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Abstract—We have previously shown that RNA cleaving reagents with imidazole and primary amine groups on the 5-end of
antisense oligodeoxyribonucleotides could site-specifically cleave CpA as the target sequence of the substrate tRNA in vitro. In
this study, a RNA cleaving reagent, composed of imidazole and primary amine groups on an antisense phosphorothioate oligo-
nucleotide (Im-anti-s-ODN), was synthesized and evaluated for anti-HIV-1 activity in MT-4 cells. The sequence of the Im-anti-s-
ODN was designed to be complementary to the HIV-1 gag-mRNA and to bind adjacent to the CpA cleavage site position. Im-anti-
s-ODN encapsulated with the transfection reagent, DMRIE-C®, had higher anti-HIV-1 activity than the unmodified antisense
phosphorothioate oligonucleotide (anti-s-ODN) at a 2uM concentration. Furthermore, the Im-anti-ODN encapsulated with
DMRIE-C® conferred sequence-specific inhibition. © 2001 Elsevier Science Ltd. All rights reserved.

Introduction

Antisense oligonucleotides have been used successfully
to inhibit gene expression in a number of biological
systems.!=3 This paradigm of gene regulation has many
potential therapeutic applications. Advances in the
understanding of the function, metabolism, and struc-
ture of these molecules have led to the development of
antisense molecules with enhanced nuclease resistance
and increased specificity, selectivity, and potency.*

Antisense regulation or attenuation of protein synthesis
can be applied to any candidate gene with a known
molecular sequence. Antisense molecules are short
strands of DNA or RNA, usually 16-20 bases in length,
that are synthesized to complement a target region of a
candidate gene. The antisense molecule binds to its
complementary region, and through a number of
mechanisms, inhibits or attenuates gene expression. The
success of antisense oligonucleotides in the inhibition of
protein synthesis in a number of biological systems pre-
sents a new approach to gene therapy and protein reg-
ulation.?

*Corresponding author. Tel.: +81-47-478-0407; fax: +81-47-471-
8764; e-mail: takaku@ic.it-chiba.ac.jp

Alternatively, a number of investigators have focused
on the development of synthetic ribonuclease mimics
(artificial ribonucleases) that can be covalently attached
to an oligonucleotide and thereby promote a cleavage
reaction on its RNA target.>* Artificial ribonucleases
are expected to become useful tools for molecular biol-
ogy and in the development of new anti-viral or anti-
cancer therapeutics.

Artificial ribonucleases fall into two categories; those
that function by general acid/base catalysis, mimicking
enzymes, and those that make use of metal coordination
complexes by a nucleophilic reaction. The former
includes polypeptides,® oligoamines,'®~!3 and imidazole
conjugates of intercalating agents,'#'7 while the latter
encompasses transition-metal ions!® and transition—
metal complexes.!'22

An approach to the design of such molecules could be
the imitation of the active centers of ribonucleases. In
order to design artificial ribonucleases that possess site-
specific cleavage ability, the use of base-specific ribonu-
cleases is more effective. The mechanism of RNase A
activity is one of the attractive models.

RNase A contains two essential histidines and one
essential lysine in its catalytic center.?>~2° The actions of
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this enzyme are relatively well understood, and studies
have provided deep insights into the respective
mechanisms.>>2® RNase A cleaves predominantly the
pyrimidine-A position on RNA sequences and shows a
bell-shaped pH dependence (a maximum at pH 7.0).

We have previously synthesized sequence-specific RNA
cleaving molecules by attaching polyamine derivatives
bearing imidazole and/or primary amine groups to the
5’-end of antisense oligonucleotides (Im-DNA and PA-
DNA), thus mimicking of the active center of RNase
A.?° These cleaving molecules hydrolyzed selectively at
the CpA of the target sequences of the substrate tRNA
in vitro. In particular, Im-DNA showed higher site-spe-
cific cleavage activity than PA-DNA.

In this paper, we synthesized an artificial ribonuclease
derivative bearing imidazole and primary amine groups
at the 5'-end of the antisense phosphorothioate oligo-
nucleotide (Im-anti-s-ODN), directly adjacent to the
complementary target sequence on the gag mRNA from
HIV-1. We evaluated for the anti-HIV-1 activity of this
modified oligonucleotide encapsulated with a transfec-
tion reagent (DMRIE-C®) in HIV-1 infected MT-4
cells. This modified oligonucleotide (Im-anti-s-ODN)
encapsulated with DMRIE-C® had higher anti-HIV-1
activity than the antisense phosphorothioate oligonu-
cleotide (anti-s-ODN), and showed sequence-specific
inhibition.

Results and Discussion

Chemical synthesis

Antisense and random phosphorothioate oligonucleo-
tides bearing imidazole and primary amine groups (Im-
anti-s-ODN and Im-ran-s-ODN) were synthesized from
N,N'-bis-(2-aminoethyl)- N-ethyl-1[dimethoxytrityl]-1-H-
imidazole-4-acetamide and a phosphorothioate oligo-
deoxyribonucleotide by solid phase synthesis, as descri-
bed previously?*3! (Fig. 1b). The anti-s-ODN was
purchased from KURABO Co. Japan. The design of

780 784 803 813
(@) 5~AGGAGAGAGAUGGGUGCGAGAGCGUCAGUAUUAA-3'

cleavage site

(b) Im- 5'-cgctctegeacceatctcte-3' (Im-anti-s-ODN)

© im- 5'-tattcattacgctgctcagt-3' (Im-ran-s-ODN)
5'-cgctctcgcacccatctcte-3' (anti-s-ODN)
5'-tattcattacgctgctcagt-3' (ran-s-ODN)

NH,

Figure 1. (a) Target site (784-803) of HIV-1 gag-sequence containing
the AUG initiation codon; (b) Imidazole and primary amine groups
conjugated at the 5'-end of the HIV-1-antisense phosphorothioate oli-
gonucleotide (Im-anti-s-ODN); (c) The control phosphorothioate oli-
gonucleotides, Im-ran-s-ODN, anti-s-ODN, and ran-s-ODN; (d) Im is
the moiety composed of imidazole and primary amine groups.

the 20-mer antisense phosphorothioate oligonucleotide
bearing imidazole and primary amine groups (Im-anti-s-
DNA) is shown in Figure 1b. It is complementary to the
sequence (784-803) of the gag mRNA from the HIV-1
genome shown in Figure la. This antisense sequence is
adjacent to the CpA position, which is the predominant
cleavage site of the artificial ribonuclease mimicking
RNase A.? The control 20-mer random sequence
phosphorothioate oligonucleotide bearing imidazole
and primary amine groups (Im-ran-s-ODN) is also
shown in Figure Ic.

The FITC-labeled-Im-anti-s-ODN and FITC-labeled-
anti-s-ODN were prepared from the Im-anti-s-ODN,
and the anti-s-ODN, using the Label IT® Nucleic Acids
Labeling kit according to the manufacturer’s instruc-
tions (Mils Co.).

Biological assays

In order to clarify the anti-HIV-1 activities of the mod-
ified oligonucleotide (Im-anti-s-ODN), we tested it in
MT-4 cells. Previously, we observed that a hairpin anti-
sense oligonucleotide, complementary to the site of the
HIV-1 gag sequence (770-801) containing the AUG
initiation codon, showed inhibitory effects as compared
to hairpin antisense oligonucleotides containing the
regions of splice acceptors or the AUG initiation codon
sites of HIV-1 rev, tat, and pol.?

In this study, the modified antisense phosphorothioate
oligonucleotide (Im-anti-s-ODN), with an AUG, initia-
tion codon sequence as the target of the HIV-1 gag-gene
(784-803), was synthesized and tested for anti-HIV-1
activity in MT-4 cells. Control oligonucleotides were
prepared for comparison, such as an antisense phos-
phorothioate oligonucleotide (anti-s-ODN), and also
randomly ordered oligonucleotides (Im-ran-s-ODN and
ran-s-ODN).

The 50% inhibitory concentration (ECs) for cytopathic
effects (CPE) on MT-4 cells induced by HTLV-IIIB and
the 50% cytotoxic concentration (CCsg) of the modified
antisense oligonucleotides were determined by an MTT
assay, according to the procedure reported pre-
viously.333* The anti-HIV-1 activity of Im-anti-s-ODN
is shown in Table 1. The Im-anti-s-ODN possessed an
ECs value of 0.32 uM, whereas the control drugs, anti-
s-ODN, Im-ran-s-ODN, and AZT, had ECs, values of

Table 1. Anti-HIV-1 activities of oligonucleotides and AZT by MTT

assay
ECso (uM)? CCsp (uM)°
Im-anti-s-ODN 0.32 >100
Im-ran-s-ODN 0.36 68.0
Anti-s-ODN 0.37 >100
AZT 0.07 292.5

2Anti-HIV-1 activity, concentration required for 50% inhibition of
HIV-1 induced cytopathogenicity in MT-4 cells, as determined by the
MTT method.

bCytotoxicity, concentration required for 50% viability in MT-4 cells,
as determined by the MTT method.
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0.36, 0.37, and 0.073 uM, respectively. No cytotoxicity
of Im-anti-s-ODN was observed, even at a 100 uM
(CCsp) concentration of compound. However, the con-
trol oligonucleotide, Im-ran-s-ODN, also protected
against HIV-1 induced CPE. These results showed that
the Im-anti-s-ODN and anti-s-ODN inhibited HIV-1
induced CPE, but the Im-ran-s-ODN also inhibited
HIV-1 replication in HIV-1 infected MT-4 cells. Phos-
phorothioate oligonucleotides have been shown to
block the proliferation of HIV-1 in acutely infected cells
in a non-sequence dependent manner,?>—38 probably by
the inhibition of reverse transcriptase3>4° and/or the
viral entry process.*4?

Antisense oligonucleotide systems have been used as
inhibitors of gene expression in various culture systems,
and are considered to be potential therapeutic agents
against cancer and viral infections. In order to exert any
of these effects, the oligonucleotides must enter into the
cytoplasm and the nuclear compartment of the cell.
Thus, transport and intracellular delivery are important
considerations when developing an effective oligonu-
cleotide-based therapy. Liposome delivery is one tech-
nique that addresses these concerns. Attempts to use
liposomes in the delivery of antisense oligonucleotides
have been reported.*? Cationic lipids are being used for
the delivery of oligonucleotides for therapeutic, and
research purposes, and are the vehicles of choice for
some gene therapy protocols.*+47

Accordingly, we investigated the inhibitory effects of the
modified antisense oligonucleotide (Im-anti-s-ODN)
encapsulated with a transfection reagent. The MT-4
cells were incubated with HTLV-IIIB (moi=0.01) for
1h at 0°C to allow absorption. The cells were then
washed to remove the virus from the medium, and the
oligonucleotides encapsulated with DMRIE-C® were
added with fresh medium. We have tested the transfec-
tion efficiencies of antisense phosphorothioate oligonu-
cleotides into the MT-4 cells using commercially
available liposomal reagents. Using our experimental
setting, the best results were obtained with DMRIE-C®
(unpublished data). The virus production in the culture
supernatant was monitored by the HIV-1 p24 antigen
assay (Fig. 2). The control-infected cells (no oligomer
added) exhibited maximal HIV-1 replication at 5 days.
However, in the cells treated with the Im-anti-s-ODN
(2uM), p24 expression was greatly inhibited, as com-
pared to the untreated control (Fig. 2). In contrast, the
anti-s-ODN inhibited HIV-1 replication at a low level,
as compared to the untreated control, after 5 days
(Fig. 2). On the other hand, the cells treated with the
control random oligomers (Im-ran-s-ODN and ran-s-
ODN) expressed high levels of p24 products. These
results suggest that the modified antisense oligonucle-
otide bearing the imidazole group (Im-anti-s-ODN)
showed higher anti-HIV activity as compared with the
anti-s-ODN. Furthermore, the Im-anti-s-ODN encap-
sulated with DMRIE-C® conferred sequence-specific
inhibition.

The problem in the use of an antisense oligonucleotide
is that its cellular uptake is inefficient.*®4° The use of

various enhancers to increase the intracellular accumu-
lation of the antisense phosphorothioate oligonucleotide
has largely solved this problem, and has greatly facili-
tated their use as research tools in vitro. Many cellular
uptake enhancers have been reported, including cationic
lipids, liposomes, peptides, dendrimers, polycations,
cholesterol conjugates, and electroporation. One of the
most commonly used enhancers is a mixture of neutral
and cationic lipids.4>-30—3

Efficient cellular uptake of Im-anti-s-ODN is a critical
step to enable targeting to the mRNA. We examined the
cellular uptake of fluorescently (FITC)-Im-anti-s-ODN
encapsulated with DMRIE-C® by treating MT-4 cells
with the oligonucleotide for 5 days at 37 °C. As shown in
Fig. 3, the FITC intensity of the FITC-Im-anti-s-ODN
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Figure 2. Anti HIV-1 activities of modified oligonucleotides at a con-
centration of 2 uM. The MT-4 cells were incubated with HTLV-I11B
(moi=0.01) for 1h at 0°C to allow absorption. The cells were then
washed to remove the virus from the medium, and the oligonucleo-
tides encapsulated with DMRIE-C® were added with fresh medium.
After 5 days, supernatants were collected and p24 expression was
determined by the p24 antigen assay.
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Figure 3. Cellular uptake of the modified and unmodified oligonu-
cleotides encapsulated with DMRIE-C®. The FITC-labeled oligonu-
cleotides (2 M) encapsulated with DMRIE-C® were incubated with
MT-4 cells at 37°C for 5 days. The dotted-line histogram represents
FITC-Im-anti-s-ODN treatment of MT-4 cells. The bold-line histo-
gram represents FITC-anti-s-ODN treatment of MT-4 cells. The thin-
line histogram represents the control MT-4 cells in the absence of the
FITC-labeled oligonucleotides.
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was the same as that of the FITC-labeled-anti-s-ODN.
These results suggest that the Im-anti-s-ODN showed
very high inhibitory effects as compared to the anti-s-
ODN, and the enhanced anti-HIV-1 activity may be due
to the presence of the imidazole group.

Conclusion

The antisense phosphorothioate oligonucleotide bearing
the 5'-imdazole group (Im-anti-s-ODN) encapsulated
with DMRIE-C® inhibited the replication of HIV-1
more effectively than the antisense oligonucleotide (anti-
s-ODN), indicating sequence-specific inhibition of HIV-
1 replication without the inhibition of reverse tran-
scriptase and/or the viral entry process. The use of the
transfection reagent, DMRIE-C®, provides a simple
and efficient method for the successful intracellular
delivery of the oligonucleotides. The 5'-imidazole group
of the antisense phosphorothioate oligonucleotide was
found to enhance its anti-HIV-1 efficacy. This type of
artificial ribonuclease should be useful as an antiviral
agent.

Experimental

Oligonucleotide synthesis

Antisense and random phosphorothioate oligonucleo-
tides bearing imidazole and primary amine groups (Im-
anti-s-ODN and Im-ran-s-ODN) were synthesized from
N,N'-bis-(2-aminoethyl)-N-ethyl-1[dimethoxytrityl]-1-H-
imidazole-4-acetamide and a phosphorothioate oligo-
deoxyribonucleotide by solid phase synthesis, as described
previously?*3%4% (Fig. 1b). The anti-s-ODN was pur-
chased from KURABO Co. Japan.

The FITC-labeled-Im-anti-s-ODN and anti-s-ODN
were prepared from Im-anti-s-ODN and anti-s-ODN,
using the Label IT® Nucleic Acids Labeling kit
according to the manufacturer’s instructions (Mils Co.).

Cell lines and virus

The human T lymphotropic virus type I (HTLV-I)-
positive human T cell line, MT-4, was cultured in
RPMI-1640 medium (Gibco BRL Co.) supplemented
with 10% FCS (Dainippon Pharmaceutical Co. Ltd.)
and 1% penicillin/streptomycin (GIBCO BRL Co.) at
37°C in a 5% CO,-gassed incubator.

The HIV-1 strain, HTLV-IIIB, was used for the anti-
HIV assay. The virus was prepared from culture super-
natants of MOLT-4/HTLV-IIIB cells, which were per-
sistently infected with HTLV-IIIB. The HIV stock
solution was titrated in MT-4 cells and was stored at
—80°C until use.

Anti-HIV assay

The anti-HIV activities of the modified oligonucleotides
in a cell-free infection were determined for protection

against HIV-induced cytopathic effects. MT-4 cells
were infected with HTLV-IIIB at a multiplicity of
infection (moi) of 0.01. HIV-infected or mock-infec-
ted MT-4 cells (25x10* cells/mL) were placed into
96-well microtiter plates and were incubated in the
presence of various concentrations of the test com-
pounds. All experiments were performed in triplicate.
After 5 days of culture at 37°C in a CO, incubator,
the cell viability was quantified by a colorimetric assay
monitoring the ability of viable cells to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) to a blue formazan product. Absorbances were
read in a microcomputer-controlled photometer (Titer-
tec Multican; Labsystem Oy, Helsinki, Finland) at two
wavelengths (540 and 690nm). The absorbance mea-
sured at 690 nm was automatically subtracted from that
at 540nm, to eliminate the effects of non-specific
absorption. All data represent the mean values of
triplicate wells. These values were then translated
into percentages per well, cytotoxicity, and antiviral
protection.

MT-4 cells were infected with HTLV-IIIB at an moi of
0.01. HIV-infected or mock-infected MT-4 cells (30x 10*
cells/mL) were placed into 24 well microtiter plates for
1h at 0°C. They were washed with RPMI 1640. The
oligonucleotide transfection was achieved by combining
the modified oligonucleotides (Im-anti-s-ODN, Im-ran-
s-ODN, anti-s-ODN, or ran-s-ODN, 2 uM) with 20 uL
of DMRIE-C® (2mg/mL ) in RPMI 1640 to achieved a
final transfection volume of 500 puL. This solution was
then added to infected MT-4 cells (30x10* cells). The
cells were incubated for 5h at 37°C in a 5% CO,
incubator, and then 500puL of 20% FCS/RPMI1640
were added. After 5 days, the anti HIV-1 activity was
determined by a supernatant p24 antigen measurement
using an HIV-1 p24 chemiluminescent enzyme immu-
noassay (CLEIA Kit, LumiPulse® 1, FUJIREBIO
INC.).

Cellular uptake of Im-anti-s-ODN encapsulated with
DMRIE-C® in MT-4 cells

A mixture of the labeled-modified oligonucleotide
(FITC-Im-anti-s-ODN or FITC-anti-s-ODN, 2uM)
and 20pL of DMRIE-C® (2mg/mL) in 330puL of
RPMI1640 was added to infected MT-4 cells (30x10*
cells). After Sh, 500 uL of 20% FCS/RPMI1640 were
added to the cell cultures. After 5 days of culture at
37°C in a 5% CO, incubator, the cells were washed
with PBS, resuspended in ImL of 50% HCOH/PBS,
and analyzed by the FACSCalibur® and CellQuest®
software (Becton Dickinson, San Jose, CA).
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