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ABSTRACT

Peptide nucleic acid (PNA) forms sequence-specific
(PNA),/DNA triplexes with one strand of double-
stranded DNA by strand invasion. When formed with
the template strand of DNA such a (PNA) o/DNA triplex
can arrest transcription elongation in vitro and can
thus act as an anti-gene agent. One of the major
obstacles to applying PNA as an anti-gene agent in
vivo is that PNA strand invasion occurs at a very slow
rate under moderate salt conditions. In the present
study we show that transcription can increase the rate

of sequence-specific PNA binding dramatically. Such
transcription-mediated PNA binding occurs three
times as efficiently when the PNA target is situated on
the non-template strand as compared with the tem-
plate strand. Since transcription can mediate template
strand-associated (PNA) o/DNA complexes which
arrest further elongation, the action of RNA polymer-
ase results in repression of its own activity, i.e. suicide
transcription. These findings are highly relevant for the
possible future use of PNA as an anti-gene agent.

INTRODUCTION

PNA may act as an anti-gene agent. However, (RPRMNA
triplex formation with double-stranded DNA is severely inhibited
by the presence of moderate levels of cations (e.g. 50 nmiM Na
(8,9,14). In contrast, (PNAYDNA triplex formation involving
single-stranded DNA occurs independently of ionic strength
(6,7). The rate limiting step in the formation of the strand invasion
complex is believed to be local distortion of the DNA double
helix, commonly referred to as DNA ‘breathing;1(0).

As the transcriptional elongation complex possesses a single-
stranded region, termed the transcription ‘bubbles) (we
reasoned that by transcribing a DNA fragment containing a
homopurine target sequence in the presence of a complementary
PNA the rate of (PNAJdsDNA complex formation should be
increased. In this study it is shown that transcriptional activity can
indeed catalyze the formation of (PNAJsDNA strand invasion
complexes under ionic conditions at which spontanous strand
invasion is exceedingly slow. This transcription-mediated triplex
formation occurred when the PNA target was situated on the
template strand as well as on the non-template strand. The
relevance of these findings for the possible future use of PNA as
a gene-targeted drug is discussed.

MATERIALS AND METHODS
PNAs

Molecules which are capable of binding double-stranded DNA Hq pis PNAS H-(Lys) TTITTITTTT(egdTTTTCTTCTT-Lys-

a sequence-specific manner have received much attention as

tﬂﬂ’g (n = 4 for PNA 575n = 3 for PNA 655) were synthesized

9 characterized as described previousBl(). J and e
and, at a later stage, be exploited as gene-targeted pharmac d '2 ! previousyL() g

cals. Strong candidates for such purposes are oligonucleoti

iote the synthetic nucleobase pseudoisocytosine and ethylene
ol (8-amino-3,6-dioxaoctanoic acid) linker units respective-

and their analogsl{?) and possibly also DNA binding proteins ;" the multiple Lys residues in the PNA increase its positive

A).

Peptide nucleic acid (PNA) is an oligonucleotide analog
which the (deoxy)ribose phosphate backbone has been repla
by a homomorphous, achiral and unchardég2-amino-

.charge and thus the rate of (PNAsDNA complex formation

g\liglsenet al, unpublished results). In most experiments PNA
88 was chosen instead of PNA 575 as the latter had a tendency
to cause aggregation of the template DNA (not shown)

ethyl)glycine polymer. Homopyrimidine PNA can bind to a
complementary homopurine DNA target, leading to a very stabBN A constructs

(PNA)>/DNA triple helix @-7). Such a complex is sufficiently

stable to displace the non-target strand of double-stranded DN/Ae 460 bp DNA fragments used as templatesirfovitro
(4,8-10) and when formed with the template strand downstreatranscription were excised witPvul from two different

of a promoter it can arrest transcription elongatidaX3), i.e.  pBluescript KS+ (Stratagene) derivatives, pT8C2KS and

* To whom correspondence should be addressed



Nucleic Acids Research, 1996, Vol. 24, No. 3 459

pA8G2KS. These plasmids carried single PNA targets, inserté@nscription reaction with 44 labeling mixture (10 mM DTT,
into thePst site, on either of the two strands3). Both strands 0.5 mM ATP, CTP and GTP, 6 mM MgCR mM spermidine, 5
of the DNA fragments were dephosphorylated with alkalinenM NaCl, 40 mM Tris—HCI, pH 7.5, 0.32Ci/ul [a-32P]JUTP,
phosphatase and werer&diolabeled using T4 polynucleotide 100 ngfil BSA, 1 Ujl RNase inhibitor, 20—100 nigindIll-

kinase andyf32P]ATP (18). digested pBluescript KS+ fragment as a labeling control, 20 U T7
RNA polymerase) and incubating for 5 min at’G7before
In vitro transcription recovery by precipitation (15096% EtOH, il 4 M NaCl). The

_ o . . labeled RNA was analyzed using 10% polyacrylamide—7 M urea
In vitro transcription reactions were incubated &tC3¥or up to sequencing gels and autoradiography.

80 min and contained 5-40 ng template, J#HPNA, 10 mM

DTT, 0.5 mM NTPs, 6 mM MgG| 3 mM spermidine, 5 MM pegyiTS

NaCl, 40 mM Tris—HCI, pH 7.5, 100 nd/BSA and 20 U T3 or

T7 RNA polymerase (Gibco BRL) in a total volume oflOn  Transcription-mediated PNA binding

case the transcripts were intended for subsequent analysis the L i
reactions were supplemented with RNase inhibitor (d)U/ To test whether the transcrlp_tlonal_ elongation complt_ax could
mediate (PNAYdsDNA strand invasion complex formation we

employed T7 and T3 phage RNA polymerasestro transcrip-

tion systems. Two'gend-labeled 460 bpvul DNA fragments,

The transcription reactions were diluted with |90DTT-free  designated ABG2K8kul and TBC2KSPvul, were subjected
transcription buffer before the templates were oxidized witho T3 RNA polymerase transcription in the presence of PNA 575.
13.3pl 20 mM KMnOy for 15 s and stopped by addingpisl. ~ These templates contained single targets complementary to PNA
M B-mercaptoethanol, 1.5 M NaOAc, pH 9. In the kinetic75 inserted in either orientation downstream of the phage
experiments excess DTT was oxidized with fior to KMnQ,  promoters (Fig.1). Following transcription the fraction of
probing (5 ul 20 mM KMnQO; for 15 s). When the template comprising PNA strand displacement complexes was
(PNA),/dsDNA complexes were preformed in low salt solutiordetermined by KMn@probing and gel analysis. Strand invasion
(10 mM Tris—HCI, 1 mM EDTA, pH 7.4) they were supplied withwas detected as a series of bands compatible with 276-286 or
the appropriate amount of transcription buffer (including DTT)L74-184 nt long DNA fragments, as would result from cleavage
prior to KMnQy probing so that all samples were oxidized unde®f the displaced loops of ABG2KS/Ul or T8C2KSPvul
identical conditions. The oxidized DNA was ethanol precipitatetespectively. As shown in Figur@, formation of the

and cleaved in 100l 10% piperidine for 20 min at 9C. The  (PNA)/dsDNA strand displacement complex depended on the
samples were lyophilized, resolved using 7% polyacrylamide—7 Rresence of ribonucleotides, T3 RNA polymerase and the

urea sequencing gels and subjected to autoradiography. concentration of PNA. By comparing the intensities of the
transcription-dependent signals to those obtained from

(PNA)/dsDNA strand displacement complexes preformed in
low salt, thus representing 100% binding (Bidanes 1 and 10),
Aliquots (1 ul) removed from the T7n vitro transcription it was possible to estimate the fraction of template molecules
reactions were stopped in {BTER (10 mM Tris, pH 6.8, 1 MM bound by PNA. We found that transcription in the presence of 5
EDTA, 100 ngll yeast RNA) and the RNA polymerase was heatM PNA 575 mediated binding of PNA to 25-75% of the
inactivated (70C, 10 min). The template DNA was degraded bytemplate molecules within 60 min (compare lane 1 with lane 4
incubating for 30 min at 3T after addition of 110.2 M MgCh  and lane 10 with lane 13), whereas lower concentrations of PNA
and 10 U RNase-free DNase. The RNA samples were diluteesulted in lower fractions of template molecules involved in
with 80 pl 20x SSC (1.5 M NaCl, 0.6 M sodium citrate) and (PNA),/dsDNA triplexes. In contrast, without transcription
vacuum blotted onto nylon filters (Hybond N+; Amershamjlmost none of the template molecules were bound by PNA,
together with known amounts of RNA transcribed from T8C2KSghowing that the transcription buffer, as expected, contained
Pvul. After UV fixation the filters were prehybridized for 3 h and sufficient N&, Mg2+ and spermidine to slow down spontanous
hybridized overnight at 6% in 0.25 M NaHPQy, pH 7.6, 7%  (PNA)/dsDNA triplex formation dramatically (lanes 2, 3, 6, 7,
SDS, 1 mM EDTA. The hybridization probe was@#fPJdATP 11, 12, 16 and 17). Thus transcription with T3 RNA polymerase
random primer-labeledL8) 2.8 kbEcaRI-Hindlll DNA frag-  could facilitate PNA binding with both the template strand and
ment from pBluescript KS+ which recognized identical nucleowith the non-template strand (lanes 4, 8, 13 and 17). Similar
tide sequences in the samples and the standard RNA. The filtexsults were obtained using T7 RNA polymerase (data not
were washed to a stringency of 20 mMpNBOy, pH 7.6, 1%  shown).

SDS, 1 mM EDTA at 65C and the filters subjected to

autoradiography. A laser densitometer was used for quantitatiogetics and correlation with RNA synthesis

(Molecular Dynamics; Image Quant version 3.1 software).

Permanganate probing

RNA analysis by hybridization

To compare the efficiencies of transcription-mediated PNA

; ; i 132 binding to templates with PNA targets situated on either of the
Labeling of transcripts with [*PJUTP two DNA strands equal amounts of radiolabeled ASGRKG
Transcription reactions intended for pulse-labeling were preparadd T8C2KSIPvul were mixed, subjected to T7 RNA polymer-
as described above. The 460 Bypdl fragments (10 ng) of ase transcription in the presence giNd PNA 655 and after
pT8C2KS or pA8GS8KS served as templates. The 211 [Mgifferent periods of incubation probed with KMp@ig.3). The
Pvu—Xhd fragment (30 ng) of pBluescript KS was used as aresults were quantified by densitometric scanning. By comparing
internal control. Pulse-labeling was carried out by mixingl10 with signals obtained from (PNgdisDNA complexes preformed
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Figure 1. Schematic representation of the DNA constructs used. The T3and T7
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il and T8C2KSPvul templates were mixed, subjected to T7 RNA polymerase
in vitro transcription in the presence ofis1 PNA 655, probed with KMn@
and finally analyzed using 7% sequencing gels and autoradiography. The
lengths of incubation (min) were as indicated above each lane. The origin of the
= . KMnOg-sensitive sites are indicated to the left.
190 Bl

determined in parallel by slot blot analysis of the synthesized
RNA using &2P-labeled fragment of pBluescript as probe (Fig.
4). From these results we calculate a PNA binding efficiency of
1% per transcription passage over the target positioned on the
template strand and, consequently, we estimate that 3% of the
DNA should be captured for each RNA polymerase passage
when the target is situated on the non-template strand.

Cal--1- 8

Figure 2. Transcription-mediated binding of PNA 575 to template DNA. The . . .

5'-radiolabeled A8G2K Ul or TSC2KSPvul templates were incubatedfor -~ RNA polymerase can mediate repression of its own

60 min under conditions as indicated above each lane, probed with4#avidO activity in the presence of PNA

resolved on a 7% denaturing polyacrylamide gel. Molecular weight markers

were prepared by mixing-Badiolabeled A8G2K®tul fragments digested  The finding that transcription could mediate binding of PNA to

with Sma or EccRI. the template strand under ‘high salt’ conditions implied that
T8C2KSPvUl transcribed by T7 RNA polymerase in the
presence of PNA could work as amvitro anti-gene model
in low salt (lane 1) and assuming that the (identical) promoters sfstem. Such transcription reactions, for which the lengths of the
the two constructs directed transcription equally efficiently it waganscription preincubation were varied, were transferred to a
estimated that transcription-mediated PNA binding occurreldbeling mixture containingfP]JUTP and fresh T7 polymerase.
approximately three times as efficiently with the non-templaté 211 bpPvul-Xhd pBluescript KS fragment lacking a PNA
strand as it did with the template strand. target was included as an internal control giving rise to a 102 nt
In order to establish a correlation between the rate of PNAn-off transcript. The intensities of the bands representing
binding and the rate of T7 RNA polymerase transcription frorfull-length transcripts from T8C2KByul decreased as the
T8C2KSPvul we examined transcription reactions containing 3emplates were transcribed for longer time periods fRigand
MM PNA 655 incubated for different time periods. The DNAB). In contrast, pulse-labeling of transcripts from the template
template was probed with permanganate to monitor the appekaeking a PNA target showed only a minor reduction in the
ance of strand displacement and the transcription rate wasiounts of full-length transcripts (FiBA and B). Similarly,
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Figure 4.Correlation between the rate of (PNA)sDNA strand displacement and the rate of T7 RNA polymerase transcription of radiolabeled TB@BKS/

(A) Transcription reactions containing 40 ng end-labeled T8@2Kiband 5uM PNA 655 were incubated as indicated above each lane, probed with permanganate
and resolved using a sequencing d&.Transcription rate determined by slot blot analysis of the synthesized RNA &3htpkeled fragment of pBluescript as

a hybridization probe. Lengths of transcription (min) are indicated at the top. The amounts of standard RNA loaded correspond to the indicated number of t
(transcripts/templates) each DNA template should be transcribed to give a similar hybridizatiolC$iGmapHic representation of the results obtained in (A) and

(B) quantitated by laser scanning densitometry.

corresponding reactions lacking either PNA 655 or T7 RNA°PvUl fragment remained capable of being transcribed by T3
polymerase gave only a small reduction in the amount &NA polymerase (not shown). Thus the lack of bands indicative
T8C2KSPvUl run-off transcripts (FighB and data not shown). of transcriptional arrest at the PNA target observed in Figfure
These results indicated that T7 transcription of TSCRK®in may be due to blocking of the DNA template by accumulation of
the presence of PNA mediated the formation of templatgreviously arrested RNA polymerases between the T7 promoter
strand-associated (PNAPNA triplexes which subsequently and the PNA target before transcription proceeded in the presence
blocked further transcription. Thus the action of the polymeras# [32P]JUTP (Fig.5D).
mediated repression of its own activity, a process that may be
regarded as ‘suicide transcription’. DISCUSSION

Notably, PNA bound to the template strand did not result in a
band compatible with transcriptional arrest at the PNA targdthe ability of PNA to interact sequence specifically with dsDNA
(Fig.5A and D). This could suggest that DNA fragments involvedhas found a variety of applications. PNA has been demonstrated
in (PNA),/dsDNA triplexes were ‘deactivated’ or in other waysto be capable of acting as a sequence-specific inhibitor of
inaccessible to RNA polymerase. To test whether such DN#estriction enzyme cleavagé9, as an electron microscopy
molecules bound by PNA could still serve as templates fanarker of homopurine tractd@), as a gene activating agent, i.e.
transcription we examined T7 polymerase transcription reactioas artificial transcription factoP(), as an inhibitor of transcrip-
in which A8G2KSPvul served as a template. Since the PNAtion elongation 12-14) and, in cooperation with single-strand-
target in this system is situated on the non-template strarghecific nucleases, as a ‘synthetic restriction enzy@®. (
binding of PNA was not expected to result in transcriptional arrektowever, to bypass the inhibitory effects of salts on strand
of T7 RNA polymerasel@). Pulse-labeling using templates from displacement all such previous experiments have involved the use
these reactions with T3 RNA polymerase &8BJUTP resulted  of (PNA),/dsDNA complexes preformed in low salt.
in bands compatible with transcriptional arrest at the PNA targetin the present study we show that salt inhibition of PNA strand
(Fig. 5C and E). Quantification of the data by densitometriénvasion caused by the transcription buffer can be circumvented
scanning analysis substantiated that the majority of the ABG2KI®/ transcriptional activity of T7 and T3 phage RNA polymerases
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Figure 5. Suicide transcriptionA() In vitro transcription using T7 RNA polymerase and T8CE{8I as a template was carried out in the presence j@MIBNA

655. As an internal standard a 211Rwil-Xhd fragment of pBluescript KS was added. After incubating for the periods indicated above each lane the templates
were transferred taf32P]JUTP labeling reactions in whichHindlll pBluescript KS fragment was included as a labeling control. T7 RNA polymerase transcription
was allowed to continue for an additional 5 min before analyzing the transcripts by denaturing polyacrylamide gel electrophoresis and autoradiography. The or
of the P2PJUTP-labeled species are indicated to the left. The position where bands might be expected as a result of transcriptional arrest is indiB@chaniow). (
representation of the data shown in (A) and of data not shown (analogous experiments as described above except that the addition of T7 RNA polymerase o
655 was omitted) quantitated by laser scanning densitometry. The presence or absence of T7 RNA polymerase and PNA 655 are indicate@)n brackets:
T8C2KSPvul, [+Pol, +PNA]; (@), Pvull/Xhd of pBluescript [+Pol, +PNA];0), TBC2KSPvul, [-Pol, +PNA];(J) , TBC2KSPvul, [+Pal, —PNA]. C) T3 RNA
polymerasén vitro transcription of ABG2K$vul involved in (PNAY/dsDNA triplexes mediated by T7 RNA polymerase transcrigiiovitro transcription using

T7 RNA polymerase and ABG2KS/ul as a template was carried out in the presence ofIPNA 655. After incubating for the periods indicated above each lane

the templates were transferred de3gP]JUTP labeling reactions containing T3 RNA polymeraseHindlll-cut pBluescript KS as a labeling control. After 5 min
labeling the transcripts were analyzed by denaturing polyacrylamide gel electrophoresis and autoradiography. The origins of the radioactive bands are indica
the left. D) Schematic representation explaining the experiment shown in (A) and its interpréiatBuingmatic representation explaining the experiment shown



Nucleic Acids Research, 1996, Vol. 24, No. 3 463

as this accelerated the formation of (PMAgDNA complexes ACKNOWLEDGEMENTS
dramatically. From an anti-gene point of view it is noteworthy that ) )
such transcription-mediated PNA invasion was possible when th&is work was supported by the Danish National Research
PNA target was placed on the template strand (although not f@undation. We thank Nikki Jane Barton, Magdalena Eriksson and
efficient as when the target was placed on the non-template straftefjariotte Hallenberg for helpful comments on the manuscript.
As the transient transcription bubble is the only obvious single-
stranded region of a transcribed linear DNA template and keepin
in mind that strand invasion requires DNA ‘breathing’, we find ifREFERENCES
most likely that transcription-mediated triplex formation is catalyzed1 Maher L.J. (1992BioEssaysl4, 807815,
by the transcription bubble itself. This is supported by our finding; Hgiene,c. (199apurr. Opin. Biotechnal 4, 29-36.
that strand invasion occurred more efficiently when the PNA targed  Choo,Y. and Klug,A. (19953urr. Opin. Biotechno| 6, 431-436.
was placed on the non-template strand as PNA binding to thé ’1\2%'?625%5” Egholm,M., Berg,R.H. and Buchardt,O. (188tEnce254,
template strand of the transcription bubble would be expected LoV .
involve competition with the nascent RNA chais)( We cannot ® gggolT;JV'l'éng_cfgg;tjo” Nielsen,P.E. and Berg,R.H. (199&)n. Chem.
formally exclude the possibility that binding of PNA is caused byeg Egh’o|m’M” Buchardt,0., Nielsen,P.E. and Berg,R.H. (199&jn. Chem.
other phenomena than the transcription bubble. We anticipate that Soc, 114 9677-9678.
the activity of multi-subunit polymerases, e.g. eukaryotic RNA7 Kim,S.K., Nielsen,P.E., Egholm,M., Buchardt,O., Berg,R.H. and
polymerase Il, will mediate PNA strand displacement similarly tog gﬁgﬁg'g'\;l%ge% S’;?;;)SQ&“E ?Q%gnsjz ;;gﬁitkii M.D., EgholmM
that observed for the phage polymerases and thus the findings gy chardt,0.. Berg,R.H. and Nielsen,PE. (19@x. Natl. Acad. Sci.
reported here may be highly relevant for the possible future use of usa 90, 1667-1670.
PNA as a gene-targeted dingvivo. Since only genes which are 9 Nielsen,P.E., Egholm,M. and Buchardt,O. (19B4)lol. Recognition?7,
transcribed could be considered relevant targets for anti-gene 165‘%70 fovich otserkovski ‘
therapy, the use of transcription to mediate sequence-specific P Eaenr?én%\{’s\lﬁi\i/',(ﬂ\_(gflg'n%";ﬁiégé\rf’Pﬁ;_ ?i%%gf,&gﬁ:iggﬁggi. USA2
binding does not limit the number of potential target genes. 2637-2641. '

Alternative approaches for modulating the activity of endogenous Nielsen,P.E., Egholm.M., Berg,R.H. and Buchardt,O. (1888)Cancer
gene expression, such as the use of antisense oligonucleotides_oPrug Design8, 53-63.

; ; : Hanvey,J.C., Peffer,N.C., Bisi,J.E., Thomson,S.A., Cadilla,R., Josey,J.A.,
transgene expression of antisense RNA or ribozymes, suffers frofn Ricca.D.J., Hassman.C.F., BanhamMA.. AUK.G.. Carter.S.G.

the possibility that the targeted gene may be up-regulated as agrckenstein,D.A., Boyd,A.L., Noble,S.A. and Babiss,L.E. (1992)
consequence of a reduced level of gene product. In contrast, if usingScience258,1481-1485.
suicide transcription mediated by PNA then up-regulation of geri@ Nielsen,P.E., Egholm,M. and Buchardt,O. (195dje 149,139-145.
expression should result in even more efficient repression. Thefé- Pegler'g‘-lv Hznve{),_;l.c., B'S'ng-E-v Thomslon's-ﬁ-'SH?‘SS”‘SSYF-C-'
fore, suicide transcription is, in theory, an extremely attractive \oenc imsen. T (199oc. Natl. Acad. Sci. USA0,
approach when the task is to shut down expression from feedbagk- sastry,S.S. and Hearst,J.E. (1983lol. Biol, 211,1091-1110.
regulated genes. 16 Christensen,L., Fitzpatrick,R., Gildea,B., Petersen,K.H., Hansen,H.F.,
The results shown here also imply that PNA offers a unique ﬁ%%héij Egehgij”;"\sf'-'is?ul%h;“l’ggw Nielsen,P.E., Coull,J. and Berg,R.H.
opportunl_ty for u3|_ng strand _dlsplacement_ tQ monitor transcnptm?’? (Eghol)m.,M.,%hristecns’en,L.| Duéholm,K., Buchardt,O., Coull,J. and
thus making possible detection of the activity of RNA polymerase  pjelsen,P.E. (1998)ucleic Acids Res23, 217-222.
by examining the templates instead of the transcripts. This could 1% Sambrook,J., Fritch,E. and Maniatis, T. (19@8)ecular Cloning: A
suitable for studyingn vitro transcription using extracts in which hagorat,gg ManualCold Spring Harbor Laboratory Press, Cold Spring
RNase contamination is a problem or, by using biotinylated PNA, ™abor, NY. o
for determining which of multiple templates, each giving rise t° Qgszef'fgfggo'm"\ﬂ” Berg.R.H. and Buchardt,0. (1988jeic Acids
identical transcripts, are expressed. Finally, this method could, 48 pemidov,V., Cher.ny,D.I., Kurakin,A.V., Yavnilovich,M.V., Malkov,V.A.,
principle, be used to determine the relative lifetimes of transcription Frank-Kamanetskii,M.D., Sénnichsen,S.H. and Nielsen,P.E. (1994)
bubbles at specific sites along a transcribed DNA sequence. Nucleic Acids Res22,5218-5222. _
However, the sequence restrictions of triplex formation would ha N;:'eggzédgéfbggf%rgggégggo'm’M' and Nielsen,P.E. (F98¢)
to be overcome before this aspect of the present results can be flly pemidov, V., Frank-kamanetskii,M.D., Egholm,M., Buchardt,0. and
explored. Nielsen,P.E. (1993)lucleic Acids Res21,2103-2107.



