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ABSTRACT. We report here that polyamide nucleic acid (PNA) as well as a polyamide nucleicRisid

chimera complementary to the primer binding site of the HIV-1 genome can completely block priming
by tRNAZYYs and consequently thia vitro initiation of reverse transcription by HIV-1 RT. Conventional
heating and cooling is not required for annealing PNA analogs to the complementary nucleotide sequence
as effective blockage of reverse transcription results from their invasion in the duplex region of preprimed
U5-PBS HIV-1 RNA template-primer and was seen even at ambient temperature. Further, the extension
of the initiated nascent«) strand DNA can also be blocked by inclusion of another PNA, targeted to
upstream sequences in the U5 region of the viral RNA. Interestingly, a PNA chimera having only two
DNA nucleotides annealed with the U5-PBS RNA is recognized as a bonafide primer by HIV-1 RT, as
the 30H end of the chimeric molecule is extended by the enzyme in the presence of dNTPs. A significant
observation was that RNA/PNA or RNA/(PNADNA) hybrids were entirely resistant to the RNase H
activity of HIV-1 RT. Furthermore, PNA invasion into the RNA/DNA hybrid completely prevented the
cleavage of the RNA strand, suggesting that the RNase H activity of HIV-1 RT which was required in
reverse transcription may also be inhibited by the PNA oligomer. These observations suggest that
oligomeric PNAs targeted to various critical regions of the viral genome are likely to have strong therapeutic
potential for interrupting multiple steps involved in the replication of HIV-1 and warrant serious
investigation especially in the area of an effective delivery system.

One of the major currently utilized therapies for AIDS is  shown to be highly stable in human serum and cell extracts
the use of inhibitors which block reverse transcription of viral (7). The PNAs have been shown to recognize their
RNA into double-stranded DNA. Several nucleoside analogs complementary target in double-stranded DNA and are
and non-nucleoside inhibitors exhibiting inhibitory activity capable of forming exceptionably stable complexes by strand
on the viral reverse transcriptase have been deployed aglisplacement§, 8). These analogs are able to form stable
chemotherapeutic agentt)( Recently, protease inhibitors triplexes with dsDNA which are resistant to denaturation at
have been developed which appear to block the process ottemperatures where DNA duplex of identical sequence
viral maturation 2, 3). However, the rapid emergence of exhibits melting 8). Despite the high stability of the PNA
mutant viral strains resistant to these inhibitors continues to DNA complexes, single base pair mismatches greatly reduce
pose a constant threat to containing this disease. Anotherthe melting temperature, suggesting that PNAs are able to
potentially important approach is the use of antisense nucleicrecognize dsDNA in a sequence-specific manri€y (1).
acid complementary to the target sequence of HIV-1 genomic PNA has been used as a sequence-specific blocker of DNA-
RNA to block both mRNA translation and viral replication recognizing enzymes, mostly restriction endonucleak®s (
(4). Although this approach is very promising, the uptake Because of the unique properties of PNA molecules to bind
and the instability of the antisense oligonucleotides in the tightly to both RNA and DNA, we have utilized them in the
cells are problems yet to be overcom®).( We have study of the reverse transcriptase system. Very recently,
employed a new class of antisense nucleic acid analog,Koppelhus et al. 3) reportedin witro inhibition of the
polyamide nucleic acid (PNA),targeted to the primer
binding site of U5-PBS HIV-1 genomic RNA that blocks ! Abbreviations: PNA, polyamide (peptide) nucleic acid; DIPEA,
the initiation of reverse transcription and its subsequent diisopropylethylamine; DMF, dimethylformamide; HBTU, benzotriazol-
elongation. The PNAs are DNA analogs (Figure 1) in which 1-YI-N.N,N,N-tetramethyluronium hexafluorophosphate; HIV-1 RT,
th fi h hate backb . | N human immunodeficiency virus type 1 reverse transcriptase; IMAC,

e_en Ire Sugal_’ p OSP ate backbone is replacet-{3- immobilized metal affinity chromatography; IDASepharose, imino-
aminoethyl)glycine units §). These analogs have been diacetic acid-Sepharose; MuLV, murine leukemia virus; PBS-RNA
template, HIV-1 genomic RNA template corresponding to the primer
binding sequence region; PBS-DNA template, HIV-1 genomic DNA
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Cancer Institute (CA72821 to V.N.P.). sodium dodecyl sulfatepolyacrylamide gel electrophoresis; DTT,
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Ficure 1: General structure for PNA (A) and PNADNA chimera
(B). In the structure of PNA (A) and (PNA9—(DNA), chimera
(B), b represents purine (adenine, guanine) and pyrimidine (cytosine,
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tained from Applied Biosystems. All other reagents were
of the highest available purity grade and purchased from
Fisher, Millipore Corp., Boehringer Mannheim, and Bio-Rad.
Construction of Expression PlasmidBNA manipulations
were carried out according to standard protodel)( We
used the prokaryotic expression plasmid pKK223-3 (Phar-
macia) for expression of the recombinant HIV-1 RT. This
expression vector carries the strotag promoter upstream
of the multiple cloning site. TheEcdr1l and Hindlll
fragments (1.68 kb) of pRC-RT plasmiti5) containing the
full-length coding sequence of p66 HIV-1 RT were cloned
into pKK223-3. The recombinant plasmid (pKK-p66) was
introduced into JIM109 for expression of the P66 HIV-1 RT.
The 1.32 kb p51 coding region (codons-440) was

thymine) bases linked with polyamide backbone, and n representsamplified from pRC-RT by PCR, and tti&coR1 andHindllI

the number of these bases in the molecule. In the PNA molecule,

sites were introduced at thédnd 3 ends, respectively, along

a single Lys amino acid was attached at the end of the sequenceyith a TAA stop codon at the'3nd. The upstream and

while the (PNA)g—(DNA), chimeric molecule contained 19 bases
in the form of PNA and a dinucleotide (T and G) with &O8
terminus.

polymerase activity of HIV-1 RT by PNA. While our results

downstream p51 primer sequences were TATGGGGCGAA-
TTCCCCATTAGCCCTATTG and TATAGGGCAAGCTTT-
TAGAAGGTTTCTGCTCC, respectively. The amplified
fragment was restriction-digested wilttaR1 andHindlll

analyzed the inhibitory effects of sequence-specific PNAs tWo enzymes to construct PKK-p51. The p51 coding
to show that they can effectively block reverse transcription Seguence of this plasmid ends with amino acid Phe440. The

by invading the duplex region of U5-PBS HIV-1 RNA
primed with DNA primer or tRNAYs, a natural primer for
viral replication. Interestingly, the effective binding/anneal-

recombinant clones were introduced iffocoli IM109 for
expression.
Overexpression and Isolation of p66/51 HIV-1.RE. coli

ing of these analogs to the target sequences occurs at amdM109 carrying the recombinant plasmid was grown at 37

bient temperature without the conventional heatingoling
process.

We describe here the results of our investigation with PNA
and PNA-DNA oligomeric chimera that have sequence
complementarity with the primer binding sequence (PBS)
of the HIV-1 genomic RNA. PBS is the region where the
3'-end of the tRNAYS anneals and allows reverse tran-
scriptase to initiate the first strand DNA synthesis. We find
that both PNA and PNADNA chimera bind to the primer
binding site of the viral RNA genome and cause complete
blockage of DNA synthesis. We also show that PNA is an
effective blocker of the strand transfer reaction as PNA bound
to the RNA template cannot be displaced by the strand
displacement activity of HIV-1 RT. Furthermore, RNA
PNA hybrids are completely insensitive to the RNase H
activity of HIV-1 RT. Our results strongly suggest the utility
of PNAs as potential blockers of the multistep process of

reverse transcription and that serious efforts be devoted to.

the development of an effective delivery system to introduce
these analogs in cells to assess tlieirivo efficacy.

MATERIALS AND METHODS

DNA-modifying enzymes were from Promega or Boeh-
ringer Mannheim. Tritiated dNTPs,y{*?P]JATP, and
[a-32P]dNTPs were the products of Duperitew England
Nuclear Inc. Synthetic oligomeric primers were obtained
from Bio-Synthesis Inc. and were further purified by
polyacrylamide gel electrophoresis. The DNA phosphor-
amidites, RNA phosphoramidites, ancillary reagents for DNA
and RNA syntheses, diisopropylethylamine (DiPEA), di-
methylformamide (DMF), and benzotriazol-1-MN,N,N'-
tetramethyluronium hexafluorophosphate (HBTU) were ob-

°C in Luria broth containing ampicillin (10Q:g/mL).
Induction by IPTG was performed at 0.5 @Pas described
before (6, 17). The p66/51 heterodimeric enzyme was
prepared by combining the cell pellets of the p66 and p51
clones at an appropriate ratid7). The heterodimeric
enzyme from the cell free lysate was prepared as described
by Hsieh et al. 18). The purified protein was predominantly

in the p66/p51 heterodimer form as judged by SIPRAGE.

The heterodimers were also prepared by reconstitution of
the separately purified subunits. Protein concentrations were
determined by using the BioRad colorimetric kit as well as
by spectrophotometric measurements usipg = 2.62 x

10° Mt cm? for p66/51 heterodimerslg).

U5-PBS Viral RNA TemplateThe HIV-RNA expression
clone pHIV-PBS was a generous gift from Dr. M. A.
Wainberg 20). It was used for the preparation of HIV-1
genomic RNA. This clone contains a 947 bp fragment of
HIV-1 proviral genome (from+473 to + 1420) which
includes the PBS region. The plasmid pHIV-PBS was
linearized withAcd and was transcribed using T7 RNA
polymerase. The enzyme, buffer, and rNTP solutions were
from Boehringer Mannheim, and the transcription re-
action was carried out according to the manufacturer's
protocol. Following the transcription reaction, 20 units of
DNase | (RNase free) was added and incubated for 15 min
to remove the DNA. The reaction mixture was extracted
with phenol/chloroform, and the U5-PBS RNA transcripts
were precipitated with ethanol, lyophilized, and redissolved
in 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, and 1 unitL
RNasin.

Preparation of SynthetitP-Labeled tRN4&YS. A tRNAZYS
gene clone (pTL9) in pUC8 was obtained from Dr. S. F. J.
Le Grice @1). A 256 bp region of the clone containing the
T7 promoter upstream of the full-length tRNA gene was
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Chart 1

1. HIV-1 US-PBS RNA containing primer binding site.

PBS.

< >
3'- CAG GGA CAA GCC CGC GGU GAC GAU CUC UAA AAG GUG UGA
CUG AUU UUC CCA GAC UCC CUA GAG AUC AAU GGU CUC AGU GUG
UUG UCU GCC CGU GUG UGA UGA ACU UCC UGA GUU CCG UUC GAA
AUA ACU CCG AAU UCG UCA CCC AAG GGA UCA UCG GUC UCU CGA
GGG UCC GAG UCU AGA-S'

2. 18 mer DNA PBS primer.
5'-GTCCCTGTTCGGGCGCCA-3'
3. 22 mer DNA PBS primer.
5'-GTCCCTGTTCGGGCGCCACTGC-3
4. 36 mer DNA blocker(complementary to region +7 through +42 upstream of PBS).
5-AGAGATTTTCCACACTGACTAAAAGGGTCTGAGGGA-3'
5. 21 mer (PNA)9-(DNA); chimera complementary to PBS.
<mmmeen (PNA)jg---==--- ><-(DNA)->

gteectgttegggegecac-TG-3'OH

6. 21 mer PNA complementary to PBS.

gteectgttegggegecactg-Lys
7. (PNA)yp Blocker.
tgagggatctctagttacca -Lys
( complementary to 34 nucleotide upstream of PBS).
8. 30 mer RNA corresponding to the US-PBS region of the HIV-1 RNA genome.
3'-CAGGGACAAGCCCGCGGUGACGAUCUCUAA-5

amplified by polymerase chain reaction as described by
Richter et al. 22). The PCR product was used as the
template foiin vitro transcription of tRNAYS using T7 RNA
polymeraseZ3). For internal labeling of tRNAYS, 200uM
[0-*2P]UTP (specific activity «Ci/60 pmol; reaction volume
30uL) was included in the transcription reaction. Following
the transcription, the labeled tRNA was purified by denatur-
ing 8% polyacrylamide urea gel electrophoresis. The gel-
purified *?P-labeled tRNAYs was stored at-70 °C in a
solution containing 10 mM Tris-HCI, pH 7.0, and 1 uplt/
RNasin.

Lee et al.

(N)>gtccctgttcgggegecatg-Lys] and (PN#&) (DNA), chi-
mera [3(N)>gtccctgttcgggcgecaT*G:®@H] corresponding

to the primer binding sequence (U5-PBS) of the HIV genome
was carried out on an ABI 394 DNA/RNA synthesizer using
reported protocols25, 26). The PNA bases are designated
by lower case letters while DNA sequences are shown as
upper case letters. In the first step of the synthesis of the
chimera, 3-O-phosphoramidite of 'Sdeoxy-5-N-
(monomethoxytrityl)aminothymidine (T*2(7) was dissolved

in acetonitrile to a concentration of 0.12 M and coupled onto
the 3-DNA support (G) using standard DNA synthesis
cycles. Next, the PNA monomers were dissolved in 1:1
DMF/acetonitrile to a concentration of 0.2 M. To each of
these monomer solutions was added an equal volume of a
0.2 M solution of HBTU (-benzotriazol-1-yIN,N,N,N'-
tetramethyluronium hexafluorophosphate) in 1:1 DMF/
acetonitrile. The coupling was effected in the presence of a
0.2 M solution of diisopropylethylamine (DIPEA) in 1:1
dimethylformamide (DMF)/acetonitrile. Finally, thé N)

end of the PNA part was capped by acetylation using
standard capping reagents, and the chimera was cleaved from
the support (1 h, ambient temperature, ammonium hydrox-
ide). The exocyclic amino groups were deprotected by
heating the ammonium hydroxide solution at®&bfor 12—

16 h. The solution was then concentrated to half the original
volume and then desalted by gel-filtration.

Annealing of PNA and (PNA)—(DNA), Chimeric Primer
to U5-PBS RNA or U5-PBS DNA Templatédhe 21-mer
PNA—DNA chimera complementary to the PBS region
contained 19 bases in the form of PNA and 2 bases with a
3'OH end in the form of DNA. The chimera was incubated
with U5-PBS RNA or U5-PBS DNA template (see Chart 1)
in the molar ratio of 1:1 in a solution containing 50 mM
Tris—HCI, pH 7.5, 10 mM DTT, and 5 mM MgGleither at
ambient temperature (282) or at 37°C for the indicated
period and used in the extension reaction.

In some of the experiments, PNA was incubated with PBS-
RNA template already primed either with-3P-labeled 18-
mer DNA or with tRNAgYS. The extent of DNA synthesis
catalyzed by HIV-1 RT in the presence and absence of the

U5-PBS RNA Template Primed with 18-mer DNA or PNA or its chimeric analog was assessed as described above.
tRNAYS. An aliquot of the transcribed US-PBS RNA (496 A typical extension reaction was performed by incubating a
base long) was annealed either with 18-mer DNA primer 5 nM sample of the primed PBS template with the desired
complementary to the PBS (see Chart 1) or with synthetic amount of PNA or (PNA)—(DNA); chimera in 7uL of 20
tRNAZS. The molar ratio of RNA template to 18-mer DNA  mM Tris-HCl, pH 7.5, and 50 mM NaCl for 60 min at 37
primer and to tRNA was approximately 1:1 and 2:1, °C. Subsequently, 1 mL of 20 reaction buffer (500 mM
respectively. Reverse transcription reactions were carriedTris-HCI, pH 7.5, 10 mM DTT, 0.1% BSA, 50 mM Mgg)l
out by incubating 2.5 nM U5-PBS RNA/18-mer template- was added together with 5M each of dATP, dTTP, and
primer with 50 nM heterodimeric HIV-1 RT in a reaction dGTP and M [a-32P]dCTP. In experiments with'52P-
mixture containing 25 mM Tris-HCI, pH 7.5, 10 mM DTT,  |abeled 18-mer PBS primer, the unlabeled dNTPs were used
100 mg/mL BSA, 5 mM Mng, 50 //LM each of dATP, at SOﬂM concentration.
dTTP, and dGTP, and &M [a-*P]dCTP in a final volume Utilization of the (PNA)—(DNA), Chimera as the Primer
of S5ul. In'some of the experiments, U5-PBS RNA template for the Polymerase Reaction Catalyzed by HIV-1 Rhe
was primed with 5%°P-labeled 18-mer DNA primer, and the  (PNA);—(DNA), chimera was annealed with U5-PBS RNA
unlabeled dNTPs were supplemented in the reaction at 50or Us-PBS DNA template by incubating equimolar concen-
#M (each) concentration. The reaction was initiated by trations of the chimera and the template at°25for 2 h.
addition of the enzyme and terminated at different time The resulting hybrid was then used as the template-primer
intervals by the addition of an equal volume of Sanger’s gel for the polymerase reaction catalyzed by HIV-1 RT under
loading solution24). The products were resolved on a 16% standard reaction conditions§ 17). The extension reac-
polyacrylamide-urea gel. tions contained 50 mM Tris-HCI, pH 7.5, 10 mM DTT, 100

Synthesis of PBS-Targeted PNA and (PNAJDNA), NM RNA/(PNA)1s—(DNA), or DNA/(PNA)1s—(DNA), hy-
Chimera The synthesis of the 21-mer PNA '{5 brid as template-primer, 5 mM Mg&50uM each of dATP,
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Ficure 2: Initiation and extension of reverse transcription on primed HIV-1 RNA template are blocked by polyamide nucleic acid
complementary to the PBS region. The HIV-1 RNA template annealed with eitféPfabeled or unlabeled oligomeric 18-mer DNA
primer in a 2:1 molar ratio was used in the reaction. The template-primer was preincubatetCafo87 h in theabsence or presence of

PNA or the PNA chimera. With labeled template-primer (panels A and B), the reverse transcription reaction was initiated by the addition
of 80 uM dNTPs (20uM each) while with unlabeled template-primer (panels C and D)5a-32P-labeled dCTP along with 2aM each

of dATP, dGTP, and dTTP was added in a total reaction volume ¢fL10nder standard reaction conditions as described under Materials
and Methods. The reactions were carried out at@7or 5, 10, 15, and 30 min, and the reaction products were analyzed on a denaturing
8% polyacrylamide-urea gel. Panels A and B represent experiments where the primer was prelabel&® witthe 5position. Panels C

and D represent experiments in which the unlabeled primer was labeled during the extension reaction by incorpcfititabeled

dCTPs. Lanes 1 through 4 in each panel represent the extension reactiofGf@75, 10, 15, and 30 min, respectively.

dTTP, and dGTP, &M [a-*?P]dCTP (0.2u«Ci/pmol), and 37°C. Reactions were quenched by the addition of Sanger’s
42 nM HIV-1 RT in a total volume of 1@&L. The reaction gel loading dye, and the reaction products were analyzed by
mixture was incubated for 30 min at room temperature and denaturing polyacrylamideurea gel electrophoresid?).

terminated by the addition of an equal volume of Sanger’s . . .
gel loading solution. The samples were heated at DO Ribonuclease H AQ_"W on the (_PNAV DNA)/RNA Hybrid
for 5 min and resolved by denaturing 8% polyacrylamide W€ used a 30-meric synthetic U5-PBS RNA template
urea gel electrophoresis followed by autoradiography. corresponding to the PBS region of the HIV genome for
Reverse Transcriptase/DNA Polymerase Reactioiibe assessing the RNase H activity. The RINA templqte was 5
reactions were carried out in a final volume of 50 ulL labeled and purified by 8% denaturing polyacrylamideea
gel electrophoresis. The labeled template was annealed with

containing 50 mM Tris-HCI, pH 7.5, 10 mM dithiothreitol, .
0.1 ug/mL bovine serum albumin, 5 mM Mggl12.5 nM 22-mer complementary DNA primer or (PN#&)(DNA)

5'-32p_primer (16 Cerenkov CPM) annealed with RNA or chimera or with 21-mer PNA. The individual hybrids were
DNA template, and 2@M of each of the dNTP substrates. separately incubated with the enzyme under standard reaction
With unlabeled template-primers, 20M each of dATP, conditions. The reaction mixture (1£.) contained 5 nM
dGTP, and TTP and 2M [a-32P]dCTP (0.1-0.2 4Ci/pmol) labeled hybrid (16 Cerenkov CPM), 80 mM NaCl, 5 mM
were used. The molar ratio of primer to template was 1:1 MgClz, 50 mM Tris-HCI, pH 8.0, 0.1 mg/mL BSA, and 100
unless otherwise indicated. Any variation used in a specific g of enzyme. Reactions were carried out af@7and the
experiment is as described in the corresponding figure legend.reaction products were analyzed on a 16% denaturing
Unless otherwise indicated, all reactions were carried out at polyacrylamide-urea gel.
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RESULTS +PNA-DNA

Effect of the PNA and PNADNA Chimera on the Primer C —M
Extension Reaction Catalyzed by HIV-1.RA time course
of extension of 532P-labeled and unlabeled 18-mer PBS
DNA primer annealed with U5-PBS HIV-1 RNA template
containing the primer binding site (PBS) by HIV-1 RT was
examined in the absence and presence of PNA or its chimeric
derivative. The PNA and its derivative (PN&)(DNA),
chimera contained sequences complementary to the PBS
region of the viral RNA genome. The first 19 bases of
(PNA)1o—(DNA). chimera are linked with a polyamide
backbone, while the last 2 bases of the chimera are in the
form of a DNA dinucleotide with a free'®H terminus. It
was observed that when both PNA and (PNAYDNA);
chimera were preincubatedrfd@ h at 37°C with U5-PBS
HIV-1 RNA template already primed witH-8%P-18-mer PBS
primer, they significantly inhibited the extension of the
primer by HIV-1 RT. Results obtained in the absence and
presence of PNA are shown in Figure 2A and Figure 2B,
respectively. The inhibitory effect of PNA (or PNA chimera)
on the extension reaction was seen more prominent with
unlabeled 18-mer PBS primer and-f?P]JdNTP substrate
(Figure 2C,D). As shown in the figure, a marked reduction
in the extension of the primer indicates the ability of the
PNA molecules to invade the duplex region of the targeted
sequence and thereby block the extension reaction (Figure
2D, lanes 1-4). Interestingly, the primer extension was
found to be significantly reduced even when the preincuba-
tion of these analogs with the targeted template-primer was
carried out at 25C. As shown in Figure 3, preincubation
periods of as low &4 h at 25°C blocked the primer
extension significantly (Figure 3A,B). However, preincu-

bation periods of 12 h (lane 4) and 16 h (lane 5) with the 1 23 45 1 2345
PNA or PNA—-DNA chimera appear to completely block
the extension reaction by HIV-1 RT. For control experi- A B

ments, viral RNA template primed with PBS primer was

incubated for 16 h at room temperature and then used in theFicure 3: PNA and PNA-DNA chimera are able to block the
extension reaction (lanes 1 of panels A and B). extension reaction when preincubated at ambient temperature with

. . . . the viral RNA template primed with PBS DNA primer. The HIV-1
Similar experiments were carried out with U5-PBS DNA  RNA template primed with thé?P-labeled 18-mer DNA primer

template primed with '52P-18-mer PBS primer (Figure was preincubated with PNA or the (PNA)(DNA), chimera as
4A,B). The sequence of the 60-mer DNA template used heredescribed in legend to Figure 1 except that preincubation was carried
was the same as the viral U5-PBS RNA template. It was out at ambient temperature (26) for 4—16 h. The control sample

. was also preincubated for 16 h without these analogs. Reverse
observed that both PNA and the (PN&)(DNA). chimera transcription was initiated by the addition of ANTP under standard

could block the extension reaction with DNA template. reaction conditions, and the products were analyzed on a denaturing
However, the extent of blockage was more pronounced with urea—polyacrylamide gel. Lane 1, control without PNA or the

the RNA template as compared to the DNA template. (PNA)15—(DNA), chimera; lanes 2 through 5 represent preincu-

S Specificity of PNAs Targeted to PBBice the bation with the indicated analog for 4, 8, 12, and 16 h af@5
equence Speciicity o arg _ prior to initiation of reverse transcription.

PNA and its chimeric analog effectively block the extension

reaction of HIV-1 RT on primed U5-PBS viral RNA and template fo 5 h (lanes 2, 4) and 16 h (lanes 3, 5) does not

DNA templates, it was essential to ascertain if the observed block the extension reaction initiated upstream of the PBS

inhibitory effect was due to its complementary sequence with region.

respect to the PBS region of the template molecule. Inhibition of Extension of the tRNAS Primer Annealed

Therefore, another oligomeric DNA primer, complementary with PBS RNA TemplateSince tRNAYS is a natural primer

to sequences upstream of the PBS region, was annealed téor initiation of reverse transcription of the viral RNA

U5-PBS RNA template, preincubated with PNA and genome, we examined the effect of the PBS-targeted PNA

(PNA);s—(DNA), for 5 h and 16 h, and was then used in molecules on the first strand DNA synthesis with tR{NA

the extension reaction. The results shown in Figure 5 clearly primed viral U5-PBS RNA template. The results of this

indicate that the PNA and its chimeric analog, with comple- experiment are depicted in Figure 6. As shown in the figure,

mentarity to the PBS region, have no influence on the both PNA and the PNA chimera can effectively block the

extension of non-PBS DNA primer. As shown in the figure, synthesis of DNA by interacting with the tRNA-primed PBS

preincubation of these analogs with the primed U5-PBS RNA region of the viral genome. Addition of a severalfold excess



PNA as Blockers of HIV-1 Reverse Transcription Biochemistry, Vol. 37, No. 3, 199805

3 S £
£ £ + PNA-DNA _ &
S LPNA £ chimera £ <Zt E
O O g &~ 5
1 S _
- w— e S S
- : el p—
- : L p—
- — e
- -

123456 123456
A B

Ficure 4: Effect of PNA or the PNA-DNA chimera on the - -
polymerase reaction of HIV-1 RT with DNA template primed with
PBS DNA primer. A 60-mer DNA template corresponding to viral
RNA template was primed with the labeled 18-mer DNA PBS
primer and used for this set of experiments. Preincubation of the
template-primer with PNA or the (PNA)—(DNA), chimera was
carried out at 25C for 4—16 h as described in the legend to Figure

2. The polymerase reaction was initiated by supplementing dNTP
substrate under standard reaction conditions, and the products were
analyzed on a denaturing urepolyacrylamide gel. Lane 1, 16 h
control without the analog; lanes 2 through 6 represent preincubation
of template-primer with the indicated analog for 2, 4, 8, 12, and 1 2 3 4 5
16 h prior to initiation of the polymerase reaction. DNA

template

of tRNA3Ys in the reaction did not revert the inhibition of primer

the extension reaction, suggesting that PNA molecules

targeted to PBS are able to either invade or displace the

tRNAzYs-primed duplex region of U5-PBS RNA at room PBS

temperature, resulting in blockage of the initiation of reverse

transcription. PNA
Is (PNA)s—(DNA), Chimera Annealed with Viral RNA

Template a Substrate for HIV-1RTPhe strong inhibition

of primer extension reactions, primed with tRMX or DNA

primer by both PNA and (PNAJ—(DNA), chimera, suggests

o . FicurRe 5: PNA targeted to PBS does not influence the extension
the_ablllty of the latter to Invade the double stranded PBS initiated at a different site upstream of the PBS region. HIV-1 RNA
region of the template, resulting in complete blockage of template was annealed witfP-labeled 17-mer DNA primer

the extension reaction. However, a possibility that the upstream of PBS and then preincubated atG7or 4—16 h with
(PNA)1s—(DNA), chimera anneals with the RNA template PNA-21 targeted to the PBS region downstream to the primed
by displacing the original primer and thereby serve as a '€gion. The extension reaction was initiated by the addition of

. L . . ... dNTP, and the products were analyzed on a polyacrylamide gel as
primer needed to be ruled out. To eliminate this possibility, gescribed before. Lane 1, control without PNA; lanes 2 through 5

the U5-PBS RNA annealed with (PN#)-(DNA). chimera represent preincubation with PNA-21 for 4, 8, 12, and 16 h prior
at 25°C for 2 h was used as the template-primer in the to the initiation of reverse transcription.
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FIGURE 6: Initiation of reverse transcription on tRNAS-primed
U5-PBS viral RNA template can be blocked by PBS-targeted PNA.
The U5-PBS RNA transcript (496 base long) annealed with
internally 32P-labeled tRNAYs (1C° Cerenkov cpm/lane) was
incubated without PNA (control) and with PNA4&°NA) and PNA
chimera (CG-PNA chimera) for 16 h at 258C. Initiation of reverse
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Ficure 7: PNA—DNA chimera targeted to PBS of U5-PBS viral
RNA is a primer substrate for the extension reaction catalyzed by
HIV-1 RT. The (PNA)¢—(DNA), chimera was annealed with U5-
PBS RNA as well as with U5-PBS DNA templates by preincubating
at 25°C for 2 h. The annealed hybrids were used as the template-
primer for the polymerase reaction catalyzed by HIV-1 RT. The
extension reaction was initiated under standard conditions by
supplementing all four dNTPs along with3?P-labeled dCTP as
described under Materials and Methods. The reaction products were
analyzed by denaturing 8% polyacrylamitlerea gel electrophore-
sis. Panel A, (PNA)—(DNA), annealed with DNA template; panel

transcription and subsequent extension by heterodimeric HIV-1 RT g ' (PNA),s—(DNA), annealed with RNA template.
were carried out as described under Materials and Methods. Lane

1 of each panel is the reaction control without HIV-1 RT. Lanes 2 found to be highly effective in blocking the initiation of the

and 3 in each panel indicate the reaction products formed in 30

min and 2 h incubation at 37C. The product length is indicated
by an arrow on the left panel.

polymerase reaction catalyzed by HIV-1 RT. The results
shown in Figure 7 suggest that (PN4)(DNA), chimera

containing only a dinucleotide with a’'GH terminus is

efficiently extended in a fashion similar to that observed with
the normal primer. Thus, the inhibitory effect of the PNA
chimera but not that of PNA could conceivably occur via
displacement of the normal primer and resumption of
synthesis on the PNA chimeric primer. Although the
chimeric primer could be extended, the effect of the PNA

first strand DNA synthesis, we examined the effects of a
PNA molecule complementary to an upstream sequence of
U5-PBS on the extension of PBS DNA primer. The non-
PBS-PNA (PNA-20) used in this experiment was comple-
mentary to the RNA template between positich84 and
+53 from the primer terminus (see Chart 1). The U5-PBS
viral RNA annealed with an 18-mer DNA primer was
preincubated with a 2-fold molar excess of PNA-20 fer4l

h at 25°C and then used in the extension reactions. It was
observed that HIV-1 RT can extend the DNA primer until it
encounters the PNARNA duplex on the template at a
position 34 nucleotides away from the PBS region (Figure

portion of the chimera appears to interfere with the subse- 8A, lanes 2-5). The complete termination of the extension
quent step of reverse transcription (see below), i.e., strandreaction at the site of PNA-20 binding is even seen with
displacement and RNase H cleavage. preincubation periods as lowsd h and at 25C prior to

A PNA Molecule Annealed Upstream to the PBS Region the extension reaction (Figure 8A, lane 2). These observa-
Can Completely Block the Strand Displacement Agtiof tions clearly suggest that the oligo PNA, base-paired to the
HIV-1 RT. Since PBS-targeted PNA and its analog were RNA template, is not susceptible to the DNA strand
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Ficure 8: Termination of the extension reaction by PNA targeted to sequences upstream of PBS. HIV-1 RNA template primed with
32p-labeled PBS DNA primer was preincubated with PNA-20 ferl8 h at 25°C. PNA-20 is complementary to the region 34 nucleotides
upstream of the start site (PBS) of the initiation of reverse transcription. The extension reaction was initiated by the addition of dNTP
substrates, and the products were analyzed as described before. For comparison, a 36-mer DNA blocker completnéthaoygi+42
nucleotides upstream of PBS was annealed with the primed U5-PBS RNA, and the extension products were analyzed. Panels A and B
represent the extension reaction in the presence of PNA-20 blocker and DNA-36 blocker, respectively. Lane 1, control without the blocker;
lanes 2 through 5 represent preincubation of template-primer with the blocker for 1, 2, 3, and 4 h, respectively.

displacement activity of the processive enzyme. How- 032 I o cuptex

ever, a 36-mer DNA blocker (see Chart 1) annealed up- 030-; ,(LTR?:AJ;NA " o0

stream to the PBS region betweéi¥ and +42 template £ ' °©

nucleotides from the primer terminus can be effectively 50.28- © -

displaced by the enzyme during the extension reaction N =

(Figure 8B). So26f a”
Melting Temperature for PNARNA and PNADNA < °© .

Duplexes Since the strand displacement activity of HIV-1 go24f o "

RT is ineffective in displacing the PNA blocker during DNA 8 o° .

synthesis, it was reasoned that the binding of these molecules <oz2r © - N

to the template strand may be very tight and may require B ”4 , ,

exceptionally high energy for strand displacement/melting. 2% 60 80 100 120

We therefore measured the melting temperaftifor these Temperature ( °C)

duplexes and compared them with fhgobtained for normal FIGURE 9: Ty curve for DNA-DNA, PNA—DNA, and (PNA-

DNA—-DNA and RNA-DNA duplexes of identical se-  DNA)/DNA hybrid. The respective duplexes were prepared by
quences. Both 21-mer PNA and 22-mer PBS DNA were annealing equimolar amounts of 30-mer RNA template and the

separately annealed with 30-mer RNA and 60-mer DNA respective primer. The temperature was increased i@ fncre-
templates, and theiF.’s were determined using a standard MenNts. and the O was recorded.

protocol. It was observed that tfig, for both ((PNA)o— (Figure 9). We could not completely separate PNA and its
(DNA)2)/RNA and PNA-RNA duplexes was higher by 0 analog from the corresponding template strand by heating
15 °C than that for DNA-DNA and RNA—DNA duplexes at 100 °C in the formamide solution as seen from the
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Ficure 10: PNA-RNA and (PNA)s—(DNA)./RNA hybrids are insensitive to the RNase H activity of HIV-1 RT. A synthetié?B-
labeled 30-mer RNA corresponding to HIV-1 U5-PBS RNA template was individually annealbdav@itmol excess of complementary
22-mer DNA, 21-mer PNA, or 21-mer (PNA)-(DNA), chimera. Annealing was carried out either by heating the mixture &€76llowed

by slow-cooling to room temperature or by incubating the mixture &C3fbr 60 min. The resulting hybrids were incubated with heterodimeric
HIV-1 RT for various time points under standard reaction conditions. The cleavage products of hybrid RNA fromDRMA(panel A),
(PNA)1g—(DNA)/RNA (panel B), and PNARNA (panel C) were monitored by denaturing polyacrylamidesa gel electrophoresis as

described under Materials and Methods.

significant retardation of the template strand on the auto-

radiogram of the polyacrylamideurea gel (see Figures 10).

The (PNA)o—(DNA)/RNA Hybrid Is Insensitie to the
RNase H Acitiity of HIV-1 RT Since (PNA)s—(DNA),

chimera which was annealed with the complementary U5-

PBS RNA template could be extended by HIV-1 RT, the

DISCUSSION

The results presented here suggest that PNA and-PNA
DNA chimera targeted to the PBS region of the HIV genome
can effectively inhibit the initial priming process of HIV-1
cDNA synthesis. These nucleic acid analogs also inhibit the
strand displacement activity of the enzyme and the elongation

next step was to examine whether the hybrid containing the Process of DNA synthesis. An increase of 115 °C in the

chimera and RNA was susceptible to the RNase H activity

of the enzyme. A synthetic' 5?P-labeled 30-mer U5-PBS
RNA was annealed with (a) (PNA)-(DNA), chimera, (b)
21-mer PNA, or (c) 22-mer DNA. The individual hybrid

substrate was then incubated with the heterodimeric HIV-1
The cleavage

RT under standard reaction conditions.
products of the hybrid RNA molecule were monitored by

denaturing polyacrylamide urea gel electrophoresis. TheD

Tm for both PNA-RNA and (PNA-DNA)/RNA duplexes
compared with their respective oligomeric DNA revealed a
selectively higher affinity of these analogs to the PBS region.
This increase in th@, of the duplex may be exploited in
sequestering the PBS region on the HIV-1 genomic RNA,
thus making it unavailable for initiation of the first strand
DNA synthesis. This possibility was examined by using the
5 U5-PBS genomic RNA of HIV-1 primed with 18-mer
NA oligomeric primer. As expected, both PNA and its

results depicted in Figure 10 indicate that the RNA template (PNA)1s—(DNA), chimeric derivative targeted to the PBS

annealed with either PNA (panel B) or PNANA chimera

region were able to invade the duplex region to form a triplex

(panel C) was completely resistant to the RNase H cleavagegiycture, resulting in a near-complete inhibition of primer

activity of HIV-1 RT, while the standard RNADNA hybrid
comprised of 30-mer RNA and 22-mer PBS DNA was
rapidly cleaved into smaller fragments under similar condi-
tions (panel A). Similar results were also obtained with
preformed RNA-DNA hybrids preincubated with PNA or
PNA chimera for 10 h at 28C, suggesting that PNA is able
to invade the duplex hybrid region to block the RNase H
cleavage activity (data not shown).

extension (Figures 2, 3, and 4). The results were more
prominent when the synthetic tRNAS primer was annealed

to the PBS region. Preincubation of the RNZRNA
template-primer with PNA rendered the tRNA ineffective
in initiating DNA synthesis (Figure 6). Interestingly, PNA
and its derivatives exhibit this effect at ambient temperature
(25 °C), a prerequisite for a genome-targeted drug, and do
not require the conventional heatingooling process for
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binding/annealing to the target sequences. It was furtherappropriate vehicles to deliver PNA or PNANA chimera
ascertained that the binding of these analogs to the HIV-1into the host cell be developed so that theirivo utility
RNA genome is sequence-specific and occurred by annealingcan be assessed.

to the targeted PBS region of the template; a PNA comple-

mentary to a region other than the PBS region was ineffective o ck NOWLEDGMENT
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