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bstract

One of the hallmarks of progression of HIV-1/AIDS is the rapid depletion of CD4 + T cells that is known to occur at the late stages of the
isease when usually X4 tropic HIV-1 predominates. Besides direct killing of T lymphocytes, HIV-1 infection leads to extensive apoptosis of
aı̈ve/uninfected bystander T cells, which is predominantly mediated by HIV-1 TAT protein. Therefore, reduction of HIV-1 TAT protein is likely
o reduce substantially the pathogenesis associated with HIV-1 infection. We designed two non-GUX hammerhead ribozymes (Rzs) and a Di-Rz
y placing them in direct tandem. These were targeted against the most conserved second exon of HIV-1 TAT/Rev/Env region. Although very
mpressive in vitro cleavage of the target RNA by the two hammerhead Rzs was obtained under standard conditions of cleavage, only one of
hem was active under simulated physiological conditions. Sequence-specific cleavage by the Di-Rz was most efficient under standard conditions.
leavage reactions carried out under simulated physiological conditions by the Di-Rz, however, indicated that both mono-Rzs were functional. We

lso assembled a 10–23 catalytic motif containing general purpose RNA-cleaving DNA-enzyme (Dz) against the same region, which cleaved the
arget RNA very efficiently. Both Rzs and Dz showed not only potent inhibition of HIV-1 gene expression but also showed remarkable protection
gainst HIV-1 TAT protein-mediated apoptosis in Jurkat T cells. Possible implications of these findings are discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Human T lymphocytes and macrophages are the two major
ell types that support HIV-1 replication. The infection is usu-
lly initiated by macrophage tropic (R5) HIV-1 that uses the
-transmembrane-G-coupled protein receptor-CCR5 and CD4
o gain entry into a susceptible cell (usually Langerhans cells
r macrophages). During the advanced stages of the disease, T
ell tropic virus (X4) that uses the chemokine recetor CXCR4
resent on CD4 + T cells usually predominates (Berger et al.,

999). The regulatory protein TAT of HIV-1 plays a crucial role
n viral replication cycle (Stevenson, 2003) and is a powerful
ranscriptional transactivator of gene expression that binds to

Abbreviations: Rz, ribozyme; Dz, DNA-enzyme; RE, restriction enzyme
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well defined stem-loop structure called TAR present at the
′-ends of all HIV-1 transcripts (Dingwall et al., 1990). TAT
s encoded by two exons, the first exon is sufficient for tran-
criptional activation (Jeang et al., 1993) and the second exon
an independently exert antiviral effects on T cells (Neuveut
nd Jeang, 1996) and macrophages (Neuveut et al., 2003).
lthough HIV-1 TAT protein lacks the signal sequence, it is

eadily detected in culture supernatants of cells infected with the
irus (Chang et al., 1997) and in the serum of HIV-1 infected
ndividuals (Xiao et al., 2000). Extracellular HIV-1 TAT protein
s efficiently taken up by several mammalian cell lines including

cells using clathrin-mediated endocytosis (Vendeville et al.,
004). It is also capable of regulating cytokine gene expression
Westendorp et al., 1994), causing immune cell-hyperactivation
Ott et al., 1997) and promoting growth of Kaposi’s sarcoma

ells (Yen-Moore et al., 2000). It has been earlier demonstrated
uite convincingly that TAT secreted by an infected cell is able
o induce apoptosis in neighboring by-stander cells (Purvis et al.,
995) and that massive depletion of CD4 + T cells, that eventu-

mailto:akhil@nii.res.in
dx.doi.org/10.1016/j.antiviral.2006.05.009


al Res

a
(
T
m
d
T
t
W
b
p

i
a
(
2
C
u
t
H
n
t
c
d
c

2

2

E
i
a
e
u
d
h
a
w
n
T
i
A
d
(
L

2

t
f
p

(
(

p
t
a
t
e
c
v
m
c
t
t
m
m

2

w
F
C
8
b

2

b
B
m
m
p
b
w
G

(

i
G

(

c

p
a
s
t
o

H. Unwalla et al. / Antivir

lly results in the loss of immune competence, is due to apoptosis
Meyaard et al., 1992; Fauci, 1993). Exogenous application of
AT was shown to up-regulate the expression of Fas ligand
RNA in macrophages that led to CD4-cross-linking induced

eath (Cohen et al., 1999). Besides modulating these reactions,
AT seems to exert a global change in variety of key cell func-
ions (Chun et al., 1998; Lohr et al., 2003; Flores et al., 1999;

eissman et al., 1998). HIV-1 mediated apoptosis has recently
een shown to involve microtubular network and mitochondrial
athways (Giacca, 2005).

Therefore, HIV-1 TAT is an attractive antiviral target for
nterfering with HIV-1 gene expression. Several earlier antiviral
pproaches including ribozymes, siRNAs and DNA-enzymes
Coburn and Cullen, 2002; Rossi, 1999; Morris and Rossi,
004; Akkina et al., 2003; Banerjea et al., 2003, 2004, 2005;
hakraborti and Banerjea, 2003; Jacque et al., 2002) have been
sed against HIV-1 genes but none of these studies addressed
he question whether the target cells could be protected against
IV-1 TAT protein-mediated apoptosis. We, therefore, designed
on-GUX hammerhead Rzs and a 10–23 catalytic motif con-
aining DNA-enzyme (Santoro and Joyce, 1997) that selectively
leaved the target RNA that possessed TAT/Rev sequences,
own-regulated HIV-1 TAT gene expression and the apoptosis
aused by its action in Jurkat T cells.

. Experimental

.1. Materials

THP-1 or HeLa cells were grown in Dulbecco’s modified
agle medium (DMEM) and 10% FBS. THP-1 cells were grown

n suspension and stimulated with phorbol 12-myristate 13-
cetate (PMA) for 24 h (100 nM) as described earlier (Fitzgerald
t al., 2000). These cells matured into macrophages and were
sed for virus challenge experiments. Macrophages were also
erived from human peripheral blood by subjecting the Ficoll-
ypaque population of mononuclear cells to plastic adherence
ccording to standard procedures (Banerjea et al., 1981). They
ere >90% positive for CD14 antigen by FACS analysis (data
ot shown). Plasmid DNAs, pNL4-3 (Adachi et al., 1986), pSV-
at72 and pNL4-3.LucR−E− (Luciferase gene was inserted

nto the Nef region of pNL4-3) were obtained from the NIH
IDS repository and were grown according to standard proce-
ures. The supercoiled plasmid DNAs were purified on a Qiagen
Qiagen, GmbH, Germany) column before transfection using
ipofectin reagent (GIBCO/BRL, MD).

.2. Cloning of target gene and in vitro transcription

Target gene containing second exons of Tat, Rev including
he Env region was obtained by PCR amplification of a 63-nt
ragment from pNL4-3 HIV-1 DNA (Adachi et al., 1986) (Fig. 1,
anels A and B). The following primers were synthesized:
1) sense terminal primer: 5′-CACCATTATCGTTTCAG-3′;
2) antisense terminal primer: 5′-CTATTCCTTCGGGCCTG-

3′.
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The PCR amplified product was cloned into a T-tailed vector
TargeTTM (Promega Corporation, Madison, WI), which placed
he target sequence (substrate) under the influence of T7 as well
s the CMV promoter (Fig. 1, panel B). This expression vec-
or carries the human cytomegalovirus (CMV) immediate–early
nhancer/promoter region to enable constitutive expression of
loned genes in mammalian cells. The T7 promoter allows the in
itro generation of transcripts in the presence of T7 RNA poly-
erase according to the manufacturer’s instructions. Plasmid

ontaining the target gene was linearized with NotI restric-
ion enzyme present in the polylinker region of the vector and
ranscribed in the presence of labeled UTP using T7 RNA poly-
erase (Promega Corporation, Madison, WI) according to the
anufacturer’s instructions.

.3. Selection of cleavage sites in target RNA

The cleavage sites against which the Rzs and a DNA-enzyme
ere designed are shown in Fig. 1, panel C and in more detail in
ig. 2. Rz-8366 was targeted against UUC, Rz-8377 against
UC (position 8366 and 8377 of pNL4-3 DNA), while Dz-
381 possessing a 10–23 catalytic motif was targeted to cleave
etween A and U residues.

.4. Cloning of ribozymes

The strategy to clone Rz was essentially the same as described
efore by us (Goila and Banerjea, 2001; Shahi et al., 2001).
riefly, an oligonucleotide containing the hammerhead catalytic
otif of the Rz that was flanked on either side by 8 nt comple-
entary to the target RNA was synthesized chemically (Fig. 2,

anel A and B). The Rz-encoding oligonucleotide was amplified
y PCR using specific terminal primers. The following primers
ere synthesized: (1) Rz-oligonucleotide-8377 5′-GGGATT-
GCTGATGAGTCCGTGAGGACGAAAGGTGGGT-3′.

(a) sense terminal primer: 5′-GGGATTGGCTGATGA-3′;
b) antisense terminal primer: 5′-ACCCACCTTTCGTCC-3′.

In the similar manner Rz-8366 was constructed by design-
ng the following primers: (1) Rz-oligonucleotide-8366 5′-GTG-
GTCTCTGATGAGTCCGTGAGGACGAAAAACGATA.

(a) sense terminal primer: 5′-GTGGGTCTCTGATG;
b) antisense terminal primer: 5′-TATCGTTTTTCGTCCTC.

The catalytic hammerhead motif in Rz-encoding oligonu-
leotide is shown in bold letters.

The PCR amplified product was cloned into a T-tailed vector,
GEM-T (Promega Corporation, Madison, WI). Rz-8377 was
lso cloned in pTargetTM vector, which placed the Rz down-
tream of the T7 and CMV promoters. Di-Rz was assembled in
he same manner by joining the two Rzs in tandem in the correct
rientation by placing Rz-8366 downstream of Rz-8377 (Fig. 2,

anel C). Dz-8381 containing a 10–23 catalytic domain with
even bases long flanking sequences complementary to the target
NA (Fig. 2, panel D) was synthesized. Design of 10–23 cat-
lytic motif containing Dz was the same as originally described
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Fig. 1. Panel A: Genomic structure of HIV-1 is shown with all the open reading frames for structural (Gag, Pol and Env) and regulatory genes (TAT, Rev and Nef)
in the infectious clone of HIV-1, pNL4-3 (Adachi et al., 1986). Panel B: The region that was PCR amplified from the infectious clone, which contained the second
e ed pr TM
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xon of Tat and Rev and a portion of Env open reading frame. The PCR amplifi
ownstream of the CMV and T7 promoter. Panel C: The target sequence agai
hree reading frames are also shown by a single letter code and the target seque
z and Dz.

y Santoro and Joyce (1997). The cleavage is expected to take
lace after the A nucleotide (shown by an arrow). A mutant Dz
ith same target specificity was synthesized by substituting a C
ith G residue (panel E, shown by an arrow) in the 10–23 cat-

lytic motif and was used as a control. This mutant Dz showed
o cleavage activity even in the presence of 50 mM MgCl2 (data
ot shown).

.5. Construction of Dz-8381 and Dz-8381Mt

The Dz-8381 containing a 10–23 catalytic domain with seven
ases long flanking sequences complementary to the target RNA
Fig. 2) was synthesized. The cleavage is expected to take place
fter the A nucleotide (shown by an arrow). A mutant DNA-
nzyme with the same target specificity was synthesized by
ubstituting C with a G residue in the 10–23 catalytic motif and
as used as a control. This mutant showed no cleavage activity

ven in the presence of 50 mM MgCl2 (data not shown).

.6. In vitro transcription
Ribozyme encoding pGEM-T vectors were linearized at their
′-ends with appropriate restriction enzymes (REs) (Fig. 3, panel
) and transcribed in the presence of labeled UTP using either
7 or SP6 RNA polymerase (Promega corporation, Madison,

2

t

oduct was cloned into pTargeT vector (Promega Corporation Madison, WI)
ich the Rzs and Dz were designed. The corresponding amino acids in all the
or the Rzs and Dz are shown in bold letters. Arrows indicate cleavage sites for

I) according to the instructions given by the manufacturer and
s described earlier (Banerjea and Joklik, 1990). The authen-
icity of the Rz clones was confirmed by sequencing the super-
oiled plasmid DNA using either terminal primers or SP6/T7
rimers.

.7. In vitro cleavage reaction

For cleavage reactions, equimolar concentrations
100 pmoles) of 32P-labeled substrate RNA and unlabeled
z or Rz were mixed in 10 �l of 50 mM Tris–HCl, pH 7.5

ontaining 10 mM MgCl2 (standard condition). Cleavage reac-
ion was allowed to continue for 1 h at 37 ◦C and the products
ere subjected to gel analysis as described before (Goila and
anerjea, 2001; Shahi et al., 2001) using the mini-protein gel

ystem from Bio-Rad. Radioactive bands were visualized by
utoradiography of the dried gel. Cleavage reactions were also
arried at simulated physiological conditions (50 mM Tris–HCl
H 7.5, 150 mM KCl, 2 mM MgCl2 and 37 ◦C) (Santoro and
oyce, 1997).
.8. Kinetic analysis

Kinetic parameters of Rz and Dz were determined by
erminating cleavage reactions at varying time points under
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Fig. 2. The Rzs and Dz with their target sequences are shown. The Rz-8366 was designed against the target sequence UUC (shown in bold letters) (panel A); Rz-8377
against CUC (panel B); Rz-77-66 (Di-Rz) against the same two target sequences and the Dz-8381 against AU dinucleotide (in bold letters). All the Rzs possessed
the conserved hammerhead catalytic motif, whereas the Dz possessed the 10–23 catalytic motif. Seven bases on either side of the target site were synthesized leaving
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he A nucleotide unpaired in the 10–23 motif containing Dz (panel D). A single
o as Dz-8381MT (panel E).

nzyme saturating conditions as described by us earlier (Goila
nd Banerjea, 2001) and others (Santoro and Joyce, 1997).
he cleaved RNA fragments were quantified with the help
f a densitometer (GS-710 Calibrated Imaging Densitometer,
io-Rad) and the kinetic parameters were calculated from a
ineweaver–Burk’s plot.

.9. Toxicity studies with Rz and Dz

Cell lines, HeLa and THP-1, or human peripheral
lood derived macrophages were grown in six-well plates

1 × 106 per well) and incubated with 0.5 or 1.0 �g of Rz, Dz-
381 or Dz-8381Mt in plain medium in the presence or absence
f Lipofectin (GIBCO/BRL, MD) for 2 h and then incubated
n the presence of medium + 10% fetal bovine serum for 24 h.

d
t
a
E

utation G to C (boxed) in the catalytic motif was synthesized that was referred

iability of the cells was checked by trypan-blue dye exclu-
ion test. No toxicity was observed under these experimental
onditions.

.10. HIV-1 inhibition experiments

THP-1 cells or human peripheral blood derived macrophages
ere co-transfected with wild-type infectious clone of HIV-1,
NL 4-3 and Dz-8381 or Rz DNA constructs (1 �g each in
ml) in six-well plates. Six days post transfection, cell super-
atant was collected and centrifuged at 2000 × g to remove cell

ebris and then further centrifuged at 40,000 × g for 1 h to pellet
he virus particles. The virus pellet was then lysed with NP-40
nd the amounts of p24 antigen were determined by using p24
LISA kit (Orgenon Teknika Corporation).
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Fig. 3. Panel A: The plasmid encoding the HIV-1 Tat/Rev/Env (substrate) was linearized with NotI restriction enzyme and transcribed using T7 RNA poly-
merase to yield uniformly labeled 107 nt long transcript. Rz encoding plasmids were linearized at their 3′-ends with appropriate restriction enzymes (REs) and
transcribed using either SP6 or T7 RNA polymerase (Promega). Equimolar amounts (100 pmoles) of unlabeled Rz or Dz and 32P-labeled substrate RNA were
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ixed for carrying out cleavage reaction, as described earlier. Panel B: The ex
nd Dz.

.11. Inhibition of HIV-1 gene expression by ribozyme and
NA-enzyme

PMA-stimulated adherent population of THP-1 cells
humans macrophages) were employed for evaluating the bio-
fficacy of the Rzs and Dz. Infectious HIV-1 clone pNL4-3
as used to transfect PMA-stimulated THP-1 cells. Six days
ost-transfection, total RNA was isolated using TRIZOL reagent
GIBCO/BRL). About 1 �g of total RNA was used to estimate
he levels of HIV-1 Tat RNA (179 nt long) and the control RNA
�-actin) by RT-PCR techniques using the Access RT-PCR kit
Promega Corporation, Madison, WI) according to the manu-
acturer’s instructions. The following set of primers were used
or amplifying HIV-1 Tat specific RNA:

1) forward primer (5851–5870) CTAGAGCCCTGGAAG-
CATCC;

2) reverse primer (6007–6030) GCTTGATGAGTCTGACT-
GTTCTG.
Human �-actin-specific primers (Stratagene, La Jolla, CA,
atalog #302010) were used for estimating the control RNA

hat was 636 nt long.

t
w
m
b

cleavage pattern resulting after cleavage of the same target RNA by each Rz

.12. Inhibition of TAT-mediated apoptosis in T cells

The protocol used for studying TAT-mediated apoptosis was
he same as described by Li et al. (1995), using Jurkat cells.
riefly, Jurkat T cells were co-transfected with pSVTat72 plas-
id DNA (1.0 �g) and 1.0 �g each of Rz-8377 construct or
z-8381. Transfection was allowed to proceed for 6 h and then

eplaced with complete medium (DMEM + 10% fetal bovine
erum). After overnight incubation (12 h) the cells were grown
n the presence of 0.1% FBS serum for 48 h. Rz and Dz treated
ells were then stained for apoptosis using DeadEnd colorimetric
UNEL system (Promega Corporation, Madison, WI) according

o the manufacturer’s instructions. This assay measures nuclear
NA fragmentation by end-labeling the DNA of apoptotic cells
sing a modified TUNEL (TdT-mediated dUTP nick-end label-
ng) assay. Biotinylated nucleotides are incorporated at the
′-end of the DNA using the enzyme terminal deoxynucleo-
idyl tranferase (TdT). Horseradish peroxidase-labeled strep-

avidin then reacts specifically with biotinylated nucleotides,
hich are detected by a color reaction using DAB chro-
ogen. Using this procedure, apoptotic nuclei are stained dark

rown.
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Fig. 4. In vitro cleavage of synthetic 107 bases long HIV-1 TAT/Rev/Env RNA.
Labeled target RNA was subjected to cleavage with Rzs and Dz. Lane 1 shows
the 107 bases long labeled substrate RNA, as described earlier. When equimolar
amounts (100 pmoles) of unlabeled Rz or Dz and substrate RNA was mixed
in the presence of 10 mM MgCl2, specific cleavage products could be seen by
Rz-8366 (lane 2); Rz-8377 (lane 3); Di-Rz or Rz-77-66 (lane 4) and Dz (lane
5). Note the significant reduction of the substrate RNA (107 nt) in lane 4 and 5
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fter treatment with Di-Rz and Dz, respectively. Dz-8381MT failed to show any
leavage products under these conditions (data not shown).

. Results

.1. Sequence-specific cleavage activities of Rzs and Dz

The labeled transcript (107 nt long, Fig. 4, lane 1) was
ubjected to in vitro cleavage by adding equimolar amounts
100 pmoles) of Rz or Dz (cold) in presence of MgCl2 (10 mM).
oth Rzs cleaved the target RNA in a specific manner with vary-

ng efficiencies (Fig. 4, lanes 2 and 3), Rz-8377 being the more
fficient. Extremely efficient cleavage of the target RNA was
bserved with Di-Rz (77–66). This Di-Rz retained the cleav-
ge specificity of the two mono-Rzs. The appearance of an 11
ase-long RNA fragment was also seen after cleavage (lane 4)
eaction. This fragment could only appear if the target RNA
as cleaved at both the target sites either simultaneously or

equentially. Specific cleavage products were also observed for

z-8381 and its efficiency was almost equivalent to Di-Rz (lane
). Mutant version of the Dz (Dz-8381MT) failed to cleave
he target RNA completely under identical conditions (data not
hown).
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.2. Effect of MgCl2 on cleavage efficiency

In presence of increasing concentrations of MgCl2 (indicated
t the top of each lane) a dose-dependent increase in the cleavage
roducts could be observed with both Rzs and Dz (Fig. 5, panels
–D). The most important observation was that Rz-8377, Di-
z and Dz-8381 could cleave the target RNA in the presence
f 1 mM MgCl2 in the cleavage buffer (lane 2, panels B–D).
ll, except for Rz-8366, showed significant cleavage activities

t micromolar levels of Mg++ (data not shown). Almost 70–80%
leavage of the target RNA was observed by Rz-8377, Di-Rz and
z-8381 in the presence of 20 mM MgCl2 (lane 6, panel B–D)

nd the same pattern is reflected in the Fig. 5E (representative
ata from two independent experiments).

.3. Cleavage under simulated physiological condition by
zs and Dz: Di-Rz exhibits novel cleavage activity

All the three Rzs and the Dz were tested for their ability
o cleave the same target RNA under simulated physiologi-
al condition as described in Section 2.1, and the results are
hown in Fig. 6. Lane 1 (panels A–D) shows the synthesis of
niformly labeled target RNA as described earlier, and lane
depicts the cleavage reaction carried out in the absence of
g++. Note that no cleavage was observed if the Mg++ was

mitted (lane 2, panels A–D). Lane 3 (all panels) shows the
leavage obtained with the indicated catalytic Rz or Dz. Rz-
366 failed to show any cleavage (panel A); Rz-8377 showed the
xpected cleaved fragments; Di-Rz showed all the cleaved prod-
cts as observed in Fig. 4, lane 4. Dz also showed the expected
leavage products. We conclude that except for Rz-8366, all
ther Rzs and Dz were functional under simulated physiological
onditions.

.4. Intracellular inhibition of HIV-1 gene expression by
NA-enzymes

We selected Rz-8377, Di-Rz and a Dz-8377 for evaluating
heir bio-efficacy because of their superior in vitro cleavage
ctivity. They were co-transfected along with the infectious HIV-
DNA-pNL4-3 (1 �g for 1 × 106 THP-1 cells in 1 ml) and

ncubated for 6 days. The supernatant was collected and the
evels of p24 antigen were determined by ELISA. Dz-8381Mt
hat failed to cleave the target RNA completely, served as an
mportant control. HIV-1 p24 levels from three independent
xperiments are shown in Fig. 7A. A dose-dependent decrease
n HIV-1 gene expression was observed with Rz-8377, Di-Rz
nd Dz-8381 when compared with the amounts of p24 anti-
en released in the supernatant by pNL4-3 transfected cells
taken as 100%). When they were used in 0.5 �g amounts, all
f them showed varying extent of reduction (25–80%) in the
mounts of p24 antigen, while at 1.0 �g concentration, a signif-
cant inhibition of almost 80% was observed. Cells transfected

ith mutant Dz (1 �g) showed no significant reduction in HIV-1
ene expression. RT-PCR-based estimation of HIV-1 TAT RNA
f treated cells exhibited similar pattern of specific reduction in
dose-dependent manner (Fig. 7B). Both Rz-8377 and Dz-8381
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Fig. 5. Effect of varying concentrations of MgCl2 on the cleavage efficiency. Panel A shows cleavage of target RNA by Rz-8366; Rz-8377 (panel B); Rz-77-66
or Di-Rz (panel C); and Dz-8381 (panel D) under varying MgCl2 concentrations (indicated at the top of each lane). No cleavage was observed if the MgCl2 was
omitted from the reaction (lane 1 of all the panels). Specific cleavage products could be observed by both Rz and Dz in the presence of increasing amounts of
MgCl2. Note significant cleavage by Rz-8377, Rz-77-66 and Dz in presence of 1 mM MgCl2 concentration which is close to physiological levels in humans. The
e el E (
t t Rz-

s
o
w
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xtent of cleavage obtained at varying concentration of MgCl2 is shown in pan
he remaining radioactivity of the substrate after the cleavage reaction. Note tha
howed about a three- to four-fold specific reduction in the levels
f TAT RNA (compare with the lane that received only pNL4-3)
hen 0.5 �g amounts of either Rz or Dz was used. When this
ose was increased by two-fold (1 �g), about six- to eight-fold

r
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representative of two separate experiments). This was obtained by calculating
77-66 (Di-Rz) and Dz cleaved the target RNA with equal efficiency.
eduction in TAT RNA was observed. On the contrary, cells that
eceived 1 �g of mutant Dz-8381 showed no reduction in the
evels of TAT RNA. The levels of control RNA were essentially
he same in all the corresponding lanes. We conclude that Rz-
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Fig. 6. Cleavage under simulated physiological conditions (150 mM KCl, pH 7.5, 37 ◦C, 2 mM MgCl2). The labeled target RNA was subjected to cleavage by Rzs
or Dz under simulated physiological conditions. Lane 1 in all the panels A–D shows the synthesis of correct size substrate RNA (107 nt) as described earlier. In
the complete absence of MgCl2 in the cleavage buffer, no cleavage was observed by both Rz and Dz (lane 2, all panels). Lane 3 (all panels) shows cleavage under
simulated physiological conditions. Specific cleavage products could be observed w
products under these conditions.

Fig. 7. (A) Downregulation of HIV-1 genes. PMA-stimulated THP-1 cells were
grown in six-well plates and transfected with 1 �g of pNL4-3 DNA in the pres-
ence of either 0.5 or 1 �g either Rz or Dz using Lipofectin (GIBCO/BRL). Six
days post-transfection, supernatants were assayed for p24 antigen by ELISA.
The cells transfected with pNL4-3 alone was taken as 100% (control). Rz-8377,
Di-Rz and Dz-8381 interfered significantly with the amounts of p24 antigen pro-
duction. Note that both Rz and Dz showed a dose-dependent protection against
HIV-1 challenge. Inhibition was most efficient with Di-Rz, followed by Dz-8381
and then Rz-8377 (mean ± S.D. from three experiments). Mutant Dz failed to
show any significant inhibition. (B) RT-PCR was carried out for estimating the
levels of Tat/Rev RNA from Rz or Dz treated cells as described earlier. Dose-
dependent decrease the levels of Tat/Rev RNA could be seen with Rz-8377
and Dz-8381. Mutant Dz failed to shown any reduction (compare with lane that
received pNL4-3 alone). No TAT/REV specific amplification was observed in the
absence of RT. Control RNA in all the corresponding lanes showed no reduction.
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ith Rz-8377, Rz-77-66 and Dz-8381 but Rz-8366 failed to show any cleavage

377 and Dz-8381 were able to down-regulate the expression
f HIV-1 TAT RNA specifically. Rz-8366 treated cells showed
nly 10–20% inhibition and this correlated well with its in vitro
leavage efficiency (data not shown). Level of inhibition by Di-
z was slightly better than for Dz (data not shown). No TAT RNA

pecific band was amplified in the absence of RT. The levels of
ouse keeping RNA (control) remained essentially unchanged
n all the corresponding lanes. We conclude that Rz-8377, Di-Rz
nd Dz-8381 are able to specifically down regulate HIV-1 gene
xpression.

.5. Inhibition of Tat-mediated apoptosis in Jurkat cells

Jurkat cells were co-transfected with pSVTat72 and Dz-8381
r Rz-8377 in a 1:1 ratio as described earlier. The cells were
rown under serum-starved conditions for 48 h and after trans-
ection with indicated Rz or Dz the cells were examined for
poptosis. As a control, cells were also exposed to 0.3% H2O2 for
5 min to induce apoptosis. More than 90% of the cells showed
poptosis under these conditions. Reporter gene (pSV-�-gal,
romega) containing plasmid was used to ensure uniform trans-
ection efficiency of the cells. As reported earlier (Li et al., 1995),
e observed that Jurkat cells when transfected with HIV-1 TAT-

ncoding DNA, showed extensive apoptosis when compared to
ells alone (as detected by blue stained cells, Fig. 8, panel B).
ontrol cells treated with equivalent amounts of lipofectin did
ot show any apoptosis (panel A). HIV-1 TAT encoding plasmid
nduced apoptosis that was comparable to apoptosis induced by

2O2 (data not shown), which was earlier shown to be a potent
nducer of apoptosis in T cells (Li et al., 1995). When equivalent
mounts of Dz or Rz-8377 (1.0 �g each for 1 × 106 cells) was
dded, the number of cells exhibiting apoptosis was significantly
educed (about 80–90% reduction). The mutant Dz-8381MT,
hich was used as a control showed apoptosis comparable to
ells transfected with pSVTAT72 Tat alone. Di-Rz treated cells
lso showed impressive inhibition of apoptosis that was com-
arable to Dz-8377 (data not shown). We conclude that Rz and
z treated cells show specific protection against TAT-mediated

poptosis.
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Fig. 8. Inhibition of TAT-mediated apoptosis in Jurkat T cells. Jurkat T cells were co-transfected with HIV-1 TAT expressing plasmid (pSV-Tat) and Rz-8377 or
Dz-8381 (1 �g each). The cells were grown in serum-starved conditions and treated cells were stained for apoptosis, as described in Section 2.1. Arrows indicate
apoptotic nuclei that stained dark blue. Panel A shows the cell control (no apoptosis). Panels B–D show cells transfected with pSV-Tat72 alone, pCMV-Tat72 + Rz-
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377 and pSV-Tat72 + Dz-8381, respectively. Both the Rz and Dz significantly
). The mutant of the same Dz (Dz-8381MT) (panel E) treated cells on the ot
CMV-Tat alone (panel B). Di-Rz was just as effective as Dz-8381 in its ability

. Discussion

Several in vitro and in vivo studies suggest that HIV-1 TAT
rotein is the major determinant for causing programmed cell
eath or apoptosis among uninfected cells. Apoptotic signals
enerated as a result of virus infection must be transmitted

o uninfected cells because large scale T cell destruction is
bserved in HIV-1-infected individuals even when only 1 in
0,000 lymphocytes are infected (Li et al., 1995). HIV-1 TAT
rotein was earlier shown to be secreted by the infected cells,

1
s
r
a

ited TAT-induced apoptosis (compare number of blue-stained cells with panel
nd, showed apoptosis comparable to that observed with cells transfected with
hibit apoptosis (data not shown).

hich could exert biological activity on uninfected cells. There-
ore, in the present study, we chose an earlier established model
f HIV-1 TAT-mediated apoptosis of Jurkat-T cells (Li et al.,
995) to examine the efficacy of the Rz/Dz-mediated antivi-
al approach. Towards this end, we constructed two mono-
ammerhead Rzs, a Di-Rz by joining them in tandem, and a

0–23 catalytic motif containing Dz that were targeted against a
hort stretch of genomic RNA. It is important to mention that this
egion shows extensive overlap of multiple exons (Tat, Rev, Env)
nd therefore these Rzs or Dz will have the potential to cleave
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ore than one target RNA of HIV-1. It is noteworthy that the
econd exon of TAT is highly conserved and is important for in
ivo replication of HIV-1 (Smith et al., 2003). This is an impor-
ant feature in the design of our catalytic nucleic acids because it
ot only can down regulate HIV-1 gene expression but also has
otential to delay the appearance of escape mutants. Both Rz and
z exhibited sequence-specific cleavage activities under variety
f experimental conditions and kinetic properties (Km/Kcat) were
ery similar to the ones reported earlier for other Rzs or Dzs by
antoro and Joyce (1997) and us (Goila and Banerjea, 2001).
ncreased cleavage with Di-Rz under both experimental condi-
ions (standard and physiological) was most likely due to the

elting of secondary structure after successful hybridization of
ne Rz that facilitated more efficient Watson–Crick base pairing
f target RNA by the second Rz. This also explains why under
imulated physiological conditions, cleavage products specific
or both mono-Rzs were observed, despite the failure of Rz-8366
lone. Di-Rz treated cells when challenged with HIV-1, showed
ore potent inhibition than compared to mono-Rzs alone and
as close to what was achieved with Dz treated cells. This obser-
ation correlates well with the in vitro cleavage efficiencies of
ach Rz or Dz. We recently observed significant synergistic
ffect when Rz-8377 and Dz-8381 were combined (data not
hown).

Although the inhibition of the TAT-mediated apoptosis in
urkat-T cells can be attributed to the sole action of HIV-1 TAT
rotein, inhibition of virus gene expression could also be due
o additive knock down effects of Tat, Rev and Env genes of
IV-1 in our experiments. Also it was clear from our RT-PCR
ata that both Rz- and Dz-treated cells showed dose-dependent
nhibition of intracellular HIV-1 TAT RNA synthesis, which cor-
elated with the inhibition of HIV-1 TAT-mediated apoptosis. Rz
r Dz treatment of cells most likely resulted in degradation of
ultiply spliced 2 kb RNA (encodes TAT, Rev), which included

he apoptosis causing glutamine-rich region (Campbell et al.,
004).

While there are several reports of hammerhead Rz being used
or achieving inhibition of gene expression (Rossi, 1999; Akkina
t al., 2003), there are relatively few studies where catalytic
NA molecules with a 10–23 motif have been exploited. This
z not only exhibited in vitro sequence-specific cleavage activ-

ties but also showed impressive inhibition of apoptosis, which
as equivalent to what was observed with either Rz-8377- or
i-Rz-(data not shown) treated cells. It is possible to deliver
z directly into human macrophages in the absence of charged

ipid molecules by attaching multiple G residues as shown ear-
ier (Unwalla and Banerjea, 2001). On the contrary, the disabled
ersion of the same Dz (which serves as an antisense DNA con-
rol), showed no protection against apoptosis. In this connection
t is important to point out that both Rz-8377 and Di-Rz and
z-8381 retained cleavage activities in simulated physiological

onditions even at submillimolar concentrations of Mg++ (data
ot shown). Dzs that retained cleavage activities under simu-

ated physiological conditions were earlier reported to be more
fficacious (Dash and Banerjea, 2004). While the Rzs could be
elivered via several viral vectors including lentiviral vectors
Akkina et al., 2003; Banerjea et al., 2003, 2004) to the tar-
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earch 72 (2006) 134–144 143

et cells, catalytic DNA molecules can also be expressed in a
ammalian cell using single-stranded DNA expression vectors

Chen, 2002).
In summary, we have identified a potent mono-Rz, a Di-Rz

ith novel cleavage properties and a Dz that cleaves the HIV-
TAT/Rev target RNA in a sequence-specific manner which

nhibits not only HIV-1 gene expression but also decreases HIV-
TAT-mediated apoptosis in macrophages.
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