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HIV Integrase (IN) is an enzyme that is responsible for the integration of the proviral genome into the human genome,
and this integration step is the first step of the virus hijacking the human cell machinery for its propagation and
replication. 10-23 DNAzyme has the potential to suppress gene expressions through sequence-specific mRNA
cleavage. We have designed three novel DNAzymes, DIN54, DIN116, and DIN152, against HIV-1 Integrase gene
using Mfold software and evaluated them for target site cleavage activity on the in vitro transcribed mRNA. All
DNAzymes were tested for its inhibition of expression of HIV Integrase protein in the transiently transfected cell lines.
DIN116 and DIN152 inhibited IN-EGFP expression by 80% and 70% respectively.

[Singh N, Ranjan A, Sur S, Chandra R and Tandon V 2012 Inhibition of HIV-1 Integrase gene expression by 10-23 DNAzyme. J. Biosci.
37 493–502] DOI 10.1007/s12038-012-9216-4

1. Introduction

Integrase is responsible for the integration of HIV-1
genome within the host DNA. Few known small mole-
cule inhibitors of integrase such as Raltegravir (Evering
and Markowitz 2008), Diketo acids derivatives and
curcumin-like natural products were not found so effective
owing to the high mutation rate of the viral genome and the
very severe side effect of these inhibitors (Gupta and
Nagappa 2003). Hence, to overcome these drawbacks, anti-
sense therapy was put into practice to reduce the viral load
and counteract the spread of infection. Since the discovery of
self-cleavage and ligation activity of the group I intron for
manipulating biomolecules, research interest in catalytic
nucleic acids rose tremendously. DNAzymes, also known
as deoxyribozymes or DNA enzymes, are single strands of
DNA that have catalytic activity. While not found in nature,
a wide variety of DNAzymes have been discovered by
in vitro evolution to catalyse a broad repertoire of chemical
reactions. Their potential as both therapeutic and diagnostic
tools has been extensively investigated (Warashina et al.
1999; Wu et al. 1999; Hou et al. 2006; Saxena and Dhole
2008). It was shown earlier that certain DNAzymes mole-
cules can also cleave RNA phosphodiester linkages (Breaker

and Joyce 1994). Using a selection strategy to create a
series of divalent-metal-dependent deoxyribozymes,
Breaker and Joyce isolated distinct DNA motifs requir-
ing Mg2+, Pb2+, Zn2+ or Mn2+ as cofactors. The 10-23
DNAzyme is able to cleave various combinations of RNA
substrates wherein cleavage occurs at the 3′ side of a single
unpaired purine followed by a paired pyrimidine. Kinetic
studies of 10-23 DNAzyme showed that its mechanism of
action is similar to that of hammerhead ribozymes (Santoro
and Joyce 1997; Ota et al. 1998). The potential use of 10-23
DNAzymes in a wide array of gene therapeutic and indus-
trial applications is demonstrated by a large number of
studies that have inhibited gene expression (Dash and
Banerjea 2004). Dash and Banerjea used 10-23 DNAzymes
to interfere with the functional expression of the HIV-1
envelope (env) gene in a gene fusion assay. Wei Hou et al.
(2006) have shown the inhibition of hepatitis B virus X gene
expression by 10-23 DNAzyme. Banerjea and co-workers
compared a hammerhead ribozyme with 10-23 DNAzymes
targeting various sites in in vitro transcribed CCR5 co-
receptor RNA implicated in HIV-1 entry and fusion (Goila
and Banerjea 1998). Zhang and co-workers targeted nine
different sites in the V3 loop of env gene, and the most
efficient molecule was tested for its ability to inhibit
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infection of the incoming HIV-1 virus (Zhang et al.
1999). A single base change in the catalytic core inactivated
the DNAzyme. The sequence requirements of the catalytic
centre was investigated and an unexpectedly high degree of
flexibility for base substitutions in the central part of the core
was found; however, the highly conserved region are likely
to be directly involved in forming the catalytic site
(Zaborowska et al. 2005). These findings were the basis of
the development of a nuclease-resistant DNAzyme with
improved catalytic activity. The kinetic properties of 10-23
DNAzymes compare favorably with those of RNA ribo-
zymes (Santoro and Joyce 1997; Joyce 2001), and in a
comparative study of 10-23 DNAzymes and hammerhead
ribozymes directed against the same mRNA, the DNAzyme
was found to be more active (Kurreck et al. 2002).
Moreover, DNA molecules are less susceptible to degrada-
tion by nucleases in tissues and cell culture, making them
considerably more stable for exogenous delivery in biolog-
ical applications. To develop a potential tool for the HIV
Integrase gene therapy, we used a 10-23 catalytic
DNAzyme approach. The DNAzyme was originally gen-
erated as ssDNA molecules composed of 28 to 31 deox-
ynucleotides including 15 deoxynucleotide for the
catalytic motif and eight for each of the hybridizing
arm. These DNAzyme have the ability to bind and
cleave the specific mRNA target in the presence of
divalent metal ions between any purine and pyrimidine
(R-Y) junction, more efficiently than between RU than
RC. The specificity of the cleavage originates because of
the complementarities between the DNAzyme and the
sequences flanking the target mRNA (Roy et al. 2008).
Although its cleavage site is ubiquitous, it is not always
possible for every DNAzyme to cleave the every target with
same efficiency, due to the intensive self-folding of the
single-stranded RNA molecule (Chandrasekhar and
Malathhi 2003) in the cellular milieu. The RNA molecule
function, within a particular organic system, is principally
determined by its structure. The analysis of RNA secondary
structures has been an important task in molecular biology
(Reeder et al. 2006). So, in order to get some insight into the
cellular RNA structure, software-based prediction of full-
length RNA structure of the target site seems to be more
reliable. Mfold software performs RNA and DNA secondary
structure prediction using nearest neighbour thermodynamic
rules to minimize the free energy of the predicted structure
with increased prediction accuracy (Zuker 2003). Mfold
software (Zuker and Stiegler 1981; Mathews et al. 1999)-
based DNA/RNA folding predictions were considered for
this study to get some hint about the structure of the potential
target site on the mRNA. But the actual binding and activity
will differ in vivo from the predicted results with respect to
Mfold software because of unpredictable steric and topolog-
ical constraints.

2. Materials and methods

2.1 Design and synthesis of 10-23 DNAzymes

The 10-23 DNAzyme motif was the 23rd clone from round
10 during the course of 10 rounds of in vitro selection of a
general purpose RNA-cleaving DNAzyme, accordingly
termed as 10-23 (Santoro and Joyce 1997). DNAzymes were
designed on the basis of three criteria. On the basis of, first,
the conserved RNA sequence in the different sub-types and
then, next, the presence of purine pyrimidine junction in the
predicted target sequence and, at last, their open structure for
the accessibility to the DNAzyme using the secondary struc-
ture prediction by M Zuker’s Mfold (Zuker 2003) Web
server for nucleic acid folding and hybridization prediction.
So, 864 bases were submitted to Mfold server for the pre-
diction of secondary structure, and the structure with mini-
mum free energy was chosen and examined/gleaned for the
other two characteristics. On the basis of the secondary
structure prediction results of entire RNA sequence 19 puta-
tive target sites were present on Integrase for designing of
10-23 DNAzymes that have unpaired purine pyrimidine junc-
tion, specifically the adenine and uracil nucleotide. In our
study we chose only those sequences with the lowest −ΔG
values and which have unpaired adenine and uracil junction
and scanned the structure for these attributes .We designed
three 10-23 DNAzymes that had arm lengths of 14 bases
(7 bases substrate recognizing arm sandwiching the 15
base 10-23 DNAzyme motif at 5′ and 3′ end). So, the
total length of the antisense DNAzyme was 29 bases.
These 10-23 DNAzymes were named DIN54, DIN116,
and DIN152 and they are specific to HIV Integrase gene.
RIN is the complementary sequence of the DIN116 target site,
whereas the DIN (mut) is a mutated DNAzyme (inactive). The
sequence GGCTAGCTACAACGA was a specific catalytic
domain of 10-23 DNAzyme molecule, which was flanked by
two substrate recognition arm of seven to nine deoxynucleo-
tides. All the DNAzymes were synthesized by Ocimum
Biosolutions, Hyderabad, India.

2.2 Synthesis of RNA template

The DNA template for transcription was obtained by PCR
amplification and cloning of HIV Integrase gene from the plas-
mid pYU-2 into pGEMT Easy Vector using forward primer
(5′ ATCAGGAAACATATGTTTTTAGAT 3′) and down-
stream primer GR (5′ CTTTTCCATCTCGAGATCCT
CATC 3′) in Taq buffer (10 mM Tris-HCl, pH 9, 1.5 mM
MgCl2, 50 mM KCl, 0.01% gelatin) under the following
temperature conditions – (94°C for 4 min)×1, (94°C for
1 min, 56°C for 30 s, 72°C for 1 min)×40, (72°C for
10 min)×1 and finally at 4°C for ∞. This DNA template
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contained an Integrase gene of HIV-1 transcript, and after
amplification we cloned this PCR-amplified gene into pGEMT
Easy Plasmid. The integrase gene was cloned inmultiple cloning
site of pGEMT Easy Plasmid, which is 50 bp downstream of the
T7 RNA polymerase promoter region. Then, the next round of
PCR was done on the Integrase cloned pGEMT Easy Vector
with the forward primer of M13 and reverse GR primer. PCR
reaction was separated on 1% TAE agarose gel and purified
using the QIAEX II Gel Extraction Kit (QIAGEN) according to
the manufacturer’s instructions. In vitro transcription was car-
ried out usingMAXIscript T7 transcription kit (Ambion) accord-
ing to the accompanying protocol. In brief, ~1 μg of DNA
template was incubated in 1×transcription buffer (40 mM
Tris–HCl, pH 7.9, 6 mM MgCl2,1 mM DTT, 10 mM NaCl
and 2 mM spermidine) with 0.5 mM of each ribonucleotides,
T7 RNA polymerase and RNA inhibitor. The radiolabelled
transcripts were synthesized by adding 1 μL of [α-32P] UTP
to the transcription reaction. RNA transcripts were mixed
with 2×formamide loading buffer (95% formamide, 0.025%
SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF,
0.025% ethidium bromide and 0.5 mM EDTA) and were
separated on 4% denaturing TBE polyacrylamide gels. The
RNA bands were excised by UV shadowing and were eluted
overnight in TE buffer (10 mM Tris-HCl pH 7.5, 1 mM
EDTA) at room temperature. After ethanol precipitation, the
RNA was dissolved in RNase free water and quantified by
UV-absorbance measurements or scintillation counting.
Transcript stock solution was heated at 85°C for 2 min and
then snap-cooled in ice; aliquots were stored at −80°C.

2.3 In vitro RNA cleavage assays

DNAzyme and in vitro synthesized RNA were heated sepa-
rately for 2 min at 95°C and snap-chilled for 5 min on ice,
and after that the DNAzyme and RNA were mixed together
in the equimolar quantity. The concentration of RNA tran-
script was ~2 pmol. The RNA was first incubated at 65°C for
10 min and then at 37°C for 30 min in the reaction buffer
(10 mM Na-cacodylate, pH 7.5, 120 mM NaCl, 10 mM
MgCl2) with varying concentration of antisense DNAzyme
oligomers. After 30 min the samples were cooled on ice,
mixed with denaturing loading buffer (5% Glycerol and BFB
dye) and analysed on 7 M Urea PAGE containing TBE
buffer (150 V at 4°C). The cleavage efficiency of
DNAzyme on full-length RNA transcript was estimated with
MgCl2, CoCl2, NiCl2 and MnCl2. All quantifications were
performed with Image J software.

2.4 Construction of plasmid

The DNA fragment of HIV-1 genome, containing Integrase
gene with XhoI and BamHI restriction sites at the 5′ and 3′

end respectively, was obtained by PCR amplification using
sense primer FINTEGFP (5′ ATC AGG AAA CTC CAG
TTT TTA GAT 3′) having XhoI restriction site and antisense
primer reverse GFP (5′ CTT TTC CAT GGA TCC ATC
CTC ATC 3′) having BamH1 restriction site. This HIV-1 IN
gene was cloned in pGEM-T Easy Plasmid Vector and trans-
formed in E. coli DH5α. After plasmid purification, the
required DNA fragment was released by the double diges-
tion with XhoI and BamHI restriction enzymes. This XhoI–
BamH1–digested DNA product was ligated with XhoI- and
BamHI-digested pEGFP-N3 plasmid to generate pIN-EGFP
plasmid and transformed in E. coli DH5α. The pIN-EGFP
plasmid was purified using Endo Free Plasmid Maxi Kit
(QIAGEN) according to the manufacturer guidelines and
was dissolved in TE buffer (pH7 to 8) before being used
for transfection of cell lines.

2.5 Cell culture

U-87 and HeLa cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) , and Jurkat was grown in RPMI
1640, and all the cell culture media were supplemented with
10% fetal bovine serum, 100 U of penicillin G/mL, 100 μg
of streptomycin/mL, 0.25 μg of amphotericin-B, 0.5 mg of
L-glutamine/mL, and 0.2% of sodium bicarbonate. For the
growth of jurkat 50 μM β-mercaptoethanol was also added
and all the cells were maintained at 37°C in 5% CO2 at 85–
90% relative humidity.

2.6 Transient transfection of pIN-EGFP plasmid

The transient transfection of the constructed plasmid was
done by PolyFect/Fugene/PEI Transfection Reagent accord-
ing to the manufacturer guidelines. Briefly, the day before
transfection, 1.5×105 U-87, 2х105 Hela and 1×105 Jurkat
cells were seeded in 35 mm plates in 2 mL complete
DMEM/RPMI medium and incubated at 37°C and 5% CO2

at 90% humidity. 2 μg of endotoxin-free pIN-EGFP plasmid
and 2 μg of DNAzymes were mixed with transfection
reagent for 10 min. This transfection mixture was transferred
to the cells in 35 mm dish and uniformly distributed over the
cells. After 24 h, the efficiency of transfection of plasmids
was evaluated through the fluorescence microscopy. Cells
were harvested after 48 h of transfection and lysed in
20 mM Tris and 100 mM NaCl for estimation of
DNAzyme efficacy.

2.7 Extraction of cellular protein for Western blotting

After 48 h cells were lysed in sample lysis buffer (20 mM
Tris and 100 mM NaCl pH 8.0) by fthe reeze-thawing
method for 3 times in liquid nitrogen. Protein was estimated
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using Bradford kit (Bangalore Genei, India). Total of 100 μg
of cell lysate was loaded on 10% SDS PAGE for separation
and blotting on the supported nitro cellulose membrane.

2.8 Western blotting

The membrane was probed overnight with polyclonal anti-
Integrase antibody (1:1500). For the loading control, the
housekeeping gene β-actin was probed on each blot after
striping of the primary anti-Integrase antibody with strip
buffer, and then this membrane was probed with mouse
monoclonal anti-β-actin HRP-conjugated antibody for
45 min in the dilution of 1:22000, and the membrane was
developed after three washes of 5 min each in PBS-T with
Diaminobenzidine (DAB) as peroxide substrate in the pres-
ence of hydrogen peroxide.

The intensity of the bands was quantitated by Image J
software (National Institute of Health, public domain soft-
ware for densitometry) and densitometry data were analysed
on Graph Pad-Prism software.

3. Results

3.1 Construction of RNA-cleaving DNA enzymes
and selection of target sites in the HIV Integrase gene

The DNAzyme binds the substrate through Watson–Crick
base pairing and cleaves a particular phosphodiester linkage
located between an unpaired purine and paired pyrimidine
residue in the presence of divalent cations. From the second-
ary structure prediction results of the entire RNA of the HIV
Integrase gene using Mfold software, we designed three
DNAzymes with the lowest ΔG values. All DNAzyme tar-
get sequences show approximately 100% similarity to all the
HIV Integrase sequence known till date. Therefore, in order
to make our antisense more effective, the nucleotide position
at 162 (DIN54), 341 (DIN116) and 456 (DIN152) were
chosen for DNAzyme target. Of the three DNAzymes,
DIN54 was designed to target nucleotide position 162 at
the guanine–uracil junction and DIN116 and DIN152 were
targeted to cleave the adenine–uracil junction at the 341st
and 456th nucleotide on the full-length Integrase mRNA
transcript. The amino acid at 456th nucleotide (glutamic
acid) is responsible for the tethering of the divalent metal
ion. The other criterion that was considered for the designing
of DNAzyme was to check the sequence for the CpG islands,
because these kind of sequences have been reported to give
nonspecific immune response to the body that sometimes
mask the actual effect of antisense. So the DNAzyme
sequences for the evaluation were made from these position,
and the mutated DNAzyme was designed from the 341st
nucleotide position of the integrase gene in which the two

nucleotides from the catalytic domain were reshuffled
with each other (position underlined) but the target rec-
ognition arm was kept intact so that it can bind the target
with equal affinity as the actual catalytic DNAzyme. The
complementary DNA sequence was also chosen from the
341st position of the nucleotide sequence, but the only
difference with the DIN116 is that it did not contain
catalytic motif (table 1).

3.2 pIN-EGFP fusion expression plasmid construction

Using standard recombinant techniques, HIV-1 Integrase
gene with 864 bases was amplified and fused with the N-
terminus of EGFP in pEGFP-N3 vector. Recombinant clones
were screened for the correct size of HIV-1 Integrase insert
by XhoI and BamH1 digestion. Recombinant clones were
also confirmed by sequencing (data not shown). When these
recombinant plasmid were transfected into all three cell
lines, Integrase-EGFP fusion protein was expressed, as
shown in figure 1A. Green fluorescence was mainly located
at the cytoplasm or the periphery of the nucleus in granules
in jurkat cell line (figure 1 B).

3.3 Synthesis of HIV-1 Integrase RNA and in vitro
cleavage reaction

A DNA fragment of 969 bp was amplified from the pGEMT
IN clone by using the M13 forward and GR primer, and this
fragment was eluted from the 1% agarose gel and used for
the in vitro transcription reaction. The schematic representa-
tion of the template amplification and in vitro transcription is
given in figure 2. After extraction and purification of the
desired DNA fragment (969 bp) from agarose gel, the purity
of template was checked on the 1.2% agarose gel
(figure 2B). The schematic representation of exact size and
position of this DNA template is depicted in figure 2A. The
HIV Integrase was synthesized by T7 RNA polymerase
through in vitro transcription using a PCR-generated DNA
template. T7 polymerase initiate the transcription from the
transcription initiation site which is usually 3 to 10 bases
downstream from the T7 promoter. The length of the in vitro
synthesized RNA was 915 bases (figure 2C). The RNA
transcript (915 bases) was eluted through the crush and soak
method in 1×TE (pH 7.5) buffer at room temperature. The
purity of extracted RNA transcript (915 bases) was found
more than 99% on 4% denaturing TBE gel.

3.4 In vitro cleavage of HIV Integrase RNA by DNAzymes
DIN 116, DIN 54 and DIN 152

The labelled transcript (915 nt long; figure 3) was subjected
to in vitro cleavage by adding equimolar amounts
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(100 pmol) of DNAzyme (cold) in the presence of MgCl2
(10 mM). Of the three DNAzymes, only DIN116 worked
efficiently at 20 mM MgCl2. DIN152 and DIN54 did not
work at all in vitro (data not shown). Almost 70% to 80%
cleavage of the target RNA was observed by DIN116 in the
presence of 20 mMMgCl2.The appearance of 523-base-long
RNA fragment and 392-base-long RNA fragment could only
appear if the target RNA was cleaved at the specific site. We

have also screened the cleavage efficiency of DIN116 in
different divalent metal ions at varying concentration and
found that DIN116 worked efficiently with MnCl2 and
MgCl2. ZnCl2 and CoCl2 did not work well at lower con-
centration (figure 3A–D). The mutated DNAzyme did not
cleave the RNA transcript. The maximum activity was found
in the Mn++ (figure 3C) followed by Mg++ (figure 3A), Co++

(figure 3B) and Zn++ (figure 3D).

Figure 1. (A) Expected cleavage pattern of HIV Integrase RNA by different DNAzymes: Schematic line diagram for the different target
sites of three DNAzymes used in the study and their expected product size. The full length of in vitro transcribed HIV Integrase mRNA is
915 bases. (B) HIV Integrase expression (FITC) staining in Jurkat cells: Jurkat cells were fixed after 24 h of transfection with 4%
Paraformaldehyde for 10 min, and cells were permeabilized with 0.02% Triton X-100 for 5 min. These permeabilized cells were blocked
with 1% mouse pre-immune sera and then probed with Anti HIV Integrase antibody (1:500 in BSA) for 2 h at 40°C. Cells were washed with
PBS-T for 3 times and primary antibody was detected/captured by goat anti-mouse FITC conjugated antibody in dilution of 1:600 (i).
Nucleus was stained with DAPI (ii).

Table 1. List of DNAzymes used as antisense against HIV Integrase mRNA

DNAzyme Sequence of DNAzyme Position at HIV-1 
RNA genome

DIN 54 5 CTGTCTAGGCTAGCTACAACGATTGCCCA 3 153–167 base
DIN116 5 TCTGTATGGCTAGCTACAACGAGTATTGT 3 334–347 base
DIN152 5 TTCATGTGGCTAGCTACAACGA TCTACTA 3 451–465 base
RINTEGFP 5 TCTGTATT--------------------------GTATTGT   3 334–347 base
DIN(mut) 5 TCTGTATGGCATGCTACAACGAGTATTGT 3 334–347 base

*DIN54, DIN116, and DIN152 have been designed based upon the secondary structure of respective target RNA. DIN (mut) is the
sequence of DNAzyme having mutated catalytic core domain and RIN is the complementary strand of DNA without the 10-23
catalytic domain.
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3.5 Inhibition of IN-EGFP expression by 10-23 DNAzyme
in the cell lines

Transient transfection of U-87, HeLa and Jurkat cell with the
pIN-EGFP resulted in the expression of IN-GFP fusion
protein as analysed by fluorescence microscopy. As a control,
expression of GFP from plasmid pEGFPN3 was verified in
parallel. With both these plasmids, all the cells could be trans-
fected with a transfection efficiency of 70% to 80%. The IN-
EGFP fusion protein was probed with the polyclonal HIV
Integrase antibody developed in mouse. The expression varied
form one cell line to another; for example, expression of Integrase
GFP fusion protein was maximum in Jurkat (figure 4A) and
minimum in HeLa (figure 4B), whereas the U-87 (figure 4C)
has medium level of expression in comparison with the other
two cell lines. Our Western blot with these cell lines gave us
two bands, one corresponds to the fusion protein which has
molecular weight of about 60 kDa and the other nonspecific
band at approximately at 72 kDa. DNAzymes were co-
transfected along with pIN-EGFP. DIN116 showed maxi-
mum cleavage of IN-EGFP mRNA, and therefore, the ex-
pression of IN-EGFP fusion protein dropped to 75% in
comparison with untreated control cells; DIN152 also gave
approximately 70% inhibition of expression of IN-EGFP

fusion protein in the Jurkat cells (figure 4A), whereas
DIN54 showed only 20%, DIN gave 35% and RIN gave
47% inhibition. In the case of HeLa cells, DIN116 again
gave 60%, DIN152 showed 50%, DIN54 10%; DIN and RIN
gave 20% inhibition of IN-EGFP fusion protein in compar-
ison with the control cells with no DNAzymes. U-87 cells
also behaved in the same manner as Jurkat and gave 80%
inhibition after treatment with DIN116 and DIN152, where-
as in contrast to the Jurkat and HeLa cells, DIN54 showed
much higher degree of inhibition and it reached approxi-
mately 52% in U-87 cells. The other two DIN (mut) and
RIN showed 30% and 35% inhibition of IN-EGFP protein in
comparison to the control cells at 2 μg DNA (figure 4A−C).
All the experiments were repeated thrice and the densitom-
etry values of IN-EGFP were normalized from the respec-
tive β-actin band for loading control before calculating
the fold change in expression of any experiment set
(figure 4 D–F).

4. Discussion

DNA has the ability to bind the substrate molecule with high
affinity and specificity, which is a prerequisite of a good

Figure 2. PCR amplification of HIV Integrase gene and synthesis of RNA transcript: PCR-amplified HIV Integrase DNA was
incorporated downstream of T7 promoter in the pGEMT Easy Vector. M13 forward sequencing primer and HIV IN gene reverse primer were
used to amplify the 969-base-pair-long HIV-IN DNA template. T7 polymerase was used to synthesize the RNA transcript form the transcription
start site. (A) Schematic diagram for transcript generation strategy. (B) PCR amplification of HIV IN gene from the pYU-2 vector using M13
forward and gene reverse primer. Lane number 1 contains PCR-amplified DNA template for in vitro transcription. (C) The purified
transcript was run on 4% Urea PAGE. Lane numbers 1 and 2 show the purified transcript, and the RNA marker is in lane number 3.
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enzyme. DNAzymes represent promising candidates for
drug therapy in a wide range of diseases, such as cancer
and cardiovascular disorders (Chan and Khachigian 2009).
Breaker and co-workers (Breaker and Joyce 1994) and
Santoro and Joyce (Santoro and Joyce 1997) used a unique
selection strategy for identification and development of

catalytic motif in the single-stranded DNA molecule. Their
selection strategy yielded two different catalytic DNA
sequences, 8-17 and 10-23 DNAzymes. The 10-23
DNAzymes cleave between any unpaired purine and pyrim-
idine of mRNA transcripts. Although they are abundant in
mRNA, many of these potentially cleavable junctions are

Figure 4. Effect of 10-23 DNAzymes treatment on HIV-IN expression in IN-EGFP-transfected cell lines: The figure shows the Western
blot of IN-EGFP expression following DNAzymes treatment in Jurkat (A), HeLa (B) and U-87 (C), respectively. The densitometric analysis
illustrated that DIN116 and DIN152 showed the maximum inhibition of Integrase protein expression in all three cell lines, namely, Jurkat
(D), Hela (E) and U-87 (F).

Figure 3. In vitro cleavage activity of DNAzyme (DIN116) in the presence of Mg++, Mn++, Zn++ and Co++. Full-length α-UTP labeled
RNA transcript (915 nucleotide long) was put in reaction with unlabelled DNAzyme (DIN116) in equimolar ratio to a final volume of 10 μL in 10mM
sodium cacodylate and 150 mM NaCl. Cleavage was initiated by adding MgCl2, MnCl2, CoCl2 and ZnCl 2 in concentration of (10–60 mM) in
lane number 2 to 7 and full-length RNA in lane number 1, whereas the mutated DNAzyme (DIN) was added in the lane number8.
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protected from DNAzyme activity by secondary structure.
The DNAzymes can be designed specifically to target the
AU nucleotide of the start codon, which make them prom-
ising candidates for potential applications in functional
genomics and gene therapy (Unwalla and Banerjea
2001; Achenbach et al. 2004; Dash and Banerjea 2004;
Goodchild 2004; Hou et al. 2006; Joyce 2004; Lu et al.
2005; Mitchell et al. 2004; Peracchi 2004; Schubert and
Kurreck 2004; Silverman 2004;Silverman 2005; Xie et al.
2006). DNazyme can be applicable in locations of more
effective and most accessible target sites on mRNA (Cairns
and Sun 2004).

The secondary structure of a nucleic acid molecule refers
to the base-pairing interactions within a single molecule or
set of interacting molecules. The secondary structure of
biological RNAs can often be uniquely organized into stems
and loops. The inaccessibility of the target sequence is a
major concern in the design of therapeutic antisense strate-
gies against highly structured viral RNA genomes. So, struc-
tural analysis of viral RNA genome can help in identification
of putative target sites. For more effective DNAzymes, the
complementary target sequence on mRNA must be available
for hybridization. RNA nucleotides can be inaccessible when
they are sequestered in secondary structure in cellular milieu.
There is compelling evidence that the secondary structure
determines the accessibility of mRNA for the gene regulato-
ry mechanisms of the most antisense molecules that require
complementary base-pairing for target recognition (Wang
et al. 2011). We used Mfold software to predict HIV-1
Integrase RNA secondary structure to select the more acces-
sible target sites. Hence, we designed and synthesized 10-23
DNAzymes according to the predicted target site with re-
spect to Mfold analysis.

The rationale behind this work was to design effective 10-
23 DNAzymes against HIV-1 Integrase, with the aim to
interfere with the replication of HIV-1 in a sequence-
specific manner. The major advantages of using DNAzyme
over any other antisense are its simplicity of designing,
target-specific cleavage, serum stability and catalytic activi-
ty. We synthesized three DNAzymes, all possessing the
earlier identified 10-23 catalytic motif. For the target site
selection we have scanned the full-length HIV-IN mRNA
structure using Mfold software and choose DIN54, DIN116
and DIN152 to be ideal targets. These target sites have
shown high degree of conservation among the different
strains of HIV-1 (Unwalla et al. 2006) and are less compact-
ly folded, thus allowing ample space for DNAzymes binding
and activity. The DIN54 target site was present in the left-
hand side of the tip of the loop where G and U nucleotides
were accessible for the cleavage, whereas DIN116 and
DIN152 were made to target the A and U junction on the
RNA sequence, which have minimum steric hindrance for
better accessibility. The target site of DIN116 and DIN152

are much more accessible to DNAzyme binding than that of
DIN54, as it is evident from the Mfold structure of the HIV-
IN mRNA.

The DIN116 showed the significant target-specific cleav-
age of full-length RNA, in cleavage experiments, whereas
the other two DNAzymes did not cleave the target. Like the
previously reported 10-23 DNAzyme, DIN116 also showed
the maximum activity in presence of Mn++. Mg++ showed
slightly less activity than Mn++, but Co++ and Zn++ had
marked reduction on DIN116 cleavage activity. The efficien-
cy of the cleavage increased significantly for DIN116 in the
presence of increasing concentration of divalent metal ions
(10–60 mM). As expected, a point mutation in the catalytic
motif abolished the ability of the DIN116 to cleave the target
RNA completely (DIN (mut)).

Another key question addressed in this work is that
DNAzymes have the ability to specifically interfere with
the expression of the HIV-IN when co-transfected into the
mammalian cells along with the pIN-EGFP vector. Since
fluorescence is most convenient marker for these kind of
studies, EGFP was selected as a reporter molecule, which
has already been used to study ribozyme (Passman et al.
2000; Beger et al. 2001) and RNAi (Nagy et al. 2003; Cao
et al. 2004; Qin et al. 2004) and DNAzymes (Hou et al.
2006). This experiment was performed to assess the efficien-
cy of all the three DNAzymes in physiological conditions.
The inhibition was very significant in comparison with the
untreated cells. Each of the DNAzymes was co-transfected
in the HeLa, Jurkat and U-87 cell lines with pIN-EGFP
construct. DIN116 and DIN152 reduced the level of expres-
sion of IN-EGFP expression up to 80% (0.2-fold), whereas
DIN54, mutated DNAzyme (DIN mut), and a reverse com-
plementary strand without the 10-23 motif (RIN) could
inhibit the expression of INEGFP only up to 20% to 40%.
In the case of U-87 cells and Jurkat cells, IN-EGFP expres-
sion dropped to 80% and 75% after treatment of the cells
with DIN116 and DIN152 respectively, whereas DIN54,
DIN (mut) and RIN inhibited the expression by 30%, 35%
and 45% respectively in comparison withthe untreated con-
trol cells. The inhibition which we are getting in the case of
DIN (mut) and RIN is due to its antisense effect rather than
its catalytic activity. These two DNA sequences were used to
differentiate the antisense and DNAzyme activity. Careful
examination of the software-generated secondary structure
revealed a difference in the target site of DIN54, DIN116
and DIN152. From the secondary structure, it seems that the
target site of DIN116 and DIN152 is more accessible to
DNAzymes binding but DIN54, being trapped in the secondary
structure, might not be available for binding to DNAzymes,
which could be the probable reason for its inefficient cleavage
activity.

In addition to the activity, the specificity and inhibitory
effects by these DNAzymes were also demonstrated. All the
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results suggest that these 10-23 DNAzymes could inhibit the
HIV Integrase gene expression in vitro, and could be useful
strategy for gene therapy.
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