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Hammerhead (HH) ribozymes can be used for highly specific inhibition of gene
expression through the degradation of target mRNA. In vitro experiments with min-
imal HH domains demonstrated that the efficiency of catalysis is highly dependent
on concentration of magnesium ions. Optimal ion requirements for HH-catalysed
RNA cleavage are far from these found in the cell. Recently, it has been proposed
that the efficiency of HH ribozymes can be increased at low magnesium concentra-
tion through stabilization of a catalytically active conformation by tertiary interac-
tions between helices I and II. We designed a ribozyme stabilized by GAAA tetraloop
and its receptor motifs and demonstrated that it can efficiently catalyse target RNA
hydrolysis at submillimolar Mg>* concentrations in vitro as well as in cultured cells.
Both unmodified and locked nucleic acid-modified extended ribozymes proved
superior to the minimal core ribozyme and DNAzyme against the same target

sequence.
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Ribozymes are a class of biomolecules that have been in
the focus of RNA research for >20 years. The studies on
ribonuclease P RNA and self-splicing introns demon-
strated that RNA molecules could act as efficient
catalysts in biological systems (I, 2). Subsequent discov-
ery of hammerhead (HH) ribozymes capable of sequence-
specific cleavage of RNA brought about the ideas of their
application as ‘catalytic antisense’ tools for disruption of
viral RNAs (3, 4).

The action of ribozyme against a specific RNA
sequence is a combination of a sense—antisense base
pairing of nucleic acids (5) and a catalytic hydrolysis of
the target (6). The HH ribozyme is the smallest of the
naturally occurring catalytic RNAs identified to date
(7, 8). The natural HH ribozymes are cis-acting RNA
motifs responsible for the self-cleavage of viroid genomic
RNAs. It is, however, possible to separate the catalytic
core that can act in ¢rans and cleave target RNAs.
The trans-acting HH ribozymes recognize their targets
with high specificity due to sequence complementarity
between the nucleotides flanking the ribozyme’s catalytic
core and the cleavage site. Usually, the target sequence
is 13-14 nucleotides long and ensures high specificity of
the ribozyme binding.

The development of HH ribozyme variants that cleave
target RNA molecules in trans (9) was a major break-
through that lay foundations for the practical application
of ribozyme technology (10-12). The only requirement is
a presence of an NUH (N—any nucleotide, H—A, C or U)
triplet at the cleavage site. Efficient ¢rans-acting
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ribozymes can be employed to decrease or abolish the
expression of target genes. Extensive studies carried out
over the last two decades confirmed their potential as
anti-viral factors including their application against
human immunodeficiency virus (HIV) (13-17). Ribo-
zymes may represent useful therapeutic tool to avoid,
in the long term, the emergence of drug-resistant viral
populations and have the possibility of interfering with
different stages of the viral life cycle (17).

One of the potential targets for anti-HIV therapy is the
viral envelope glycoprotein gp4l that together with
gpl120, plays an essential role in HIV infection (18, 19)
and host cell tropism (20) controlling the entry of HIV
into target cells. Moreover, the gp41 plays an important
role in immunosuppression and immune dysfunction
associated with HIV-infection (21, 22) and disease prog-
ression (23-26). The effects of gp41 on the host immune
system includes induction of the release of proinflamma-
tory cytokines (TNF-a and IL-1) (27, 28), suppression of
lymphocyte proliferation (29), up-regulation of interleu-
kin 10 (IL-10) synthesis in peripheral blood mononuclear
cells (PBMC) and monocytes and down-regulation of
the of IL-2 and interferon-y (IFN-y) production (30, 31).
The gp41 has been also detected in brain tissues of
patients affected by AIDS dementia (32) where it is
responsible for the induction of IL-10 synthesis by
astrocytes and neurons (33).

The most fundamental problem with the application
of trans-acting minimal HH ribozymes in vitro is their
strong dependence on relatively high concentration of
magnesium ions to achieve high catalytic activity. In the
in vitro studies, the highest efficiency of HH ribozyme-
catalysed RNA cleavage is observed in the presence of
10mM Mg®** (6). On the other hand, concentration
of Mg?* in cells varies between 0.4 and 0.8 mM depend-
ing on tissue type and physiological state (34-36).
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Low concentration of magnesium in the cytoplasm may
be a critical factor limiting the efficiency of HH ribozyme
activity in vivo. The attempts to develop HH ribozyme
variants with lowered requirement for Mg?* included
changes within the catalytic core and an addition of
elements stabilizing active conformation of the ribozyme—
substrate complex (37, 38).

In this article, we present a new HH ribozyme stabi-
lized by tertiary interactions between the GAAA tetra-
loop (TL) and a tetraloop receptor (TLR). The TL is a
part of the standard minimal HH ribozyme, while the
TLR-containing motif is embedded within the hairpin
extension of the helix I at the 5-end of the molecule.
Target recognition elements of the ribozyme were
designed to match the sequence of the mRNA encoding
HIV-1 gp41. We show that, under low magnesium condi-
tions, the ribozyme stabilized by TL-TLR interactions
shows higher activity than the minimal ribozyme or
a DNAzyme targeting the same region of gp41 gene. The
efficiency of the new ribozyme was also demonstrated
in the cultured cells where it was used to down-regulate
expression of green fluorescent protein. Our results
indicate that the stabilization of ribozyme structure by
TL-TLR motifs can be used for the development of new
effective anti-viral strategies.

MATERIALS AND METHODS

Oligonucleotides—HH ribozymes: HRz-gp41, TLR-HRz-
gp4l and 25-nt long GUA target sequence (gp41-25;
fragment of HIV-1 gp41 RNA corresponding to nucleo-
tides 7375-7400; GenBank AccNo AF033819) were chem-
ically synthesized by IBA GmbH, Géttingen, Germany.
TLR-HRz-gp41 with locked nucleic acid (LNA) modifica-
tions was obtained from FEurogentec S.A., Seraing,
Belgium. Anti-gp41 10-23 DNA enzyme (Dz-gp41l) was
purchased from the Institute of Biochemistry and Bio-
physics, Warsaw, Poland. Mutants of catalytic nucleic
acids (MHRz-gp41, MTLR-HRz-gp41 and M-Dz-gp41)
were transcribed using the Ambion megashortscript T7
transcription kit and synthetic DNA templates. RNA was
purified on 10% PAGE with 7M urea and eluted from gel
slices in RNase-free water (Ambion). RNA was precipi-
tated with 2.5 vol. of 96% ethanol in the presence of
0.1 vol. of 5M ammonium acetate solution containing
100mM EDTA (Ambion). The amount of RNA was
calculated from the UV-absorbance measurements.

In vitro Cleavage Assays by Ribozymes and
DNAzyme—The catalytic activities of HRz-gp41l, TLR-
HRz-gp41 and Dz-gp41 were analysed in 50 mM Tris—
HCI buffer pH 7.5 at 25°C. Prior to the reaction the RNAs
were denatured for 2min at 85°C and slowly cooled down
to 25°C (1°C/min). In the case of Dz-gp41, DNAzyme and
substrate were denatured separately. The reactions were
initiated by addition of MgCl, to a desired final concen-
tration. All cleavage reactions were stopped by addition
of equal volume of stop buffer (25 mM sodium citrate
pH 5; 1mM EDTA, 7M urea; 0.1% xylene cyanol and
0.1% bromophenol blue), 2ul 500mM EDTA and by
cooling on ice. Substrate and digestion products were
separated on 20% polyacrylamide gels with 7M urea in
0.09M Tris—borate buffer pH 8.3.
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Determination of Kinetic Parameters—To determine
kinetic parameters of HRz-gp41, TLR-HRz-gp41, Dz-gp41
in excess of catalytic nucleic acids 10nM of gp41-25 RNA
substrate was mixed with 1 uM of HRz-gp41, TLR-HRz-
gp41 or Dz-gp41. Reactions were carried out in 50 mM
Tris—HCI, pH 7, denatured in 85°C for 3 min, then cooled
slowly (1°C/min.) to the room temperature. After equili-
brating at 25°C for 5min, one-tenth of the sample was
removed at a zero time point and quenched in an equal
volume of stop buffer and 2l 500 mM EDTA. Reactions
were initiated by adding MgCl; to the desired concentra-
tion. Aliquots were removed at 0.5, 1, 2.5, 5, 15, 30, 45
and 60min and quenched with stop buffer. Reaction
products were analysed on denaturing 20% polyacryla-
mide gels. K., values were calculated by fitting to
f:=1—exp(kypst), where f; is the fraction cleaved at time ¢.
Reactions at substrate excess were carried out in similar
manner using 10nM of TLR-HRz-gp41 and 100nM gp41-
25. Aliquots were removed after 1, 5, 15, 30, 45, 60, 90,
120, 180 min and quenched in stop buffer.

Analysis of Catalytic Nucleic Acids Stability in HeLa
Cell Extract—The 5x 10° HeLa cells were sonicated
3x30s (80 pulses, 70% amplitude) at regular 5min
intervals. The extract was diluted 50 times and used as
an incubation medium for 5-end labelled TLR-HRz-gp41,
TLR-HRz-gp41;na and DNAzyme to analyse their resis-
tant to nucleases. Aliquots were removed after 5, 15, 30,
60, 120, 360min and 24h incubation at 37°C, and the
integrity of nucleic acids was analysed on 20% denatur-
ing polyacrylamide gels.

Assessment of Hydrolysis—The analysis of substrate
(gp41-25) hydrolysis with catalytic nucleic acids was
assessed using Typhoon 8600 Imager with ImageQuant
software (Molecular Dynamics). The yield of hydrolysis
is presented as a fraction of the substrate converted
to product. Each point represents the mean +SD for at
least three independent measurements.

Radioactive Labelling of Target RNAs—For cleavage
experiments with HH ribozymes and DNAzyme, 3-5 nug of
target RNA gp41-25 were labelled at the 5-end with
20 uCi of [y-32P]ATP (ICN), using 5U of T4 polynucleotide
kinase (Amersham Pharmacia) for 30min at 37°C in
the 10x reaction buffer containing 0.5M Tris—HCI
pH 7.6, 100mM MgCl, and 100mM 2-mercaptoethanol
(Amersham Pharmacia). The labelled target RNA was
purified on 10% denaturing polyacrylamide gel. The
radioactive band was excised and RNA was eluted 15h
with RNase-free water (Ambion) at room temperature,
and precipitated with 2.5 vol. 96% ethanol in the pres-
ence of 0.1 vol. 5M ammonium acetate with 100 mM
EDTA (Ambion) and dissolved in RNase-free water.
The amount of the labelled RNAs was calculated by
scintillation counting.

Limited RNase Hydrolysis—The limited hydrolysis
of labelled substrates (40,000c.p.m.) with T1 RNase
(Sigma) in denaturing conditions was done in 20 mM
sodium acetate buffer, pH 4.5, containing 7M urea and
1mM EDTA for 20min at 55°C, and 2ug of total RNA
from Lupinus luteus as a carrier. The reactions were
stopped by addition of equal volume of loading buffer
(25 mM sodium citrate pH 5; 1mM EDTA; 7M urea; 0.1%
xylene cyanol and 0.1% bromophenol blue).
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Alkaline Hydrolysis—To generate a sequence ladder
RNA, alkaline hydrolysis of gp41-25 (40,000 c.p.m.) was
performed at 99°C for 90s in 10pul of reaction mixture
containing 50 mM NaOH, 1mM EDTA and 4 pg of total
RNA from L. luteus as a carrier. The reactions were
stopped by addition of equal volume of loading buffer
(25 mM sodium citrate pH 5; 1mM EDTA; 7M urea; 0.1%
xylene cyanol and 0.1% bromophenol blue).

Plasmid Construct—Peripheral blood mononuclear
cells (PBMCs) from HIV-1 positive donors were isolated
by Ficoll-Hypaque gradient centrifugation and seeded at
a density 1 x 10° cells per well in 4-well tissue culture
plates. The cells were growing in RPMI 1640 medium
(Sigma) supplemented with 10% fetal calf serum (FCS)
at 37°C under a 5% CO, atmosphere in the absence of
antibiotics. After 1day of culture, adherent cells were
gently washed, placed in fresh growth medium and incu-
bated for 1 week. Total RNA including HIV-1 genome
RNA was isolated using Trizol reagent (Invitrogen)
according to manufacturer’s instruction. To obtain
c¢DNA, reverse transcription reaction was done using
the RevertAid H Minus First Strand cDNA Synthesis kit.
Appropriate fragment of gp41 cDNA containing sequence
recognized by HRz-gp41l, TLR-HRz-gp4l and Dz-gp4l
was prepared by PCR amplification using as a template
1ul of reverse transcription mixture per 10ul of PCR
reaction mixture volume. Restriction sites for HindIII in
forward primer and BamHI in reverse primer (shown in
bold) were included as follows: forward- 5 ATAAGC
TTGAGCAGCAGGAAGCA 3/, reverse- ATGGATCCCAC
TCCATCCAGGT. The 323-nt PCR-amplified fragment
was purified on 1.5% agarose gel and electroeluted for
20-30min at 83 mA. Next, the DNA ends were digested
by HindIIl and BamHI to prepare the fragment to clone
into the pEGFP-N3 vector (Clontech). To duplicate
pEGFP-N3-gp41-323 construct, DHb50 Escherichia coli
bacterial strain was used as a host for the transforma-
tion. Length and orientation of the cloned product were
verified by DNA sequencing, using femtomole DNA
Sequencing System (Promega). For human cells, trans-
fection experiments the pEGFP-N3-gp41-323 plasmid
was isolated and purified from transformants using
Perfectprep Plasmid Midi Kit (Eppendorf).

Cell Cultures and Transfection—Human HeLa cells
were seeded at a density 2 x 10° cells per well in 24-well
tissue culture plates (Nunc) and grown in RPMI 1640
medium (Sigma) with 10% fetal bovine serum (FBS;
Gibco), 1% antibiotics (Sigma) and 1% RPMI vitamins
mix (Sigma) at 37°C under 5% COy atmosphere. After
1day, cells were washed with phosphate-buffered saline
(Sigma), placed in fresh RPMI-1640 medium without
supplements and co-transfected with 1pg pEGFP-N3-
gp41-323 and catalytic nucleic acids to final concentrations
of 10, 25, 50 and 100 nM. Transfections were done in the
presence of 1.5ul Lipofectamine 2000 (Invitrogen) with
500l Opti-MEM (Invitrogen) following the manufac-
turer’s protocol. After 4h, medium was replaced with
fresh RPMI-1640 medium with supplements and cells were
incubated for 24h at 37°C under 5% CO, atmosphere.
Total RNA was isolated using Trizol reagent (Invitrogen).

RT-PCR Analysis—The level of gp41 expression inhi-
bition was analysed using RT-PCR. For reverse

Vol. 145, No. 4, 2009

453

transcription, we used 1-2pg of total RNA, hexamer
random primers and RevertAid™ H Minus First Strand
cDNA Synthesis Kit (Fermentas). An aliquot of ¢cDNA
was used for PCR amplification with Taq polymerase
(Fermentas) and gp4l-specific primers: gp4l-A: 5'-
CTTGGGTTCTTGGGAGCAGC-3' and gp4l-B: 5'-
GTATTCCAAGGCACAGCAGTG-3' as well as GAPDH
primers as an internal control. Equal volumes of PCR
reaction mixtures were analysed on 1.5% agarose gels,
stained with ethidium bromide and quantified using
Typhoon 8600 Imager with ImageQuant software.

RESULTS

Design of the Catalytic Nucleic Acids—The HH
ribozymes and the DNAzyme used in this study were
designed to recognize and cleave a GUA-containing
sequence 1580 nucleotides downstream from the HIV-1
envelope glycoproteins (env) gene initiation codon. The
choice of a target sequence in design of antiviral
antisense oligonucleotides and catalytic RNAs is partic-
ularly crucial in the case of HIV which shows a high
nucleotide sequence variations between strains. The
target sequence was selected based on the comparison
of gp4l-coding sequences available from the GenBank.
The region targeted by DNA and ribozymes used in this
study is well conserved and can constitute a universal
target with 95% conservation of the GUA triplet at the
cleavage site.

The HH ribozymes targeting gp4l-coding sequence
were prepared in two versions. The minimal ribozyme
(HRz-gp41) consisted of the catalytic core and 6-nt long
sequences complementary to the target site (Fig. 1A).
The second ribozyme (TLR-HRz-gp41l) contained
5'-terminal extension with a TLR motif to bind a GAAA
TL within the ribozyme’s catalytic core. To increase the
RNA’s stability, we introduced six LNA analogs in the
5'- and 3'-terminal sequences of the construct (Fig. 1B).
The third catalytic nucleic acid used in this study was
a DNAzyme (Dz-gp41) targeted at the same site as the
HH ribozymes (Fig. 1C). As negative controls we used
constructs carrying mutations within catalytic cores
(Fig. 1A-C).

Catalytic Activity of the Ribozymes and DNAzyme—
The effect of magnesium on the cleavage reaction was
analysed at increasing concentration of MgCl, (Fig. 2).
The specific cleavage of the substrate was observed at A13
for HRz-gp41 and TLR-HRz-gp41 and at G11 for Dz-gp41.
All constructs cleaved the substrate in a whole spectrum
(0.1-25mM) of magnesium concentrations, but with dif-
ferent efficiency. The most effective catalyst was the
extended TLR-HRz-gp41 ribozyme with TL-TLR stabiliz-
ing motif (Fig. 2C). This ribozyme was very active even at
low magnesium concentrations. The reaction yield at
1ImM MgCl, was almost 20%, while much higher (over
10mM) concentration of magnesium was required for
comparable results with the minimal ribozyme HRz-
gp4l. At 1mM MgCly, HRz-gp41 activity was only 6%.
Increasing Mg?* concentration resulted in higher yield of
hydrolysis of all catalytic nucleic acids. At 10 mM MgCls,
we observed 60% and 20% of cleaved substrate with
TLR-HRz-gp41 and HRz-gp41, respectively. The 10-23
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DNAzyme (Dz-gp4l) shows higher activity than the
minimal HRz-gp41 ribozyme, reaching 10% and 51% at
1 and 10 mM MgCly, respectively, but not as high as the
TLR-HRz-gp41 (Fig. 2C).

Based on its superior performance, TLR-HRz-gp41
(Fig. 1B) was selected for further experiments. We exam-
ined an influence of TLR-HRz-gp41l concentration on
gp41-25 substrate hydrolysis in the presence of 0.5 and
10 mM of MgCl,. Increasing ribozyme to substrate ratio
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Fig. 1. Catalytic nucleic acids used in the study. Catalytic
strands are shown in bold and target sequences in the substrate
are underlined. Arrows indicate cleavage sites. (A) Minimal HH
ribozyme HRz-gp41. (B) Extended HH ribozyme TLR-HRz-gp41.
The GAAA TL and a TLR motif are shown in shaded boxes.
LNA modifications in the TLR-HRz-gp41;xa are marked with
subscript L. (C) A DNAzyme ‘10-23" Dz-gp41l. Nucleotides
substituted in mutant constructs MHRz-gp41, MTLR-HRz-gp41
and MDz-gp41 are shown in black circles.
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resulted in a higher yield of hydrolysis reaction. At
100-fold excess of ribozyme in 0.5 and 10mM magne-
sium, the reaction yields were over 30% and over 80%,
respectively (Fig. 3, Supplementary Fig. S1). TLR-HRz-
gp4l also shows high efficiency at low magnesium
concentrations. Reactions carried out in the presence of
0.5 and 1mM MgCl; for 60 min resulted in over 50%
and over 70% hydrolysis (Fig. 4). The constructs with
mutations within catalytic cores MHRz-gp41, MTLR-
HRz-gp41 and MDz-gp41 (Fig. 1) assayed at 10mM
MgClyo/pH 7.5/25°C with gp41-25 substrate were found to
be inactive (Supplementary Fig. S2).

Kinetics of the Ribozyme and DNAzyme Catalyzed
Cleavage—The cleavage rate constants were determined
for all catalytically active nucleic acids used in this study
(Table 1). The reactions were carried out at 100-fold
excess ribozyme (1 M) over substrate (10nM). For TLR-
HRz-gp41, HRz-gp41 and Dz-gp41, the observed cleavage
rate constants (k,,s) measured at 10mM MgCl,. were
1.456, 0.321 and 0.812min"!, respectively. The TLR-
HRz-gp41 was assayed at 0.5 and 1mM MgCl, and
revealed ks of 0.057 and 0.136 min~!, respectively.

80- /J]
60- /D/D/
e

o] e |

0 Ak : ;
0 10 25 50 100 200 500 1000

TLR-HRz-gp41 (nM)

Yield (%)

Fig. 3. Catalytic activity of TLR-HRz-gp41 in increasing
concentration. A plot of in vitro hydrolytic activity of TLR-
HRz-gp41 depending on its concentration in the presence of
0.5 mM (triangles) and 10 mM MgCl, (squares). A 10nM of gp41-
25 was cleaved with 10, 25, 50, 100, 200, 500 and 1000nM
TLR-HRz- gp41. Reactions were carried out in 50 mM Tris—HCI
buffer pH 7.5, at 25°C for 30 min.
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Fig. 2. In vitro activity of HRz-gp41, TLR-HRz-gp41 and
Dz-gp4l depending on Mg?* concentration. A 10nM of
gp41-25 was cleaved with 100nM HRz-gp4lor TLR-HRz-gp41
(A) and Dz-gp41 (B) for 30 min at increasing concentrations of
MgCl, (025 mM). L, ladder; T1, limited hydrolysis with RNase

MgCly (mM)

Ty; C, control; 1-8, cleavage reactions in the presence of 0, 0.1,
0.25, 0.5, 1, 5, 10 and 25 mM MgCl,, respectively. Arrows indicate
the cleavage product. (C) A plot of hydrolytic activity of HRz-gp41
(circles), TLR-HRz-gp41 (triangles) and Dz-gp41l (squares)
depending on magnesium ions concentration.
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Fig. 4. The effect of reaction time on the gp41-25 cleavage
with TLR-HRz-gp41. (A) Time dependence of in vitro hydrolysis
of 10nM gp41-25 with 1uM TLR-HRz-gp41. Lanes: C, control;
L, ladder; T1, limited hydrolysis RNase T;; 1-8, hydrolysis of
gp41-25 in presence of TLR-HRz-gp41 for 0.5, 1, 2.5, 5, 15, 30,
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0 0.5 1 2.5 5 15 30 45 60

Time (min)

45 and 60min, respectively. Arrow shows the cleavage product.
(B) A plot of hydrolytic activity of TLR-HRz-gp41 depending on
incubation time in the presence of 0.5mM (circles), 1mM
(squares) and 10 mM MgCl, (triangles).

Table 1. Kinetic parameters of catalytic nucleic acids targeted in gp41 mRNA of HIV-1.

Reaction conditions

Excess of catalytic nucleic acids

Excess of gp41-25 substrate

Catalytic nucleic acid MgCl, [mM] K.ps (min™h) Error K.ps (min™h) Error
TLR-HRz-gp-41 10 1.456 +0.129 4x1072 +1072
TLR-HRz-gp-41 1 0.136 +0.025 3.48x 1073 +5.5x107*
TLR-HRz-gp-41 0.5 0.057 +0.004 2.31x1073 +5.1x107*
TLR-HRz-gp-411na 10 1.461 +0.360 n/d n/d
Dz-gp-41 10 0.812 +0.014 n/d n/d
HRz-gp-41 10 0.321 +0.017 n/d n/d

. ]
. Pt
Y P
5 /://j/ /e/’/"
W

0 W T T T T T T T
0 1 5 15 30 45 60 90 120 180

Time (min)

Yield (%)

Fig. 5. Hydrolytic activity of TLR-HRz-gp41lat 10-fold
excess of substrate. Time-dependent hydrolysis of 100nM of
gp41-25 with 10nM TLR-HRz-gp41 was carried out at in the
presence of 0.5mM (circles), 1mM (squares) and 10 mM MgCl,
(triangles).

The influence of magnesium on the catalytic properties
of TLR-HRz-gp41 was also analysed using excess of
the substrate. The reactions contained 10nM TLR-HRz-
gp4l and 100nM of gp41-25 RNA in buffers with 0.5,
1 and 10mM MgCl, (Fig. 5) and showed K, values of
0.231x 1072, 0.348 x 1072 and 0.04min"?!, respectively
(Table 1). An analysis of the influence of increasing
substrate/ribozyme ratio on the activity of TLR-HRz-
gp4lat 10mM MgCl; for 30 min showed efficient cleav-
age in the whole range of concentrations (10-500nM)
(Supplementary Fig. S3).
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Stability and Activity of LNA-modified HH Ribozyme—
To increase the stability of the TLR-HRz-gp41 ribozyme,
we introduced LNA modifications at 5- and 3’-ends
(Fig. 1B). LNA-modified RNA is significantly more resis-
tant to nucleolytic degradation in HeLa cell extract
than unmodified RNA (Supplementary Fig. S4). The
modified ribozyme shows similar catalytic properties as
its unmodified counterpart with the observed cleavage
rate constant (kg at 10mM MgCleof 1.46min~!
(Table 1).

Activity of Ribozymes and DNAzyme in HeLa Cells—
The ribozymes and the DNAzyme were tested in cultured
cells. HeLa cells were co-transfected with pEGFP-N3-323
vector containing target sequence and several concentra-
tions of ribozymes and DNAzyme (10, 25, 50 and 100 nM)
in the presence of Lipofectamine 2000. The activities of
catalytic nucleic acids were estimated 24 h after transfec-
tion as an inhibition of gp41-green fluorescent protein
(GFP) fusion protein expression observed as a decrease
in the intensity of fluorescence from the GFP (Fig. 6).
These experiments demonstrated that the most effective
silencing factors were TLR-stabilized ribozymes TLR-
HRz-gp41 and TLR-HRz-gp41;na. The efficiency of HH
ribozymes and DNAzyme was further analysed in detail
using RT-PCR with the primers flanking the target site
within chimeric GFP-gp41 gene (Supplementary Fig. S5).
The co-transfection of gp41-GFP fusion protein encoding
plasmid with the catalytic nucleic acids resulted in a
dose-dependent decrease of the intact gp41-GFP mRNA.
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Fig. 6. Silencing of HIV-1 gp41-GFP reporter gene in
HeLa cells. Cells were co-transfected with 1pg pEGFP-
N3-gp41-323 and 10, 25, 50 and 100nM of catalytic nucleic
acids. C, cells transfected with pEGFP-N3-gp41-323 alone;
MOCK, untreated cells; HRz-gp41, TLR-HRz-gp41, Dz-gp41-
cells cotransfected with pEGFP-N3-gp41-323 and appropriate
catalytic constructs. Pictures were taken 24 h after transfection
and represent fragment of the overall microscopic view.
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Fig. 7. HIV-1 gp41-GFP mRNA silencing by catalytic
nucleic acids. A plot of dose-dependent inhibition of gp41-
GFP mRNA expression with HRz-gp41 (white bars), Dz-gp41
(black bars), TLR-HRz-gp41 (grey bars) and TLR-HRz-gp41;xa
(striped bars) in co-transfected HeLa cells.

The most effective molecule was TLR-HRz-gp41. Quanti-
tative analysis revealed that the addition of 25 and
50nM of TL-TLR-stabilized ribozymes resulted in 60%
and 90% reduction of the amount of GFP-gp41 mRNA
(Fig. 7). Although, the LNA-modified ribozyme was
shown to be more stable in HeLa cells extract we did
not observe significant differences in the silencing
effect between TLR-HRz-gp41 and TLR-HRz-gp41;na in
the cells.
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DISCUSSION

One of the major obstacles in application of catalytic
RNAs as therapeutic agents is a high concentration of
magnesium required for their activity. In vitro, ribo-
zymes show the highest efficiency in buffers containing
over 10mM Mg?*. In recent years, it has been demon-
strated that, contrary to earlier beliefs, divalent ions do
not participate directly in the catalysis, but stabilize a
higher order structure of RNA. It is required for proper
conformation of the active site that facilitates hydrolytic
cleavage of target RNA (39, 40). However, intracellular
concentration of magnesium is much lower than that
required for the HH ribozyme activity in vitro. Thus, the
primary objective in design of novel catalytic RNAs is
lowering their Mg?" requirement, while retaining a high
enzymatic activity. One of the HH ribozyme variants
active at low magnesium has been obtained using in vitro
selection technique by shortening stem-loop II (38).
Another way of improving HH ribozyme efficiency at
low Mg** concentrations is an increase of structure
stability through tertiary interactions between stems I
and II, mimicking a conformation of naturally occurring
ribozymes (37, 41). It has been demonstrated that
structural motifs of the naturally occurring HH ribo-
zymes of Tobacco Ring-Spot Virus satellite RNA (sTRSV)
or artificially selected sequences capable of forming
tertiary interactions between helices I and II improve
catalytic activity of ribozymes in vitro at submillimolar
concentrations of magnesium ions.

In our attempts to obtain an efficient HH ribozyme
against a target sequence within the mRNA encoding
HIV-1 glycoprotein gp41, we took advantage of the highly
specific tertiary RNA structure element consisting of the
GAAA TL that is a part of the minimal ribozyme motif
and a TLR attached to the 5-end of the construct.
We assume that the docking of the TL to its receptor
stabilizes active conformation of the ribozyme’s catalytic
core in a similar manner as in the naturally occurring
HH ribozyme motifs. Although the GNRA TLRs have not
been found as natural stabilizing elements in HH
ribozymes it provides a well defined and highly specific
motif involved in establishing long-range tertiary inter-
actions and proper folding of large RNA molecules.
GAAA TLs that bind the receptor domain are evolutio-
narily conserved in group I and II introns and RNase
P RNAs in bacteria (42) and they play a pivotal role in
spatial organization of RNA required for catalysis (43).

The most important factor determining the usefulness
of the GAAA TL and TLR for stabilizing RNA structure
is a fact that their interaction does not require divalent
ions. Although, it has been shown that magnesium
increases the strength of interaction between the TL
and receptor it is not absolutely required for the docking
to take place. Within the range of 0-10mM Mg?*, there
is ~40-fold increase in the binding force, but even
without magnesium a loop-receptor complex can form
(44). This suggests that divalent ions are not required for
the interaction itself, but rather play a stabilizing role.
Such a notion was also confirmed by recent NMR studies
on the distribution of metal ions in the structure of
GAAA TL-receptor complexes (45).

J. Biochem.

2T0Z ‘8z Joquieides uo A1seAlun pezy olues| e /Hiosfeulnolpio)xoqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Low Magnesium Hammerhead Ribozyme

In vitro assays with a short, 25-nt long, substrate
demonstrated that the TL-TLR stabilized ribozyme
(TLR-HRz-gp41) shows higher catalytic activity than
the minimal ribozyme (HRz-gp41l) with the same
sequence. The yield of the reaction was 3-fold higher
for TLR-HRz-gp41 than for HRz-gp41. Although, the
efficiency of hydrolysis catalysed by TLR-HRz-gp41 was
dependent on the magnesium concentration, it still
retained high activity at submillimolar levels of Mg?*.
Remarkably, at identical conditions, the activity of TLR-
HRz-gp41 was higher than that of the DNAzyme target-
ing the same sequence. The cleavage rate constants
in single turnover reaction, measured at 10 mM Mg?* for
TLR-HRz-gp41l were 4.5- and 1.8-fold higher than for
HRz-gp41 and DNAzyme, respectively. At 1mM and
0.5 mM magnesium concentration, we observed 10- and
20-fold decrease in the cleavage rate which is consistent
with the stabilizing effect of divalent ions on both overall
structure of RNA and the tertiary interactions between
TL and receptor motifs.

Another important issue that has to be addressed
for the efficient application of RNA technologies in vivo is
a susceptibility of RNA molecules to degradation. One of
the methods used to increase the stability of RNA in vivo
is an introduction of nucleotide analogues that enhance
RNA’s resistance against ribonucleases. It has been
demonstrated that extensively modified HH ribozymes
in which ribonucleotides have been substituted by
2'-0O-methyl and 2’-O-allyl analogues show increased
stability in serum and retain high enzymatic activity
(46). In recent years, a new family of nucleotide ana-
logues was developed. LNA represent conformationally
locked nucleotide analogues with improved affinity and
nuclease resistance (47, 48). Antisense oligonucleotides
containing LNA analogues have been shown to possess a
higher activity both in vitro and in vivo. Moreover, LNA-
modified nucleic acids are virtually non-toxic (49). We
demonstrated that TLR-HRz-gp41 construct in which six
LNA nucleotide analogues are introduced within the
5-terminal extension containing TLR motif and the 3’
target recognition sequence show increased stability in
serum, while retaining its catalytic activity. The kinetic
parameters of LNA-modified ribozyme were virtually
identical to these of unmodified TRL-HRz-gp41l. This
result also suggests that the LNA modification of three
nucleotides within the TLR motif have little or no effect
on the docking of the GAAA TL. The modifications of
three nucleotides within the terminal 3’ target recogni-
tion sequence also had no apparent effect on the catalytic
activity.

The TLR containing ribozyme was also shown to be an
efficient silencer of the of target gene expression in HeLa
cells. When co-transfected with the plasmid carrying
modified GFP gene containing gp41 fragment, TLR-HRz-
gp4l efficiently interfered with the expression of GFP.
RT-PCR demonstrated that the silencing effect is due to
disruption of the GFP-gp4l-encoding mRNA by ribo-
zyme-catalysed hydrolysis. The extended ribozymes were
more efficient in inhibition of GFP expression than
minimal HH ribozyme and the DNAzyme, however, we
did not observe significant difference between all-RNA
and LNA-modified TLR-HRz-gp41 that could be expected
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from the observation of higher stability of TLR-HRz-
gp41rNa.

In summary, we demonstrate that the interaction of
GAAA TL with TLR improves the catalytic activity of HH
ribozymes. The ribozyme containing the TLR shows
better kinetic parameters than the minimal HH motif
and retains high activity at low magnesium concentra-
tions. Docking of the TL to the receptor stabilizes active
conformation of the ribozyme bringing together helices I
and II. Lower magnesium requirement of the TL/TLR-
stabilized ribozyme may also be responsible for its
improved performance in the intracellular environment.
In this report, we demonstrate for the first time that the
ribozymes stabilized with tertiary interactions not only
show better kinetic parameters in vitro, but also can be
used for efficient silencing of gene expression in the cells.

Thus, the design of novel variants of HH ribozymes
based on the tertiary interactions between specific TLs
and respective receptor motifs seems to be a viable
method for the improvement of their efficiency at phys-
iological magnesium concentrations. The practical appli-
cation of a rational design of RNA structures based
on well-defined RNA-RNA recognition motifs was also
demonstrated in the development of an artificial ribo-
zyme showing RNA ligase activity (50). It has been
demonstrated that GAAA TLs and TLRs can provide
highly specific recognition elements for enzyme—
substrate binding. Recently, in vitro selection methods
have been used to develop new TLR variants that tightly
bind to GGAA TL (51). It is therefore possible, that even
more efficient ribozyme variants can be designed follow-
ing the outlined principle.
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