494-500

Nucleic Acids Research, 1996, Vol. 24, No. 3

0 1996 Oxford University Press

Antisense properties of duplex- and triplex-forming

PNAs

Helle Knudsen and Peter E. N ielsen*

Center for Biomolecular Recognition, Department of Medical Biochemistry and Genetics, Biochemistry Laboratory
B, The Panum Institute, Blegdamsvej 3C, DK-2200 Copenhagen N, Denmark

Received September 22, 1995; Revised and Accepted December 4, 1995

ABSTRACT

The potential of peptide nucleic acids (PNAs) as
specific inhibitors of translation has been studied.
PNAs with a mixed purine/pyrimidine sequence form
duplexes, while homopyrimidine PNAs form
(PNA),/RNA triplexes with complementary sequences
on RNA. We show here that neither of these PNA/RNA
structures are substrates for RNase H. Translation
experiments performed in cell-free extracts showed
that a 15mer duplex-forming PNA blocked translation
in a dose-dependent manner when the target was
5'-proximal to the AUG start codon on the RNA,
whereas similar 10-, 15- or 20mer PNAs had no effect
when targeted towards sequences in the coding
region. Triplex-forming 10mer PNAs were efficient and
specific antisense agents with a target overlapping the
AUG start codon and caused arrest of ribosome
elongation with a target positioned in the coding
region of the mRNA. Furthermore, translation could be
blocked with a 6mer bisPNA or with a clamp PNA,
forming partly a triplex, partly a duplex, with its target
sequence in the coding region of the mRNA.

INTRODUCTION

irreversibility of the mRNA cleavagé«8). However, phosphoro-
thioates have also been shown to exhibit non-specfic effects,
probably due to RNase H cleavage of imperfectly matched target
sites @) and interactions with cellular proteiriD¢12).

Peptide nucleic acids (PNAs) are DNA mimics with a
pseudopeptide backbone composed of achiral and uncharged
N-(2-aminoethyl)glycine unitsLl3-17). PNAs have been shown
to hybridize sequence-selectively and with high affinity to
complementary sequences in single-stranded DNA or RNA,
forming Watson—Crick double heliced3(18-19). Notably
however, homopyrimidine PNAs form thermally highly stable
(PNA)>/RNA triplexes with complementary RNA targets, having
Tm values >70C for decamersl6-16,20). Furthermore, PNAs
have been found to be stable in serum as well as in cell extracts
(21). Previous reports have shown that a 10mer pyrimidine-rich
PNA complementary to a sequence in the coding region of SV40
T antigen mRNA could block translationvitro and that 15- and
20mer pyrimidine-rich PNAs targeted towards sequences in the
same region inhibited T antigen expression when microinjected
into Tsa 8 cells42). Other experiments using microinjection
showed that a 15mer homopyrimidine PNA targeted towards a
sequence in thé-bintranslated region of SV40 T antigen mRNA
was able to inhibit T antigen expression in CV-1 cells by 99%,
while a 15mer non-homopyrimidine PNA targeted towards the
same region caused 51% inhibition of T antigen expression at

The use of oligodeoxynucleotides (ODNs) and their analogs §8timated intracellular concentrations fi2 (8,23).
sequence-specific inhibitors of translation (antisense reagentsin the present paper we have undertaken studies in order to
has attracted great attention due to the potential of these ierentiate between the antisense potential of duplex-forming
therapeutic agents against genetic and virus-mediated disease@N@ triplex-forming PNAs respectively by performiingvitro

number of ODN analogs with modified backbone structures hafnslation in rabbit reticulocyte lysates. We show that both

been developed in an attempt to improve their antisense pote

lex- and triplex-forming PNAs can inhibit translation at

in terms of nuclease resistance, RNA affinity and cellular uptakifgets overlapping the AUG start codon. Triplex-forming PNAs
Although many of these analogs, including phosphorothioate®/€ able to block the translation machinery at targets in the coding

methylphosphonatesy-anomeric ODNs and’-B-alkyloligo-

region of MRNA, while duplex-forming PNAs are not. Further-

ribonucleotides are nuclease resistant, several problems, suci'g&e. clamp PNAs, potentially forming partly triplex and partly
non-specific effects and poor cellular uptake, are still unsolvediPlex with its target on mRNA, have antisense properties similar

(for reviews seé-5).

to the full triplex-forming PNAs.

The mechanism of antisense effects by ODNs is believed to be
either aribonuclease H (RNase H)-mediated cleavage of the RWMTERIALS AND METHODS

strand in ODN-RNA hybrids or a physical blocking of the
translation machinery at the ODN-RNA complex. ODN analogs

PNA and ODN synthesis

that activate RNase H, such as phosphorothioates, have until lBlNAs were synthetized as describd,45). The PNAs were
proven to be the most efficient antisense agents, due to therified by HPLC and their identity confirmed by mass

* To whom correspondence should be addressed
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spectrometry. ODNs were synthetized on a Biosearch 7500 DN ; Qi T e CERANS
synthesizer by standard phosphoamidite chemistry. Comc.ipmy - - @2 2 @42 3 &2 F @z 2

Enss Wy

In vitro transcripts

A plasmid containing the chloramphenicol acetyltransferas
(CAT) gene plus 43 bp of thé-Bntranslated region for CAT was
obtained by cloning th@€lal-BanHI fragment of plasmid pCM7
(Pharmacia) into the polylinker of pBluescriptKS+ (Stratagene
A polypurine sequence was inserted 514 bp downstream from
ATG translation start sequence by cloning oligonucleotide
5-CATGAAAAGAAGAAT-3' (non-template strand) and
5'-CATGATTCTTCTTTT-3 (template strand) into tiNcd site.
The resulting plasmid, pKSCAT, was linearized \ktoRV and
1 pg used for transcription in a reaction containing 40 mh
Tris—HCI, pH 8.0, 25 mM NaCl, 8 mM Mgg;2 mM spermidine,
5mMDTT, 10 mM each ATP, CTP and UTP, 2 mM GTP, 0.5 miv
cap analog f{5)Gppp(3)G (Boehringer Mannheim) and 50 U
T3 RNA polymerase (Gibco BRL) in a total volume of |20
Transcription was carried out for 30 min af@7 Thein vitro
transcript was used without further purification as template in tr
translation reactions.

32p-Labeled transcripts were made by addition of |[@C1

[a-32P]UTP to the transcription reaction with a UTP concentra R T i
tion of 1 mM; n1(5)Gppp(3)G was omitted and the GTP Bl

concentration adjusted to 10 mM. The transcript was ethanol
precipitated in order to remove unincorporated{P]UTP.

Figure 1. RNase H cleavage of a 200 $#P-labled transcript alone or
RNase H assay hybridized with a PNA or ODN in different concentrations as indicated above

39 . . . . each lane. The positions of the PNA and ODN targets on the RNA are shown
The>“P-labeled pKSCAT transcript was incubated with variablein the model below.

concentrations of PNA or ODN in 10 mM Tris—HCI, pH 7.5, 5

mM MgCl, 25 mM NaCl, 1 mM DTT in a total volume of pD

for 1 h at room temperature. Then Egtherichia colRNase H  RNase H. We therefore performed experiments to determine
(Boehringer Mannheim) was added and the incubation continugghether (PNAYRNA triplexes and PNA/RNA duplexes re-
for 1 h at 37C. The reaction was stopped by cooling the samplespectively were cleaved by RNase H. For this purpose a 200 nt
on ice. Formamide buffer was added and the RNA was analyzg@P]UTP-labeled transcript was incubated with either a 15mer
on a 7 M urea—8% polyacrylamide gel followed by autoradioPNA containing both purines and pyrimidines (here refered to as

graphy. a mixed sequence PNA) or a 10mer homopyrimidine sequence
PNA. Binding of the PNAs to their targets on the RNA was
Translation reactions confirmed by gel shift of thé2P-labeled RNA on native gel

. . L electrophoresis (data not shown). As controls, parallel samples
Translation was performed using a rabbit reticulocyte lysate Kftero prepared with two phosphodiester ODNs having the same
according to the manufacture’s recommandations (Boehrmgg

équences as the PNAs. After incubation for 1 h in the presence
Mannheim). pKSCATIn vitro transcript (1ul) and rabbit globin : :
MRNA (0.2511g) (Gibco BRL) were used. PNA was addedOf RNase H the cleavage pattern was examined by denaturing

ith incubai h X he desired PAGE. As seen in Figurg cleavage products of the predicted
){’.V't ou_lt_ prelﬁg ation fo t _edreacttl_orl[i at the desire C?[”(f[emré"}Zes were obtained with both ODNs (lanes 3-4 and 7-8),
ions. Translation was carried out in the presenc®8fiflet at  \1creas no RNA cleavage was observed with either of the PNAs

30°C for 1 h and terminated by boiling the samples for 2 min i . u ;
60 mM Tris—HCI, pH 6.8, 10% (v/v) glycerol, 2% SDS, 5% (v/v)'aatri]\(/este5 FSNa:sfjegH w%ézh#;bﬁgigggig%el\}zat neither ofthe PNAs
mercaptoethanol. The samples were then analyzed by 18% (W?\(/:) '

SDS-PAGE and protein bands were visualized by autoradio- )
graphy. Antisense effects of duplex-forming PNAs

In order to examine the antisense characteristics of PN&s an

RESULTS vitro translation rabbit reticulocyte lysate model system was
chosen. CAT mRNA, which encodes a protein of 25 kDa, was
used as reporter mRNA and globin mRNA, encoding a protein of
RNase H selectively cleaves the RNA moiety of DNA/RNAL7 kDa, was used as an internal control for translation efficiency.
heteroduplexes and is believed to be responsible for the majofRiNAs complementary to target sequences in different regions of
of the effects of antisense ODNs in intact cél§).(It has been the CAT mRNA were employed (listed in Talle

reported22), but not actually shown, that PNA—RNA complexes First, we tested PNAs with mixed purine/pyrimidine sequences
which we would predict to form triplexes are not substrates favith the propensity to form only duplexes with complementary

PNA-RNA complexes are not substrates for RNase H
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Figure 2. Translation of CAT mRNA in the presence of either a 15mer PNA with mixed purine/pyrimidine sequence hybridized to a region imméthetaly &
start codon4) or 10mer, 15mer or 20mer mixed purine/pyrimidine PNAs targeted towards sequences in the codir®) eyeirovn in the model below. PNA
identity and concentration is indicated above the lanes. Rabbit globin mMRNA was used as an internal control. Positions of CAT protein and globin are shown by ar
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Figure 3. Antisense effect of polypyrimidine PNAs targeted to sequences adjacent to the AUG starArodamthe coding region of CAT mRNA) as shown
in the model below. The concentration of PNA is indicated above each lane.

RNA targets. When the target was positioned immedidtelytie ~ However, when 10mer, 15mer or 20mer PNAs were targeted to a
AUG start codon the 15mer PNA 733 efficiently blocked translatiosequence in the coding region of CAT mRNA no inhibition of
of CAT mRNA in a PNA concentration-dependent manner, whileranslation was observed (F&B), indicating that duplex-forming
translation of globin mRNA was largely unaffected (F28)). PNAs are not able to arrest the elongating ribosome.
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Table 1. Sequences of PNAs and ODNs used in the study

Name Sequence Target Effect
PNA 23 H-TTC TTC TTT T-Lys-NH Coding region +++
PNA 163 H-CTC TTT TTT T-Lys-NH AUG region +++
PNA 257 H-ACA TCT TGC G-Lys-NH Coding region -
PNA 259 H-ACG CCA CAT CTT GCG-Lys-Np Coding region -
PNA 261 H-GTA ACA CGC CAC ATC TTG CG-LysN# Coding region -
PNA 311 H-JTT TT-(egB TTT TCA CCG T-Nh Cading region (clamp) ?
PNA 733 H-TTT AGC TTC CTT AGC-Lys-Nbl AUG region +++
PNA 817 H-TCT CAA TAA ACC CTT T-(egB-TTT JJJ-Lys-NH Cading region (clamp) ++
PNA 818 H-TCT CAA TAA ACC CTT-(egB-TTJ JJ-Lys-NH Cading region (clamp) -
PNA 928 H-TCT CAA TAA ACC TTT-NhB Coding region -
PNA 952 H-CCC TTT-(egl)-TTT JJJ-Lys NH Coding region (clamp) +
ODN 247 STTTTTT TCT CCA-3 AUG region -
ODN 274 5-TTT AGC TTC CTT AGC-3 AUG region -

The position of their target in CAT mRNA is listed together with their relative effect as inhibitors of translation in rabbit reticulocyte lysate.
3g1, 8-amino-3,6-dioxaoctanoic acid; J, pseudoisocytosine.

Triplex-forming PNAs prevent translation at initiation inhibited CAT mRNA translation in a specific manner, but the
codon targets and inhibit ribosome elongation at concentration needed for inhibition was rather high |(¥3.
coding region targets PNA 818, which differs from PNA 817 in having one less T on

. . each of the triplex strands, did not inhibit CAT mRNA translation
The CAT mRNA contains a polypurine sequence, GAgyen at 10uM (Fig. 4A). PNA 928, which was lacking the
GAAAAAAA, immediately downstream of the AUG start gqgsteen strand but otherwise had the same sequence as PN/

codon. When a PNA targeting this region, presumably formingg 7 “thys forming a duplex with the target mRNA, also failed to
(PNA)/RNA triplex, was used translation of CAT mRNA waspaye any effect on CAT mRNA translation (data not shown). In

efficiently and specifically inhibited (Fi§A). Inhibition of CAT contrast, a PNA consisting of only the triplex-forming part of

MRNA transiation by PNA 163 was in the same dose range A 817 (= PNA 925) did exhibit an inhibitory effect on CAT

observed for the mixed sequence PNA 733. mRNA translation at concentrations p8l. However, at 1QM
When a triplex-forming PNA (PNA 23), targeted towards an, cAT mRNA translation product was still visible.
AAAAGAAGAA sequence 514 nt downstream of the AUG start pna 311 was designed to form a triplex at therdl and

codon was used translation of CAT mRNA was specificallysjex at the Send of the target. This PNA reduced translation

repress_ed and a truncated prod'uct appearecBB%iganes_2—4). f both CAT and globin mRNA (FigdC), which indicates a
Increasing the PNA concentration led to a decrease in both tﬁ@n-specific effect.

full-length and the truncated CAT products, while the globin

translation level was less affected. Comparison of PNA and ODN antisense effects

Translation inhibition by clamp PNAs In order to compare the antisense effects of PNA and a
phosphodiester ODN parallel translation experiments were

On the basis of these results we found it interesting to investigaigrried out with duplex-forming PNA 733 and a phosphodiester

whether PNAs which would form partly a triplex and partly aODN having the same sequence. RNase H activity in rabbit

duplex with their target (here refered to as clamp PNAs) were ablgticulocyte lysate is known to be low under the conditions used

to inhibit translation. In this way the triplex half of the compleXor in vitro translation?8), therefore exogenous RNasea-bpli)

could be shortened and specific recognition of the target might 4gis added to the translation reactions. As seen in Figure

assured by the duplex-forming half. Restrictions on targethibition of CAT translation by PNA takes place in a

sequences would be less stringent if five to six purines wegse-dependent manner (lanes 2-5) and is almost complete at 1

needed, rather than 10 or more. For this purpose PNAs WeIR1, whereas oligonucleotide concentrations up taNiGail to

designed in which the Hoogsteen recognizing strand was link@thibit CAT translation (lanes 6-11).

to the Watson—Crick recognizing strand by a flexible ethylene The antisense effects of the different PNAs and ODNs are

glycol linker. The cytosine residues in the Hoogsteen strand wetgmmarized in Tablé.

substituted with pseudoisocytosine, in order to obtain optimal

hybridization at neutral pH2{). A target for these PNAsS piscussioN

positioned in the middle of the coding region of the CAT mRNA

was chosen and the PNAs were designed to form the triplex at fil@e results presented here have implications for fundamental

5'-end and the duplex at theed of the target. As seen in Figureaspects of the antisense potential of PNAs. First, it is clearly

4B, PNA 817, having 6 + 6 pyrimidines and 10 mixed baseslemonstrated that neither PNA/RNA duplexes nor (BIRRNA
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Figure 4. Translation of CAT and globin mRNA in the presencé\y&(+ 15, B) 6 + 16 or C) 6 + 6 clamp PNAs with the triplex part facing thebd of the target
or (D) a 5 + 10 clamp PNA with the triplex part facing theBd of the target as shown in the model below.

triplexes are substrates for RNase H. Considering the veagsembly of the 80S ribosome initiation complex. A phosphodi-
different structure of the PNA backbone compared with DNA thisster ODN targeted to the same region as the duplex-forming
is not unexpected and is in accordance with previous clain®NA adjacent to the AUG start codon did not inhibit translation,
regarding (PNAYRNA triplexes 22). Likewise, other ODN even wherk.coliRNase H was added to the translation reaction.
analogs with modified backbones, such as methylphosphonategntisense effects of phosphodiester and phosphorothioate
(29), a-ODNs @0) and 2-O-alkyloligoribonucleotides31), are  ODNSs targeted to sequences in the coding region of a mRNA are
not RNase H activators. RNase H dependent,26,32-33). ODN analogs that do not
Inhibition of translation initiation with antisense reagentsactivate RNase H (as mentioned above) are capable of blocking
hybridizing to targets overlapping the AUG start codon can takeanslation at targets in the coding region only when conjugated
place by an RNase H-independent mechan@ihn Gimilarily,  to crosslinkers, such as psoral@#(36), or to alkylating reagents
duplex- as well as triplex-forming PNAs targeted toward$37-38). In agreement with previous findin@s32-23), we here
sequences adjacent to the AUG start codon efficiently blocketiow that a PNA forming a (PNARNA triplex in the coding
translation of CAT mRNA, presumably by physically blockingregion of CAT mRNA causes arrest of the elongating ribosome,
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so that targets shifted just a few nucleotides can have varied
effects on translation. The design of a PNA therefore most likely
has to be optimized for each target with respect to length and, in
the case of clamp PNAs, pyrimidine content. Furthermore, it
cannot be ruled out that other coding regions of (other) mRNA
could be sensitive to translation inhibition by duplex-forming
PNAs by a mechanism that does not involve ribosome elongation
arrest.

In conclusion, triplex-forming PNAs as well as duplex-forming
PNAs are potent antisense reagents. Fully or partly triplex-form-

1 ¥ 3 4 5 & 7T B3 *F B N

ing PNAs differ in their antisense potential from duplex-forming

PNAs and other ODN analogs in being able to arrest translation

Figure 5. Comparison of the antisense effects of duplex-forming PNA 733 at qoding region targets. Whether these PNAs will have specific
(lanes 2-5) and an ODN (lanes 6—10) with similar sequence, targeted adjace@ntisense effects in intact cells remains to be seen.

to the AUG start codon on CAT mRNA. Translations were performed in the
presence of 3 LE.coli RNase H. Concentrations of PNA and ODN are
indicated above the lanes.
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giving rise to a truncated protein product. A total conversion from
full-length to truncated CAT protein is, however, not obtained

when raising the PNA concentration. Rather, a general inhibitidREFERENCES

of CAT translation takes place. A plausible explanation for thisl

observation could be that the elongating ribosome is arrested

when encountering the (PNARNA structure and remains 3

associated with the mRNA. Subsequent ribosomes would consé-

quently stack up on the CAT mRNA and thereby prevent®
re-initiation of translation of these mRNAs.
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