structure in solution under a wide range of
conditions.

Structure—activity relationships of conjugate pep-9

The sequence of oligonucleotide GGATCTCTT was
systematically varied to find the nucleotides responsible
for the G—X cleavage specificity. Mutated conjugates (see
Figure 1 for their structure) contain linker group of three
deoxyribose residues introduced between oligonucleotide
and peptide parts. Cleavage activity of mutated conjugates
was assayed using RNA-96 as a substrate (Figure 7).
The data obtained demonstrate that different modifica-
tions of the oligonucleotide sequence affect ribonuclease
activity and cleavage specificity exhibited by the con-
jugate. Conjugate pep-9 cleaved RNA only at G-X
linkages under various conditions and even at long
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Figure 7. Influence of the oligonucleotide—peptide conjugate structure
on cleavage rate and cleavage specificity. Assay conditions: [5-**P]-
RNA-96 was incubated in the presence of 10puM of the conjugate
(except for the conjugates pep-(TC)z and pep-(TC)3 ™) in 50 mM Tris-
HCI buffer, pH 7.0, containing 0.2M KCI, I mM EDTA, 100 pg/ml
RNA carrier at 37°C for 24 h. Activity of the conjugates pep-(TC)3 and
pep-(TC);T" was assayed at a concentration of 50 uM for 8 h. Rate of
RNA cleavage by pep-9 was assumed as 1 (*fa.u.—arbitrary unit), and
rate of RNA cleavage by other conjugates was calculated relative to
pep-9 rate. White and dark bars show the rates of RNA cleavage at
Pyr-A and G-X linkages, respectively.

incubation times. Some of the conjugates with altered
structure (pep-(TC)s, pep-9T™), pep-9(+5/G), pep-GGA-
(pdRib),-T) also displayed predominant G-X cleavage
specificity; however, they cleaved RNA at Pyr-A linkages
as well.

Alterations in the 5-part of the oligodeoxyribonucleo-
tide, for example addition/deletion of guanine residue
(conjugates pep-95 and pep-9 ) and deletion of
3-nt fragment (pep-TCTCTT), were most crucial and
resulted in 3-4-fold decrease of G—X cleavage activity.
Conjugate pep-(TC)s; demonstrated 1.7-fold decrease of
G—X activity and low Pyr-A activity, whereas this
conjugate was the more effective G—X ribonuclease as
compared to pep-TCTCTT repeating the main core of
oligonucleotide of pep-9.

Conjugates containing modifications in the 3’-part of
oligodeoxyribonucleotide  also  demonstrated some
decrease of ribonuclease activity. Thus, substitution of
thymidine by adenine (pep-9™/*)) as well as deletion of
5-nt fragment at the 3’-end (pep-GGAT) resulted in 1.4-
and 3-fold decrease of G—X activity, respectively, but total
ribonuclease activity became unaffected because of the
appearance of Pyr-A activity. In the case of conjugate
pep-GGAT-(pdRib),T, 2-fold reduction of G-X activity
was observed.

Deletion of the linker group of three deoxyribose
residues (pep-9~")) entirely inhibited G-X activity; this
conjugate cleaved RNA at Pyr-A linkages only.
Conjugates pep-(TC); and pep-(TC); ™™ exhibited similar
G—X activity, but deletion of the linker group resulted in
an increase in the cleavage of Pyr-A linkages.

DISCUSSION

The data obtained show that oligonucleotide—peptide
conjugate pep-9 is the first aRNase exhibiting RNase

Nucleic Acids Research, 2007, Vol. 35, No.7 2365

T1-like cleavage activity under a wide range of conditions.
The low molecular weight catalyst (pep-9) discovered is
10°-fold less active as compared to RNase T1, but it
accelerates cleavage at G-X linkages in RNA 10"-108-fold
as compared to spontaneous hydrolysis. The unique
specificity found is a surprising fact per se and requires
explanations on which factors (oligonucleotide or/and
peptide sequence, conjugate structure, etc.) provide for
this specificity.

The conjugate pep-9 functionally mimics RNase TI1.
The conjugate pep-9 is a single-stranded guanine-specific
ribonuclease exhibiting multiple reaction turnover and
yielding cleavage products similar to the products of
RNase T1 (17). Cleavage of RNA by the conjugate as well
as by RNase T1 displays only moderate temperature
dependence (30). This fact as well as the saturation curve
of the concentration profile of pep-9 are evidences for the
cleavage reaction proceeding within the complex RNA/
pep-9. The affinity of the conjugate to RNA is provided by
the peptide moiety and oligonucleotide, which is not
complementary to RNA substrate, is not involved in
binding with RNA. This allows us to postulate pep-9 as an
artificial enzyme with aptamer-like peculiarities.

Analysis of structure—function relationships in the
conjugate pep-9 clearly shows that any alterations of
oligonucleotide sequence and length in pep-9 and deletion
of the linker group result in the loss of ribonuclease
activity and the appearance of Pyr-A cleavage specificity;
thus, the sequence of nonadeoxyribonucleotide
GGATCTCTT is obligatory for the conjugate to exhibit
G-X specificity. The importance of the linker group
between oligonucleotide and peptide parts of the con-
jugate correlate with the data published in (18). It was
found that two or three nucleotides adjacent to the peptide
serve as a linker, providing a turn of oligonucleotide
around the peptide and facilitating intramolecular oligo-
nucleotide and peptide interactions.

It is known that arginine is a multiple-donor amino acid
that can form a number of specific hydrogen bonds with
nucleotides (31). The ability of arginine to form hydrogen
bonds with DNA/RNA nucleobases within DNA(RNA)-
protein complexes decreases in order G>T>A>C
(31,32). These properties can be important not only for
the interaction of the peptide (LR),-G with guanine
residues in RNA, but also for the specific intramolecular
binding of arginine with guanine residues presented in the
conjugate.

Thus, the obtained data let us to suppose existence of
some active conformation of the conjugate, which is
formed as the result of a set of intermolecular contacts
between the oligonucleotide and the peptide parts.
Electrostatic contacts play an important role in G-X
activity of pep-9, either by stabilization of an ‘active’
conjugate conformation and/or by stabilization of RNA
(G—X motif)/pep-9 reactive complex. This is suggested by
the high activity of pep-9 in the absence of mono- and
divalent cations and inhibition of its activity in their
presence. High ribonuclease activity of pep-9 under the
salt-free conditions is an apparent result of the removal of
electrostatic shielding of RNA, which facilitates RNA-
pep-9 interaction.
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The main question is: how does pep-9 cleave G—X
linkages? pH profile did not shed light on the possible
mechanism of RNA cleavage by pep-9. Strong decrease of
activity could not be attributed to the pK, values of amino
acids and heterocyclic bases because, in this range of pH,
charges of arginine and glycine amide remain constant
(pK, are 12.48 and ~9.7 for guanidinium group and for
Gly-amide, respectively) (33), and pK, values of hetero-
cyclic bases (G, C, A and T) lies in the range 9.4-11.2,
depending on sequence (34) and microenvironments (35).
The data presented allow us to assume that multipoint
contacts formed between pep-9 and guanine residue
disrupt its stacking with adjacent nucleobases in RNA
chain and change conformation to close to the ‘in-line’
one. Thus, by a set of hydrogen bonds formed with
guanine residue, pep-9 causes conformational changes to
ribose phosphate of the guanine residue, followed by self-
cleavage of the phosphodiester bond. It worth noting that
this type of interaction was never described for guanine
nucleotides to date, while this reaction is typical for
uridine and cytosine nucleotides.

Thus, we developed aRNase displaying G—X cleavage
specificity with a unique structure: a chimeric biopolymer
built of nonadeoxyribonucleotide and peptide connected
by a linker of three deoxyribose residues. Identification of
such a unique catalytic structure capable of specific
cleaving at G—X linkages is an evidence for the existence
of catalysts with aptamer-like peculiarities displaying
other specificities. The study of interactions that provide
for the activity of this structure can lead to the elucidation
of the principles of recognition topology that can be used
to design other molecules with unique properties.
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