10388 Biochemistry2005,44, 10388-10395

Combinatorial Selection, Inhibition, and Antiviral Activity of DNA Thioaptamers
Targeting the RNase H Domain of HIV-1 Reverse Transcriptase
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ABSTRACT. Despite the key role played by the RNase H of human immunodeficiency virus-1 reverse
transcriptase (HIV-1 RT) in viral proliferation, only a few inhibitors of RNase H have been reported.
Using in vitro combinatorial selection methods and the RNase H domain of the HIV RT, we have selected
double-stranded DNA thioaptamers (aptamers with selected thiophosphate backbone substitutions) that
inhibit RNase H activity and viral replication. The selected thioaptamer sequences had a very high proportion
of G residues. The consensus sequence for the selected thioaptamers showed G clusters separated by
single residues at the-Bnd of the sequence. Gel electrophoresis mobility shift assays and nuclear magnetic
resonance spectroscopy showed that the selected thioaptamer binds to the isolated RNase H domain, but
did not bind to a structurally similar RNase H frdascherichia coli The lead thioaptamer, R12-2, showed
specific binding to HIV-1 RT with a binding constark{) of 70 nM. The thioaptamer inhibited the

RNase H activity of intact HIV-1 RT. In cell culture, transfection of thioaptamer R12-2 4@/&nL)

markedly inhibited viral production and exhibited a dose response of inhibition with R12-2 concentrations
ranging from 0.03 to 2.@g/mL (ICso < 100 nM). Inhibition was also seen across a wide range of virus
inoculum, ranging from a multiplicity of infection (moi) of 0.0005 to 0.05, with a reduction of the level

of virus production by more than 50% at high moi. Suppression of virus was comparable to that seen
with AZT when moi < 0.005.

Reverse transcription of viral genomic RNA into DNA, class of antiretroviral drugs approved and used to treat HIV
an essential step in the replication of human immunodefi- infection. Although newer drugs targeting the HIV protease
ciency virus type 1 (HIV-1) and other retroviruses, is and, more recently, the envelope proteins have been approved
catalyzed by reverse transcriptase. The bifunctional HIV-1 for use, RT inhibitors remain an important component of
RT is a heterodimer with 66 and 51 kDa subunits Both combination therapy known as highly active antiretroviral
subunits contain a DNA polymerase domain. The 66 kDa therapy (HAART). Most commonly used HAART regimens
domain, p66, contains an RNase H domain in addition to typically include two or three RT inhibitors. The use of
the DNA polymerase domain. The DNA polymerase utilizes HAART, rather than less intensive antiretroviral regimens,
both RNA and DNA templates to accomplish viral genomic has dramatically reduced the rates of progression to AIDS
replication. RNase H catalyzes cleavage of the viral RNA and has improved survival2). Currently available RT
strand from the DNA-RNA hybrid duplex, thereby releasing inhibitors target the polymerase activity and are either
the viral DNA copy to ultimately integrate into the host cell's nucleoside analogue drugs that bind at the polymerase active
genome. site or non-nucleoside inhibitors that bind to a different region

HIV infection progresses to AIDS at variable rates in of the HIV-1 RT. Therapeutic benefits can be markedly
virtually every infected individual over a period of several diminished by the emergence of drug resistant strains and
years in the absence of therapy. RT inhibitors were the first by the potential toxicity of the approved antiretroviral drugs
(3, 4). Resistance to these drugs emerges rapidly because of
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1 Abbreviations: EMSA, electrophoretic mobility shift assay; HAART, Of RT inhibitors known as oligonucleotide reverse tran-
highly active antiretroviral therapy; HIV-1, human immunodeficiency ~ scriptase inhibitors (ONRTIS)Y( 7).

virus type 1; HSQC, heteronuclear single-quantum coherence; moi, ; ; ;
multiplicity of infection; NMR, nuclear magnetic resonance; NOESY, ODNs are emerging as potential therapeutic agents that

nuclear Overhauser enhancement spectroscopy; ODN, oligonucleotideCan be attractive ?—'ternaﬂves for the Chemica| drg9).
agents; RNase, ribonuclease; RT, reverse transcriptase. ODNs operate via different mechanisms, such as the
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sequence-specific translational arrest of mMRNA expression 5-ATGCTTCCACGAGCCTTTC-—(N)22-—-CTGCGAGGCGGTAGTCTATTC-3"
(antisense), RNA inhibition using specific short double- e 1: DNA library sequence. The random region is marked
stranded RNA (siRNA), or binding to and inhibiting RT or  as N,. The sequence has a 19-mer forward primer and a 21-mer
other HIV proteins and cellular receptors (aptamers or reverse primer.
decoys) 10—12). The antisense strategy, proposed for the
potential treatment of several diseases, including AIDS and insert encodes the 15 kDa RNase H domain of HIV-1 RT.
cancer 13), is based on the binding of ODNs to the mRNA The plasmid containing the coding region of HIV-1 RNase
by complementary base pairing. The decoy (or sense) strategyH (strain HXB2) was cloned into the pET308) vector
relies on selective binding of the ODNSs, possibly selected (Novagen), transformed and expressedtgtherichia coli
as aptamers, to a nucleic acid binding protein. The decoyand purified as described previous®3{. Both unlabeled
aptamer mimics the protein’s natural ligand and, therefore, and uniformly**N-labeled protein were purified to homo-
competes with it for complex formation with the protein. geneity after the overexpression in minimal medium or
This association traps the protein in a nonfunctional complex. minimal medium containing®NH,CI. This procedure yields
An advantage of aptamers over the antisense technology isexcellent quantities of pure RNase H (ca. 20 mg/L inkan
that the aptamer ODNs do not have to overcome the coli expression system). Expression tests in rich, minimal,
thermodynamic penalty required for the unfolding of their and!*N-labeled minimal media provided the 15 kDa frag-
own and the target’s secondary and tertiary structures. RNAment (by SDS-PAGE). The authenticity of the protein was
and DNA aptamers targeting several HIV proteins have beenconfirmed by N-terminal sequencing and NMR spectroscopy.
reported. This includes the inhibition of HIV-1 RT'’s po- Synthesis of DNA LibrarieS he chemically synthesized
lymerase {4, 15) and RNase H activitieslg, 17), HIV-1 random combinatorial library is a 62-nucleotide single-strand
integrase function 18), and the capsid protein NCp7 DNA containing a 22-nucleotide random region flanked by
(29, 20). 19- and 21-nucleotide PCR primer regions (Figure 1). The
Backbone modifications in ODNs are essential for increas- library was annealed with the reverse primer, subjected to
ing their resistance to digestion by cellular nucleases. Sulfur the Klenow reaction fo5 h at 37°C, and amplified by
substitutions of phosphoric oxygens of the DNA backbone, PCR using AmpliTag DNA polymerase and a mixture of
as in monothiophosphate and dithiophosphate aptamers, ofte@ATP(@S), dTTP, dCTP, and dGTP to give the thioaptamer-
enhance their binding to protein®l( 22). One can also take substituted library. Reaction conditions for the PCR ampli-
advantage of the increased affinity of the ODNs generally fications were as follows: oligonucleotide library (40 nM),
associated with sulfur substitutions; however, complete dATP(@S) (1604M), mixture of dTTP, dCTP, and dGTP
substitution of the backbone could lead to nonspecific binding (80 «M each), MgC} (2 mM), primer (400 nM each), and
and therefore to a loss in specificity of the ODN to the target AmpliTag DNA polymerase (1 unit) in a total volume of
protein. Therefore, the number and position of sulfur 100uL. The PCR was run for 35 cycles of 9€ for 2 min,
substitutions in these thioaptamers need to be optimized to55 °C for 2 min, and 72C for 2 min. The resulting 62-mer
weaken binding to nontarget proteins while enhancing library contained monothiophosphate substitutions at the
binding to the target protein. phosphate '5to every dA residue, in th&, configuration
Despite the key role played by HIV RT RNase H in viral with the exception of the primer region on the nontemplate
proliferation, aptamers that specifically target this domain Strand. Standard phosphoryl PCR amplification was carried
have not yet been reported. Although aptamers inhibiting ©ut With a mixture of dNTPs (8@M each) along with the
RNase H activity have been reported, they were selectedther reagents for 25 cycles of 9@ for 1 min, 45°C for 1
against the entire HIV RT. We have used the RNase H Min, and 72°C for 1 min. For the EMSA, Sfluorescein-

domain of HIV-1 RT in our selection process to select, by labeled th_ioaptamers were synthesized using a PQR primer
definition, thioaptamers that bind directly to RNase H. In l2beled with fluorescein at the-Bnd. We observed incom-

this paper, we report the in vitro combinatorial selection of plete amplification of the thioaptamers resulting in shorter

monothiophosphate-modified DNA thioaptamers that selec- S€duences. This is caused by the formation of secondary
tively bind to the RNase H domain of HIV-1 RT, inhibit structures partlcularly in GC rich region&4). To minimize
RNase H activity, and exhibit antiretroviral activity. this formation of secondary structures of the DNA tem-

plate, we used Betaine solution (1 M, Sigma) and DMSO
(5% vlv, Sigma) in the PCR mixture.

Combinatorial Selection of ThioaptamePRurified RNase
H protein was incubated with the previously nitrocellulose-
filtered (to exclude sequences that bind to nitrocellulose)
purchased from NEN (Boston, MA). The chirally pugs PCR-amplified, monothio DNA library in a binding buffer
isomer of dATP ¢S) was obtained from Biolog Life Science  containing 50 mM Tris-HCI, 1.25 mM MgG|25—-400 mM
Institute (Bremen, Germany). TOPO TA cloning kits were KCI, and 10 mM DTT in a total volume of 50L for 1 h at
obtained from Invitrogen (Carlsbad, CA); the plasmid ambient temperature, and then passed over nitrocellulose
isolation kits were obtained from Qiagen (Foster City, CA), filters. The filters were washed (4 1 mL) with binding
and AmpliTaq DNA polymerase and other PCR consumables puffer to remove the unbound and weakly bound DNA. After
were purchased from Applied Biosystems (Foster City, CA). the washes, thioaptamers bound strongly to the protein are
The transfection agent Oligofectamine (OF) was purchasedretained on the filter. A 0.5 mL solutiorf & M urea and 2

MATERIALS AND METHODS

Materials. NTPs and HIV-1 RT were purchased from
Amersham Bioscience (Piscataway, NJJHJUTP was

from Invitrogen.

Preparation of HIV-1 RNase H/Ne have constructed a
new T7 RNA polymerase/IPTG-inducible plasmid whose

M KCI was added to elute the thioaptamers bound to the
protein. A negative control experiment without the protein
was performed simultaneously to monitor any nonspecific
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binding of the thiophosphate library to the filter. The eluted binding of the R12-2 thioaptamer to the isolated RNase H
DNA was extracted and PCR amplified for use in the next domain. The oligonucleotide concentrations were calculated
round of selection. The amplified DNA was analyzed by from the absorbance values and the molar absorption
nondenaturing 15% polyacrylamide gel electrophoresis. The coefficients calculated using the nearest neighbor parameters.
stringency of selection was tightened at each selection round*>N HSQC spectra9) of the isolated RNase H in the

by decreasing the amount of protein and by gradually presence of 25 mM MgGlwere acquired on a Varian
increasing the salt concentration (from 25 to 400 mM) in UnityPlus 750 MHz instrument equipped with pulse field
the binding buffer. A subset of sequences from the initial gradients and triple-resonance probes. One-dimensional
library and from selection rounds 5, 8, 12, and 14 were proton NMR and 2D NOESY spectra (mixing time of 250

determined. A chemically synthesized double stranded ms) of the R12-2 thioaptamer in a 95%®15% D,O mixture

62-mer, 5-ATAGTTACTAACTGACAGTACACTAGT-
GAACTTGATGTTAGACTGAAGTACTTTAACATACC-

were collected. The signals from the R12-2 imino protons,
which are very sensitive to changes in the DNA conforma-

3, was used as a control for the inhibition experiments. The tion, were monitored during the titration of RNase H to
sequence of this random 62-mer does not have any transcripR12-2.

tion factor binding sites. Since NEB and AP-1 transcription
factor binding sites are found in the promotor region of the
HIV-1 LTR (25, 26), ODNs able to bind to these sites would
interfere with viral replication. We also tested the effect of
an AP-1-specific ODN, XBY-S2. Thioaptamer XBY-S27)
is a 14-mer with six dithiophosphate substitutions- (5
CCAGTGACTCAGTG-3) that includes a consensus AP-1
binding site.

Electrophoresis Mobility Shift Assa@ne of the selected

Viruses and CellsHIV-1 SF162-R5 is a primary isolate
that uses CCR5 as a coreceptor, and was obtained from the
NIH AIDS Research and Reference Reagent Program. U373-
MAGI-CCRS5 cells have modifications of the U373 astro-
cytoma adherent cells that are used for HIV transfection and
infection experiments. U373-MAGI-CCR5 cells express
p-gal under the control of the HIV LTR, which is trans-
activated by the HIV Tat protein in relation to the level of
virus replication. In addition, these cells express CD4 and

thioaptamers, R12-2, was used to test the specific bindingthe human chemokine receptor CCR5 on its surface, which

to RNase H. R12-2 was enzymatically labeled at theril

with fluorescein and was incubated with increasing concen-

allow infection by primary HIV-1 strains. U373 cells are
propagated in 90% Dulbecco’s modified Eagle’s medium

trations of the protein (isolated RNase H domain or intact (DMEM), 10% fetal bovine serum, 0.2 mg/mL G418, 0.1

HIV-1 RT RNase H) in 50 mM Tris-HCI buffer (pH 8), 10
mM MgCl,, and 40 mM DTT at 37°C for 30 min. The

mg/mL hydromycin B, and 1.Qug/mL puromycin. For
transfection and infection experiments, U373 cells were

reaction mixture was loaded onto a native 8% polyacrylamide maintained in 90% DMEM, 10% fetal bovine serum, and
gel, which was electrophoresed and analyzed on a FluorChemi o, penicillin/streptomycin. Thioaptamer R12-2, AP-1-

8800 imager (Alpha Innotech). A similar experiment was
performed with theE. coli RNase H, to test whether R12-2
binds to the RNase H frorg. coli.

HIV-1 RT RNase H Aciity Assay. A DNA—RNA

heteroduplex containing radiolabeled RNA was prepared as

a substrate for RNase H. A tritium-labeled 18-mer RNA
molecule, stem loop 2 of the HIV-1 psi-RN2§), was made
by in vitro transcription using T7 RNA polymerase with a
mixture of ATP, CTP, GTP, andflJUTP. Transcribed RNA
was purified by centrifugation using Microcon YM-3 filters

(Amicon) to remove unused NTPs and short RNA sequences. A-gal activity,

specific XBY-S2, or the random 62-mer ODNs were trans-
fected into the cells 24 h prior to infection using Oligo-
fectamine (OF) liposomes, according to the manufacturer’s
instructions (Invitrogen).

Infection of ODN-Transfected U373-MAGI-CCR5 Cells.
Transfected cells and control cells were infected with HIV-1
at a moi of 0.003 (which consistently gives high levels of
viral production) for 2 h. Equal volumes of medium were
then added, and the infection was continued for 48 h. HIV-1
replication was quantified in cell lysates by measurement of
as determined by luminometry using fh&lo

The purified RNA was annealed with the complementary ;; (Promega) according to the manufacturer’s guidelines.

DNA strand to form an RNADNA hybrid in which the
RNA strand was labeled wittH. HIV-1 RT (0.354M) was
incubated with the R12-2 thioaptamer (650 uM) in a
buffer containing 50 mM Tris-HCI (pH 8.0), 6 mM Mggl

10 mM DTT, and 80 mM KCI for 30 min at 37C. To this
mixture was added the labeled RNANA hybrid (40 000
cpm) to a final volume of 5QuL, and the mixture was
incubated at 37C for 20 min. The reaction was quenched
by the addition of 15Q:L of 10% trichloroacetic acid, and
the mixture was placed on ice for 10 min. The reaction

B-Gal activity is expressed as relative light units (RLU). To
determine the HIV-1 TCIk (50% tissue culture infective
dose) in U373-MAGI-CCRS5 cells, serial dilutions (&) of

the SF162-R5 virus supernatant were inoculated onto a 24-
well plate containing 3« 10* U373 cells for 2 h, then equal
volumes of complete medium were added, and the infection
was continued for 48 h. Cells then were lysed and assayed
for HIV-directed-gal expression, and TCHpvalues were
calculated from quadruplicate runs. The p24 antigen con-
centrations were measured (p24 antigen capture assay,

mixture was filtered and washed, and the amount of Beckman-Coulter) to determine virus production in culture

radioactivity in the filtrate was measured using a scintillation
counter (Beckman Coulter). Radioactivity in the filtrate
would be proportional to RNase H activity. A control

experiment was performed without any HIV-1 RT, and 100%

supernatants harvested at day 7 post-infection.

RESULTS

RNase H activity is assumed in the absence of any R12-2 PCR Amplification of ThioaptamerBor the amplification

thioaptamer.
NMR Spectroscopyniformly *N-labeled RNase H and

of DNA sequences with monothiophosphate substitutions,
dATP(aS) was used in the PCR mixture (thio-PCR) along

chemically synthesized R12-2 were used to monitor the with dGTP, dTTP, and dCTP. Only th®, isomer of the
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Round-Clone Sequence Length
Class I
12-3 GGGGTGG--GTGTAC A-GTGGAAGG- 22
12-7 GGGGCGG- -GTGTAC A-GTGGAAGG- 22
12-8 GGGGCGG--GTGTAC A-GTGGAAGG- 22
12-14 GGGGTGG--GTGTAC A-GTGGAAGG- 22
12-11 GGGGTGG- -GTGTGC A-GTGGAAGG- 22
14-5 GGGGTGG- -GTGTGC A-GTGGAAGG- 22
12-9 GGGTTGG- -GTGTAC A-GTTGAGGG- 22
12-2 GGGGTTG- -GTGTAC A-GTGGATGG- 22
12-4 GGTGTGGCGGTGTGC A-CGCG----- 20
12-5 GGGGTGG- -GTGTAC G-GTGGCAGG- 22
12-15 -CGGTTGCGCTGTCG ACGTGGAG--- 22
12-13 GGGGTTGTCGTGTCG AGGCGGG---- 22
12-10 CCTGTGGGGGTGTAG T-GTAGAG--- 22
14-4 - --GGGGTGCTGTCC C-GTGGTCTCC 22
14-3 - =--GGGGTGTTGTCC T-GTGCTCTCC 22
12-6 GGGGCGG---TCTGC GCGTGTCGGC- 22
GGGGTGGTGGTGTAC AXGTGGAAGGC Consensus Sequence
Class II
12-17 CCTGGGGTTGGTGTGTGCAGG 21
12-18 GTGAGCGGCGGGAACACACCG 21
14-10 GGTCGGNNCGGTTNAAGGCC 20
14-6 GGTGTACGGGGAGCACGACGG 21
Class III
14-13 CGGGNCCG- - -GCAC AGG---- 15
14-15 - -TGTGGGGGCCCAG GGG---- 16
12-21 -GGGTTGGG--GCG- --=---=-- 11
14-16 -GGGTTGGG--GCG- ------- 11
14-7 CTGTGTGGG--G--~- --=----- 10
14-8 -GGGTCGGG--GCG- ------- 11
14-9 ---@GT--G---GCGC GGGG--- 11
14-11 -GGGTTGGG--GCG- ------- 11
14-12 - -GGGCTGG--GCG- ----- 10

Ficure 2: Sequences of the selected thioaptamers after the 12th and 14th rounds of selection. Only the variable region of the thioaptamer
is shown. Sequences exhibiting higher degrees of alignment are grouped in class I, and those with lower degrees of alignment are in class
Il. Truncated sequences are listed under class lll.

dATP(S) is used as a substrate by the AmpliTag DNA
Polymerase enzyme to yield the puRgstereoisomer30).
Yields from the thio-PCR were 2885% lower compared
to yields obtained using all four normal dNTPs. To com-
pensate for the loss of yield in the thio-PCR, reaction
conditions were changed by doubling the concentrations of
dATP(aS), increasing the annealing temperature by’@0
from 45 to 55°C, and increasing the number of PCR cycles
from 25 to 35. 02 02 06

Sequences of Selected ThioaptamAfter 12 rounds of Protein concentration (uM)
selection, the monothio library converged to a few predomi- ggyge 3: Binding of thioaptamer R12-2 to different proteins.
nant sequences out of the starting library containing (hypo- EMSA of R12-2 shows binding to the RNase H domain of HIV-1
thetically) 104 different sequences. Sequences from the RT (M) but not to theE. coliRNase H @). The initial library clone
variable region of the thioaptamers selected after the 12th§‘) did not show b'lnd'”g to the H"Y‘l RT. The intensity of the
and 14th rounds shown in Figure 2 were grouped into three ree DNA band is plotted against the protein concentration.
classes based on primary sequence alignment by Clustal WG-quartet structure82—34). Recent reports of single-strand
(31). Sequences that showed very high degrees of alignmentDNA aptamers selected against HIV-1 RT, HIV-1 integrase,
are placed in class |, while those that do not align well are and human RNase H also showed G-rich sequences that
listed under class Il. The aptamers with truncated variable could form G-quartet structured&—18, 35).
regions are listed under class lll. These truncated thio- EMSAs Exhibited Seleeg Binding of R12-2 to the RNase
aptamers had 1015 bp in the variable region as opposed H Domain of HIV-1 RT.In EMSA experiments, the lead
to 22 bp in the original library. It is possible that the shorter thioaptamer R12-2 exhibited specific binding to the isolated
thioaptamers (class Il) could have been formed by inefficient RNase H domain of HIV-1 RT (Figure 3). The intensity of
or incomplete amplification of the library during the PCR the free DNA band (lower band) decreased with an increase
cycles. However, sequences in all three classes showedn RNase H concentration, showing the enhanced binding
similar sequence motifs. The sequences of the selectedof R12-2 with the increase in protein concentration. Under
thioaptamers showed G-rich sequences at theainbls. These  identical conditions, however, the R12-2 did not show any
G rich sequences, with a minimum of four interspersed G significant binding to the RNase H & coli, a structurally
nucleotides, are known to have the potential to form similar protein. Similarly, the initial library did not show

Intensity of the free DNA band

o
o
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Ficure 4: EMSA of binding of lead thioaptamer R12-2 to HIV-1 7
RT. (A) Gel electrophoresis mobility shift assay showing binding 8000
of R12-2 to the HIV-1 RT. The arrows show the positions of upper
and lower bands: lane 1, no protein; and lanes82proteins at = 6000 4
increasing concentrations (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, amil,1 o
respectively). (B) Quantitative measurement of the intensity of the
DNA band bound to the protein. The intensity of the upper band is 4000 7
plotted against the HIV RT concentration in micromolar (the bound *
band intensities are blanked against the intensity of the band at the 2000 .
HIV RT concentration of 0.0). % **
T S o
any binding to the isolated RNase H domain of HIV-1 RT JEIN LT @z«‘? o Q;ch\* \@0‘\\\ &
or to the intact HIV-1 RT (Figure 3). We also tested the o & ° & & £ 8
binding of R12-2 to the intact HIV-1 RT. Two bands were & Q&QCP

visible in these gels (Figure 4A). The lower band corresponds ¥
to the free oligonucleotide, and the shifted upper band FiGure 6: Effect of R12-2 on cell infection. U373-R5 indicator
corresponds to the oligonucleotide bound to the protein. The Cells were transfected with R12-2 or random 62-mer and then

L infected the next day with the SF-162 virus strain. Viral replication
presence of protein in the upper band was detected byWas assessed after 48 h by measuflrgpl activity in cell lysates

staining the gel with Coomassie blue. With increasing protein py juminometry. Controls include mock transfected cells (OF only),
concentrations, the intensity of the protein-bound DNA band thioaptamers without the transfection reagent, angMI0AZT at

(upper band) increased while the intensity of the free DNA the time of infection. Significant differences compared to the mock
band (lower band) decreased. This observation shows thatransfected controls are denoted with asterisks.

R12-2 is binding to the HIV-1 RT. The quantitative binding  The assay was based on the ability of the RNase H catalytic
of R12-2 to the HIV-1 RT is shown in the plot of bound  fynction in intact HIV-1 RT to cleave the RNA strand in
band intensity versus protein concentration (Figure 4B). The the RNA-DNA heteroduplex. Addition of 0.5%M R12-2
dissociation constankg), determined from nonlinear regres- gecreased the RNase H activity to 47% compared to the
sion analysis with the Hill plot method using Origin, was control, where no R12-2 was present. Additional R12-2
70 nM. decreased the RNase H activity further to 39%. However,
NMR Spectroscopy Showed R12-2 Interacts with the when the R12-2 concentration was increased higher than 2
RNase H Domain of HIV-1 RWe used NMR spectroscopic M, no further reduction in RNase H activity was observed.
methods to demonstrate the binding of R12-2 to the isolated R12-2 Exhibited Dose-Dependent Inhibition of HIV-1
RNase H domain (data not shown). Imino proton signals of Replication in Vitro.Incubation of U373-MAGI-CCR5 cells,
R12-2, the most sensitive indicators of the structural per- which had been transfected with Oligofectamine (OF) and
turbations in DNA conformation, showed broadening with thioaptamer R12-2 24 h prior to infection with HIV-SF162-
the addition of RNase H, indicating the binding of R12-2to R5 (2 ng, at a moi of 0.003), a prototypic primary HIV strain,
the protein. The line widths of the imino proton signals resulted in a significant reduction in the level of infection,
increased with the increase in protein concentration, and theseas compared to the cells transfected with the random 62-
signals eventually disappeared. mer (Figure 6). Inhibition of the HIV-1 infection by AZT is
Inhibition of RNase H Actity by Thioaptamer R12-Zhe shown for comparison. The ODN specific to the human AP-
ability of R12-2 to inhibit the RNase H activity was tested 1, XBY-S2, also showed modest effects on HIV infection
using a radiolabeled RNADNA hybrid duplex, as described  (Figure 7). However, the inhibition by the R12-2 is signifi-
in Materials and Methods. Although the RNase H domain cantly stronger than the inhibition by XBY-S2. The sequence
can be expressed and isolated as a stable protein, the isolatedf XBY-S2 includes a consensus AP-1 binding site, and
protein is inactive or very weakly active2d 36, 37). would influence the expression of immune responses in the
Therefore, for the inhibition assay (Figure 5), we used the cell by sequestering AP-1 proteins. The modest inhibition
intact HIV-1 RT instead of the isolated RNase H domain. exhibited by XBY-S2 may be due to its ability to serve as a
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Ficure 7: Comparison of inhibition by thioaptamers R12-2 and

XBY-S2. Viral replication was determined after 48 h by measuring
p-gal activity in cell lysates by luminometry. Controls include mock

transfected cells (OF only), thioaptamers without the transfection
reagent, and 12M AZT at the time of infection.
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transfected with various doses of thioaptamer 24 h prior to infection
with HIV SF162, and analyzed fg#-gal activity (RLU) after 48
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Ficure 9: Effect of thioaptamer R12-2 with increasing virus
inocula. Two-fold dilutions of the SF162 supernatant were used to
infect U373-MAGI-CCRS5 cells 24 h after thioaptamer transfection
or control condition, and infection was quantified in cell lysates
after 48 h (RLU). Filled circles®) represent data for untransfected
cells, filled squaresl) those for cells transfected with R12-2, and
empty triangles 4) those for control AZT (1QuM).

direct contacts between DNA-binding proteins and their
binding sites in DNA involved the phosphate grous, (

39). Sulfur substitutions of the phosphoryl oxygens of ODNs
often lead to their enhanced binding to numerous proteins
(21, 22). However, complete substitution of phosphoryl
oxygens with sulfur appears to make thioaptamers too
“sticky” such that they lose their ability to discriminate
between target and nontarget proteins. Therefore, the total
number and positions of thio-substituted phosphates have to
be optimized using either rational design principles or
combinatorial techniques to decrease the level of nonspecific
protein binding, and to enhance only the specific favorable
interactions with proteins such as RNase H. Phosphorothioate
modifications show increased resistance to digestion by
cellular nucleases and often have a higher affinity for binding
to proteins. They can also be readily synthesized in high
yields and enhance favorable pharmacokinetic properties
(40). Various pharmacokinetic studies in animals have shown

h. Results are presented as the percentage of virus productionthat phosphorothioate analogues are rapidly dispersed to

compared with untreated controls.

decoy to bind to AP-1 transcription factors. A dose-dependent
inhibitory response was demonstrated, with R12-2 doses

ranging from 0.03 to 2.Qeg/mL (ICso < 100 nM) to the
same low level as 1@M AZT (Figure 8). However, the
AP-1-specific thioaptamer XBY-S2 did not show a signifi-
cant change in inhibition up to the dose level of 0&%
mL. At higher concentrations>0.5 ug/mL), both XBY-S2
and R12-2 did not exhibit significant change in the percent-
age of inhibition. Transfection of R12-2 (0.0&bg/mL)
resulted in the inhibition of viral replication across a broad
range of HIV-SF162-R5 inocula ranging from a moi of

0.0005 (0.3 ng) to 0.05 (30 ng) as shown in Figure 9. R12-2

showed significant inhibition of the virus at high moi values,
and viral replication is comparable to that seen with AZT
when the moi< 0.005 (0.3 ng of p24 as measured by the

p24 antigen capture ELISA method). R12-2 does not show

any cytotoxicity to the cells (data not shown).

DISCUSSION

various tissues and cleared through the kidney within
acceptable time period¢l). By using only the dATR{S)
during PCR amplification cycles, we have produced thio-
aptamers that have thio substitutions only at positiors 5
the dA residues. Combinatorial selection methods that allow
screening of a large number of random sequences in nucleic
acid libraries for affinity to proteins facilitate the selection
of ODNs that would have the optimal number of thiophos-
phate substitutions. Our lead thioaptamer, R12-2, exhibited
selective binding to the RNase H of HIV-1 RT. This
thioaptamer did not bind to tHe. coliRNase H, even though
these two proteins are structurally similar. By using selection
methods and combinatorial synthesis which incorporates
selective sulfur substitution, we have selected a DNA
thioaptamer that binds tightly and specifically to the RNase
H domain of HIV-1 RT, inhibits the RNase H activity in
vitro, and inhibits HIV-1 replication in cell cultures. The
selected thioaptamer did not bind to tBecoli RNase H, a
structurally similar protein.

Although the RNase H domain of the HIV-1 RT can be
expressed and isolated as a stable protein, the isolated domain

ODNs are emerging as promising alternative therapeutic is either catalytically inactive or very weakly active. This

agents. However, to increase the resistance to digestion byloss of catalytic activity in the isolated domain is probably
cellular enzymes, modified ODNs have to be developed. not caused by structural differences between the two forms,
Modifications in the phosphate backbone will significantly because the RNase H structures in isolation and in the intact
affect their binding to target proteins, because most of the RT are very similar42, 43). The basis for the inactivity of
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the isolated domain is attributed mainly to the increased ACKNOWLEDGMENT

dynamics. Recent NMR studies on the backbone dynamics
of the isolated RNase H domain indicate that the intramo-
lecular dynamic behavior of the isolated domain is severe,
resulting in the loss of catalytic activity of RNase H in
isolation @4, 45). Since we have used the isolated RNase H
domain in our iterative selection rounds, the selected
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