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Abstract
Peptide nucleic acids (PNAs) are DNA mimics in which peptide-like linkages are substituted for
the phosphodiester backbone. Homopyrimidine PNAs can invade double-stranded DNA
containing the homologous sequence by displacing the homopyrimidine strand from the DNA
duplex and forming a PNA/DNA/PNA triplex with the complementary homopurine strand.
Among biologically interesting targets for triplex-forming PNA are (GAA/CTT)n repeats.
Expansion of these repeats results in partial inhibition of transcription in the frataxin gene,
5causing Friedreich’s ataxia. We have studied PNA binding and its effect on T7 RNA polymerase
transcription in vitro for short repeats (n=3) and for long repeats (n=39), placed in both possible
orientations relative to the T7 promoter such that either the GAA-strand, or the CTT-strand serves
as the template for transcription. In all cases PNA bound specifically and efficiently to its target
sequence. For the short insert, PNA binding to the template strand caused partial transcription
blockage with well-defined sites of RNA product truncation in the region of the PNA-binding
sequence, whereas binding to the non-template strand did not block transcription. However, PNA
binding to long repeats, whether in the template or the non-template strand, resulted in a dramatic
reduction of the amount of full-length transcription product, although in the case of the non-
template strand there were no predominant truncation sites. Biological implications of these results
are discussed.

INTRODUCTION
Peptide nucleic acids (PNAs) are DNA mimics in which electrically neutral peptide-like
linkages are substituted for the negatively charged phosphodiester backbone, while the bases
are the same as in DNA or RNA (including possible base modifications) ([1]; reviewed in
[2,3]). PNA has superior nucleic acid binding properties relative to those of natural nucleic
acids, primarily because of the absence of electrostatic repulsion between the PNA backbone
and the backbones of target nucleic acids. PNA is thus a potentially efficient tool for
artificial regulation of DNA transactions. The documented effects of PNA include inhibition
of DNA transcription [4], facilitation of DNA oligonucleotide invasion [5,6], mutagenesis
[7,8] and creation of artificial promoters by DNA-opening [9].

Especially stable hybrids with DNA (or RNA) are formed by homopyrimidine PNAs. These
PNAs can invade double-stranded DNA containing the homologous sequence by displacing
the homopyrimidine strand from the DNA duplex and forming a PNA/DNA/PNA triplex
with the complementary homopurine strand, where one PNA strand interacts with a DNA
strand via Watson-Crick hydrogen bonding, and the other via Hoogsteen hydrogen bonding
(reviewed in [2,3,10]). To form Hoogsteen bonds, cytosines must be protonated, thus DNA
invasion by cytosine-containing PNA increases with acidity [11].
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PNA modifications have been developed that increase the efficiency of PNA-DNA
hybridization. Those include (i) making “bis PNAs”, where two PNA molecules, one
interacting with DNA through Watson-Crick bonds, and the other through Hoogsteen bonds
are tethered together by a flexible linker and (ii) substituting pseudoisocytosine for cytosine
in the Hoogsteen-interacting half of bis PNA. Pseudoisocytosine at neutral pH contains
hydrogen at the same position at which the cytosine is protonated at acidic pH; this
substitution thus relaxes the requirement for an acidic pH for efficient DNA invasion [12].

Among the biologically relevant targets for triplex-forming PNA are (GAA/CTT)n repeats.
Several GAA/CTT repeats are normally present in intron 1 of the frataxin gene. Expansion
of these repeats results in partial inhibition of transcription in that gene, causing the
progressive neurodegenerative disease called Friedreich’s ataxia. Both repeat expansion and
transcription inhibition have been hypothesized to be due to an unusual DNA secondary
structure formed by this sequence (reviewed in [13–15], although in the case of
transcription, other mechanisms have been suggested [16]). Various DNA binding agents
have been shown to alleviate the inhibitory effect on transcription [17,18]. Another approach
to alleviate the deleterious effect of the expanded repeats could be through mutagenesis
within the repeats to disrupt their regularity and/or make them shorter due to deletions. For
example, it has been shown that interruptions in (GAA/CTT)n repeats alleviate transcription
inhibition and reduce genetic instabilities [19].

PNA is expected to facilitate mutations upon its binding to DNA, both by creating a
structural distortion (in particular, a single-stranded region) that could attract various DNA-
modifying enzymes, and by creating an obstacle for enzymes acting on DNA, in particular
RNA polymerase (RNAP). RNAP blockage is a signal for transcription-coupled repair
(TCR), a dedicated pathway to repair lesions that interfere with transcription [20–22]. TCR
might be also be induced by RNAP blockage in undamaged DNA (gratuitous TCR), and
mutations could be accumulated in these DNA regions due to futile cycles of repair
replication [23]. The sources of RNAP blockage in undamaged DNA could be various
unusual DNA structures that interfere with transcription [24–33]. Reports that triplex-
induced mutagenesis [34] and instability of CAG repeats in human cells [35] are facilitated
by proteins that play a role in TCR supports the notion of TCR involvement. Thus, there
could be at least two potential biological consequences of the effect of a DNA binding agent
on transcription; a direct effect on yield of the gene product and a possible increase in
mutagenesis in the transcribed region in the case of transcription blockage.

Here we have analyzed PNA binding and its effect on T7 RNA polymerase transcription in
vitro through Friedreich’s ataxia trinucleotide repeats.

MATERIALS AND METHODS
DNA substrates

Plasmids pFR(1/2) and pFR(3/4) have a nine bp long PNA binding sequence cloned into the
HindIII/EcoRI sites of pBluescript SK+ in different orientations:

pFR(1/2): ….aagcttGAAGAAGAAttc…..

pFR(3/4): ….aagCTTCTTCTTgaattc….

where the PNA-binding motive is shown in upper case, and HindIII (left) and EcoRI (right)
restriction sites are underlined. Only the non-template strands are shown (5′-3′).

Plasmids pBlue-CTT39 and pBlue-iCTT39 were obtained by subcloning of the fragment
from the plasmid pYES-TTC57 [36], which was a generous gift from Dr. Sergei M. Mirkin,
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into the multiple cloning site of the pBluescript SK(+) vector downstream from the T7
promoter. They contain (GAA/CTT)39 inserts in opposite orientations relative to the T7
promoter. (The repeats that we obtained were shorter than in the source plasmid pYES-
TTC57, most likely due to spontaneous deletions during subcloning). The sequence of these
plasmids (non-template strand, 5′-3′) between the Kpn I and Xba I sites (underlined) of the
multiple cloning site are:
ggtaccgggccccccctcgaggtcgacggtatcgataagcttgat(CTT)39catcgaatttcgagcatgcatctaga and
ggtaccgggccccccctcgtctagatgcatgctcgaaattcgat(GAA)39gatcaagcttgatatcgaattcctgcagcccgggg
gatccactagttctaga for plasmids pBlue-CTT39 and pBlue-iCTT39, respectively. Plasmids
were propagated in DH5α E. coli cells (Invitrogen), and purified using a standard maxiprep
Qiagen protocol, except that the time of the cell lysis step was reduced to several seconds.

In most cases, for transcription the plasmids were linearized by AflIII and gel-purified. For
the gel-purification, the Qiaquick gel purification protocol (Qiagen) was used with the
following modifications: (i) To avoid ethidium bromide (EthBr) contamination or UV
exposure of the transcription substrates, preparative gels were run without EthBr. The DNA
bands of interest were localized and gel purified by comparison with a gel slice containing
small amount of the sample that had been cut from the same gel, stained with EthBr and
visualized by UV. (ii) The agarose dissolving step of purification was performed for 40 min
at room temperature instead of 10 min at 50°C.

Relaxed circular closed plasmids were obtained by treatment with calf thymus
topoisomerase I, followed by phenol-chloroform-isoamyl alcohol (25:24:1) extraction,
chloroform extraction and ethanol precipitation. Then the samples were rinsed twice with 70
% ethanol, dried and dissolved in TE buffer (10 mM TrisHCl (pH 7.9), 1 mM EDTA).
Because the pBluescript plasmid and its derivatives are phagemids, they could be recovered
in single-stranded circular form. In our case with pBluescript SK(+) the recovered single-
strand was a template strand for the T7 promoter. Single-stranded circular DNA was
prepared using essentially a standard Stratagene protocol (Stratagene manual on line) and it
was gel-purified as described above. Because single-stranded DNA migrates in the gel
closer to the supercoiled DNA of the same size than to linear double-stranded plasmid, we
restricted the sample with ScaI before gel loading to convert any small amounts of double-
stranded plasmid DNA that could be present, into the linear form, for better separation on
gels.

To linearize single-stranded circular DNA, 10 ng/μl (10 nM) of single-stranded circular
DNA was incubated with 100 nM of the corresponding restriction oligo (EcoRI oligo:
GCTTGATATCGAATTCCTGCAGCCC; AflIII oligo:
GCAGGAAAGAACATGTGAGCAAAAGG, restriction sites are underlined) in 12 μl of
1.1 × NEBuffer 2 (New England Biolabs) for 10 min at 50°C and then for 3 h at 37°C. Then
0.7 μl of 20 × BSA and 1 μl of corresponding restriction enzyme were added. The restriction
reaction was incubated for 4 h at 37°C, and then the enzyme was inactivated by incubation
for 20 min at 80°C. To hybridize a promoter oligo, 4 μl of the obtained mixture were mixed
with 2 μl of 1 μM solution of the promoter oligo, and incubated in 10 μl of NEbuffer 2 under
the same conditions as for hybridization with the restriction oligo. For pBlue-iCTT39 we
used the promoter oligo
TAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGTCTAGATG
CAT GCTCGAAATTCGAT, which covers the entire length from the 5′-end of the T7
promoter to the start of the (CTT)39 insert. For the vector plasmid pBluescriptSK(+), we
used the oligo
TAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGAC
GG TATCGATA. The T7 promoter sequence is underlined.
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For extension of the annealed promoter oligo, 1.6 μl of the mixture from the previous step
were mixed with 1.6 μl of solution, containing 2 × NEBuffer 2, 66 μM of dNTPs, and 0.64
units of Klenow enzyme (New England Biolabs). The reaction was incubated for 40 min at
room temperature, and then the enzyme was inactivated for 20 min at 75°C. The control
sample had the same components except for the Klenow enzyme. For transcription, 1μl of
the sample was used.

PNA binding
PNA Lys-TTJTTJTT-OOO-TTCTTCTT-Lys was purchased from Panagene (Daejeon,
Korea). Lys is lysine, J is pseudoisocytosine, O is 8-amino-3,6-dioxaoctanoic acid. The PNA
was dissolved in ultrapure water (Gibco) to form a 100 μM solution and kept at − 80°C.

PNA-DNA binding (invasion) reactions were at 37°C for 2 hours. The concentrations during
incubation were: target DNA, 5 nM (10 ng/μl for 3 kb plasmid); PNA, 10 μM; TrisHCl (pH
7.9) 8 mM; EDTA, 0.8 mM. In the case of negatively supercoiled DNA, the reaction
mixture also contained 40 mM NaCl. Other concentrations of NaCl are indicated in the
corresponding figures. For the transcription reaction (see below) 1 μl of this mixture was
used.

In vitro T7 RNA polymerase transcription
Reactions were performed in 12 μl of buffer containing 33 mM TrisHCl (pH 7.9), 5 mM
MgCl2, 8.3 mM NaCl, 1.7 mM spermidine, 4.2 mM DTT, 0.17 mM each ATP, CTP and
UTP, 0.017 mM GTP, 10 μCi [α-32P] GTP, 20 units of T7 RNA polymerase and 16 units of
RNasin (both from Promega corp, Madison, WI) for 30 min at 37°C. The reaction was
stopped by adding 94 μl of buffer containing 1% SDS, 106 mM TrisHCl (pH 7.6), 13.2 mM
EDTA, 160 mM NaCl, 25 μg tRNA (Invitrogen) and 10 μg Proteinase K (Invitrogen) and
incubated at room temperature for 15 min. Next, 11 μl of 3 M NaOAc (pH 5.27) and 300 μl
of 100 % ethanol (cooled at −20°C) were added, the mixture was incubated on dry ice for 20
min and centrifuged for 20 min at 14,000 rpm at 4°C. The supernatant was removed, then
pre-cooled 75 % ethanol was added, and the mixture was centrifuged for 5 min under the
same conditions. The supernatant was removed, and the pellets were dried with a SpeedVac
for 10 min and dissolved in 8 μl of the formamide loading solution (94 % formamide, 2 mM
EDTA, 0.05 % bromophenol blue, 0.05 % xylene cyanol). Then, 2 μl of the obtained
solution were mixed with 2 μl of formamide loading solution, incubated at 85°C for 3 min,
quickly chilled on ice or a pre-cooled rack and loaded on a 8 % or 10 % sequencing gel
(acrylamide:bis-acrylamide 29:1) containing 8 M urea and run at 70 V/cm. As size markers,
5′-end labeled denatured DNA ladders consisting of DNA fragments of sizes increasing in
steps of 100 or 10 bases were used. Then, the gel was dried and exposed to a phosphoimager
screen.

RESULTS
PNA binding to the short repetitive sequence

The scheme of the hybrid formed between PNA and the target DNA is shown in Fig. 1A. To
monitor PNA binding to the short repetitive sequence (GAA/CTT)3 we took advantage of
the fact that PNA binding inhibits restriction enzyme cleavage, provided that the restriction
site (EcoRI and HindIII in our case, see Materials and Methods) partially overlaps the PNA
binding site [37]. Nearly complete inhibition of the cleavage of substrates pre-bound with
PNA occurred both for negatively supercoiled and for linear substrates, indicating near-100
% PNA binding to its recognition sequence (Fig. 2).
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PNA binding to the long repetitive sequence
In the case of long repeats, we monitored the shift of plasmid topoisomer distribution upon
PNA binding to closed circular DNA. PNA unwinds DNA upon binding to its recognition
sequence, which in the case of the circular closed target plasmid creates a compensatory
overwinding in the rest of the plasmid [38]. Thus PNA binding converts relaxed circular
closed DNA to positively supercoiled DNA (which would increase its electrophoretic
mobility), and relaxes (partially or completely) negatively supercoiled DNA (which
decreases its electrophoretic mobility). The total length of the long PNA-binding insert is
117 bp; thus its complete unwinding produces about 11 compensatory positive superturns.
Fig. 3 shows that, as expected, incubation of PNA with relaxed plasmid with the long PNA-
binding insert produced a faster migrating species (lane 1), consistent with positively
supercoiled plasmid. Note that a smaller shift (less than one topoisomer) is also noticeable in
the vector plasmid upon PNA binding (compare lanes 3 and 4). This is due to the presence
of shorter and mismatched PNA binding sequences in the vector plasmid. The longest of the
non-uninterrupted sequences that we found in the pBluescriptSK(+) sequence, AAGAAGA,
was probably responsible for the minor topoisomer shift in lane 3. As observed previously
[38], PNA invasion into relaxed DNA is inhibited by increasing the concentration of
monovalent cations, and it was not observed at 100 mM NaCl (Fig. 4A). This is because
cations stabilize the DNA double-helix thus making its opening (required for PNA invasion)
more difficult.

In the case of negatively supercoiled DNA with the long PNA binding insert (Fig. 4B, lanes
1–8), partially and completely relaxed topoisomers appear upon PNA binding. The expected
number of negative superturns in the 3 kb-long vector plasmid pBluescript SK(+) with
native superhelical density (about −0.05) is distributed around 15; thus, since PNA relaxes
about 11 negative superturns, the presence of partially relaxed topoisomers was expected. In
contrast to relaxed DNA, for negatively supercoiled DNA, PNA invaded the long PNA
binding insert in the presence of NaCl concentration up to 200 mM, because negative
supercoiling facilitates DNA “breathing” [39]. Note that at low salt (Fig. 4B, lane 9) a
smaller partial relaxation was observed also for the vector plasmid, due to PNA invasion
into mismatched and shorter versions of the recognition sequences. However, upon
increasing the salt concentration, this partial relaxation became undetectable. This is because
increasing the salt concentration makes PNA invasion more difficult and consequently more
stringent, thus preventing invasion into most of the shorter or mismatched target sequences.

Transcription through PNA/DNA hybrids
The general scheme of the transcription experiment is shown in Fig. 1B. Both long and short
PNA binding inserts were cloned downstream of the T7 promoter in two orientations: in
one, PNA binds the template strand, and in the other PNA binds the non-template strand.
Unless otherwise indicated, DNA substrates linearized by Afl III restriction 0.5 kb
downstream from the PNA-binding insert were used in the transcription assay. PNA-DNA
hybrids were pre-formed, usually under low salt conditions (see Materials and Methods, and
legends to figures), and then aliquots of the samples were taken for in vitro transcription.
Results for the linear DNA templates are shown in Fig. 5A. In the case of a short PNA-
binding insert, PNA binding to the template strand (lane 1) produced several closely
localized truncated transcription products, for which the positions in the gel were consistent
with partial transcription blockage within the PNA-binding insert, although we did not
determine their positions at nucleotide resolution. The probability of transcript truncation
was roughly 40–60 %, estimated both from the molar ratios of truncated and run-off
products, and from the reduction in run-off products compared to the PNA minus control
(Note that in our transcription assay, the radioactive labeling is roughly proportional to the
length of the transcript. Thus, to calculate the molar ratio of transcripts with different lengths
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one must normalize the radioactive signal from the transcript to its corresponding length.
For example, in Fig. 5 the lengths of the truncated products were about one tenth of the
lengths of the run-off products; therefore, the truncated products would produce about a ten-
fold weaker radioactive signal than the same molar amount of the run-off products.) Since
PNA binding was about 100 % according to the restriction-protection assay, our results
suggest that T7 RNAP can displace PNA from its binding site and continue transcription
with around 50 % probability. For the short PNA-binding insert, we did not detect any effect
of PNA on transcription when PNA was bound to the non-template strand (lanes 3, 4), as
well as for the vector plasmid (lanes 9, 10). These results for short PNA-binding inserts,
including the appearance of several closely located truncation products, are in accordance
with the results reported previously for other PNAs [4].

In the case of the long insert, PNA binding to the template strand also produced clearly
defined truncated products, though in this case PNA binding led to nearly complete
disappearance of the normal run-off product (lane 5). (The very small fraction of low
mobility product that increases upon PNA addition will be discussed in the last subsection of
the Results). This result was expected: the long insert could bind up to 13 PNA molecules,
and if for each of them the probability of transcription truncation was around 50 % (or
perhaps more, if PNA binding was cooperative), no detectable run-off product would be
expected, and most of the transcripts would be terminated close to the promoter-proximal
flank of the insert. However, unexpectedly, PNA binding to the non-template strand in the
case of the long insert also led to a strong (about 10-fold) decrease of the yield of run-off
product (lane 7). Note that in lane 7 the “smear” of shorter transcription products within and
some distance downstream from the insert, is more pronounced than that in the control lane
8. This reproducible trend is more clearly seen in the images with a longer exposure in Fig.
8, lanes 9 and 10. We suggest that these products indicate an increased probability of
transcription truncation within and some distance downstream from the PNA binding insert,
and that this could explain the decrease in the normal run-off product upon PNA binding. A
rough estimation of the increase, upon PNA binding, in the total molar amount of truncated
products distributed within the PNA binding insert (considering the product distribution as
uniform and using the average lengths of the product as a normalizing factor) showed that
this increase exceeds the molar amount of remaining run-off product by roughly 5–8 fold,
which is close to a 10-fold decrease of the run-off product upon PNA binding to the non-
template strand of the long insert. Thus, these truncated products could account for the run-
off transcript that was “lost” due to PNA binding. An alternative explanation, that PNA
binding somehow inhibited transcription initiation seems to be less likely in our system,
because PNA binding to the non-template strand in the case of the short PNA binding site
doesn’t detectably affect transcription.

Qualitatively similar (although more pronounced) effects of PNA binding were obtained for
negatively supercoiled DNA (Fig. 5B): in the case of the long inserts in both orientations
little or no “run-off” products were observed (lanes 5 and 6). In this case, however, the
effect of PNA was also pronounced for the vector plasmid (lanes 9, 10): the “run-off”
transcript decreased about four-fold probably due to PNA binding to shorter and
mismatched sites in the vector plasmid. (Note that because the substrates in this case were
circular, the “run-off” products are not well defined. It is likely that they include a
heterogeneous mixture of long products that are not resolved on the gel. For that reason we
use the designation “run-off” in quotation marks.)

When PNA is complementary to the non-template strand it is also complementary to the
transcript. Thus the PNA remaining in solution could also bind the transcript, which in
principle could interfere with further transcription, for example by “pulling out” nascent
RNA from the transcription complex. To address this possibility (and other possible effects
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of free PNA during transcription) we used the fact that although PNA invasion in DNA is
inhibited by high salt concentration, the pre-formed DNA-PNA hybrids do not dissociate at
high salt [38]. Thus by adding high salt before or after pre-incubation with PNA, we could
obtain samples with exactly the same salt and PNA concentrations with and without PNA
invasion into DNA. Transcription experiments with these samples (Fig. 6) showed that in
our case the effect on transcription was primarily due to preformed DNA-PNA hybrids,
rather than PNA hybridization with RNA or other PNA-DNA interactions that might appear
during transcription [40].

To address the question of whether the single-stranded state of the template strand alone
could explain the inhibitory effect of PNA binding to the non-template strand, we used
single-stranded circular DNA corresponding to the T7-template strand of pBluescript
plasmid with and without the (CTT)39 insert. A complementary oligonucleotide containing
the T7 promoter sequence (“promoter oligo”) was hybridized upstream of the (CTT)39 insert
covering the entire region from the promoter to the start of the insert. To obtain a defined
run-off product, another oligonucleotide containing a restriction site (“restriction oligo”) was
hybridized downstream from the insert, and then the circle was linearized by the
corresponding restriction enzyme (Fig. 7A). This single-stranded template then could be
converted into the double-stranded form by filling with the Klenow enzyme using the
promoter oligo as a primer.

The amount of the run-off product from the 500–600 nt long single-stranded templates was
much smaller than the product from the same template treated with Klenow enzyme (Fig.
7B, lanes 5, 6, 7, 8). This could be either because the processivity of T7 RNAP was
somewhat lower in the absence of the non-template strand, or because of the presence of
secondary structures in the template strand. However, for the shorter single-stranded region
of about 120 nt containing (CTT)39, which was about the same as the one that formed when
PNA was bound to the non-template strand of double-stranded DNA, the difference was
roughly two-fold (lanes 3, 4). Thus, we concluded that although transcription could be less
efficient on single-stranded substrates, this doesn’t completely explain the inhibitory effect
of PNA binding to the non-template strand (see Discussion).

Note that in this system the single-stranded promoter oligo alone induced some promoter-
independent T7 transcription, generating additional transcription products (Fig. 7B, lane 2).
The phenomenon of promoter-independent induction of T7 (and other phage RNAPs)
transcription from single-stranded or partially single-stranded substrates has been described
for many systems ([41–44], see also below). The additional products migrated below our
bands of interest in the gel, so they did not affect the interpretation of our results.

Promoter-independent PNA induced transcription
As we already mentioned, PNA binding to the template strands in plasmids containing the
long insert essentially eliminated normal run-off transcription products. However, we
observed an increase of products migrating slower than the normal run-off products (Fig.
5A, lane 5 and Fig. 6, lane 1). These slow-migrating minor products were also present in
reactions with control plasmid, most likely due to traces of circular DNA in the samples
producing longer transcripts. However, in the case of the (GAA)39 in the template strand the
amount of these products appeared to increase upon PNA addition. We hypothesized that
there was another source of longer transcripts, due to promoter-independent initiation from
the strand displaced by PNA from the duplex. Note that E. coli RNAP promoter-independent
transcription from a region opened by PNA was previously demonstrated [9]. As shown in
Fig. 8A, promoter-independent transcription in the case of PNA bound to the template strand
(Substrate I) would produce a transcript about four times longer than the normal transcript
from the T7 promoter. (We will use the designations “template” and “non-template” relative
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to the normal transcription from T7 promoter). In contrast, when PNA is bound to the non-
template strand (Substrate II), the promoter-independent transcript would be about the size
of the normal, or shorter, transcript; thus it would be less pronounced and difficult to
separate from the remaining normal transcript. These predictions are consistent with the
results in Figs. 5A and 6. To check this hypothesis more directly, we removed the promoter
from our templates by restriction digestion followed by gel purification. As it is shown in
Fig. 8A, in this case the construct with the PNA bound to the non-template strand (Substrate
IV) is expected to produce the longest promoter-independent transcripts, with a length close
to that of the normal T7 transcript; for the opposite orientation (Substrate III), the transcripts
would be much shorter and, because the radioactive labeling is proportional to the length of
the transcript, they would produce much lower signal. Furthermore, the promoter-
independent transcripts are (most likely) heterogeneous and consequently, the shorter
transcripts would be distributed over a greater distance in the gel because of the greater
separation of the shorter products during gel electrophoresis. Thus these shorter promoter-
independent transcripts might be difficult to detect. Results in shown in Fig. 8B confirm this
prediction: the PNA-induced promoter-independent transcript was pronounced only for
Substrate IV (lane 5). Quantitation showed that the yield of promoter-independent transcript
in this case was about 30-fold less than the yield of the normal transcript.

DISCUSSION
PNA binding and effects on T7 RNAP transcription of DNA containing Friedreich’s ataxia
trinucleotide sequence repeats (GAA/CTT)n were investigated. We showed that PNA binds
to these repeats, even if binding causes generation of energetically unfavorable positive
superhelical stress, in a manner similar to that previously reported for polyA/polyT repeats
[38]. In the case of the short PNA binding insert (GAA/CTT)3, PNA binding caused partial
transcription inhibition only when PNA was bound to the template strand, but not to the
non-template strand. This observation is consistent with the results previously reported for
other short homopurine/homopyrimidine sequences [4].

Unexpectedly, for the long insert (GAA/CTT)39, most of the full-length transcription
product disappeared, not only when PNA was bound to the template strand, but also when it
was bound to the non-template strand (i.e. the template became single-stranded); although in
the later case, there were no well-defined predominant truncated products, meaning that
truncation occurred with similar probability at any point within the (CTT)39 template strand.
Was this effect simply due to a lower processivity of T7 RNAP on the single-stranded
template? On the one hand, the non-template strand facilitates transcription elongation by
displacing nascent RNA from the template [45], and it allows RNAP to pass gaps in the
template strand [46]. On the other hand, it was shown that transcription of a 30 nt DNA
template region immediately downstream of the double-stranded T7 promoter had the same
efficiency whether this sequence was double- or single-stranded [47]. However, the situation
might be different for longer substrates and it could depend upon the template nucleotide
sequence. Our results with the single-stranded template prepared from phage DNA showed
that for long (500–600 nt) single-stranded templates the yield of run-off transcript was much
lower than that for the double-stranded template of the same length. However, for the
templates with a shorter single-stranded region (120 nt) the difference between single- and
double stranded templates was about twofold, while the inhibition of transcription by PNA
bound to the non-template strand (forming a single-stranded region about 120 nt in the
template strand within the double-stranded plasmid) was about ten-fold. Thus, other
interactions might be involved; for example, a complex of PNA with the non-template
strand could create steric hindrances for RNAP moving along the template strand, or
positively charged lysine residues from PNA bound to the non-template strand could interact
with the template strand, impeding RNAP movement and facilitating transcription
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termination. In addition, the increased probability of transcription termination might extend
into the region downstream of the PNA-binding insert, possibly due to the formation of a
persistent RNA-DNA hybrid during transcription of the single-stranded template strand
within the insert, and that could interfere with further transcription elongation [48,49].

The finding of a transcription-inhibitory effect of PNA binding to the non-template strand
for Friedreich’s ataxia triplet repeats is in contrast to the results reported with DNA
oligonucleotides, for which binding to the non-template strand facilitated transcription
through these repeats, presumably by interference with intramolecular triplex formation
[18]. Therefore, it is unlikely that PNA could be used to directly alleviate the transcription
insufficiency in Friedreich’s ataxia as proposed for DNA oligonucleotides[18]. However,
additional studies under physiological ionic conditions and with eukaryotic RNAPs are
required to completely address this question.

The rationale for use of PNA could be for inducing mutagenesis in the repeats, thus
alleviating their deleterious effects at the DNA sequence level [19]. PNA binding could
facilitate mutagenesis within or near the binding site by several mechanisms: (i) Single-
stranded DNA regions and structural distortions within the target DNA produced by PNA
binding could create hot spots for DNA-modifying enzymes and homologous
recombination. (ii) Blockage of transcription by PNA binding might induce gratuitous TCR
[23]. Both of these mechanisms could be potentially utilized to introduce disruptions or
deletions into the expanded trinucleotide sequence. Of course, these approaches might be
useful for alleviation of the transcription deficiency only if the PNA is removed from the
DNA (probably by excision of the entire PNA-DNA hybrid) rapidly enough that it wouldn’t
cause prolonged transcription blockage leading to cellular apoptosis. Other homopurine-
hompyrimidine sequences in the genome were also shown to cause genomic instability and
possibly contribute to carcinogenesis ([14]; reviewed in [50]). Moreover, several
homopurine-homopyrimidine sequences are localized in the promoter regions of genes
participating in carcinogenesis [51]. Thus the information obtained for PNA effects on
transcription in Friedreich’s ataxia triplet repeats could be also applicable for targeting of
DNA sequences participating in carcinogenesis.
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Fig.1. PNA-DNA hybrid and DNA substrate used in the transcription experiments
A: PNA-DNA hybrid. PNA bases are shown in bold. PNA binds the homopurine DNA
strand, displacing the homopyrimidine DNA strand. The bottom PNA strand is bound to
DNA via Watson-Crick hydrogen bonds, and the top PNA strand is bound to DNA via
Hoogsteen hydrogen bonds. In the top strand, cytosines are replaced by pseudoisocytosines
(J) which, in contrast to cytosines, do not require protonation for Hoogsteen base pairing.
The top and the bottom PNA strands are connected by a flexible linker of three residues of
8-amino-3,6-dioxaoctanoic acid. B: Typical DNA substrate used in the transcription
experiments. The PNA binding insert was cloned in each of the two possible orientations.
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Fig. 2. Detection of PNA binding by protection from restriction enzyme cleavage
Agarose gel electrophoresis of various plasmids was carried out with and without PNA
binding and restriction digestion. A: Supercoiled (SC) DNA substrates were converted to
linear (L) upon cleavage by restriction digestion. In pFR(3/4) and pFR(1/2), the Hind III and
EcoRI sites, respectively, are partially within the PNA binding sequence, thus HindIII and
EcoRI were used for pFR(3/4) and pFR(1/2), respectively. For the vector plasmid
pBluescript SK(+), both HindIII (lanes 9 and 11) and EcoRI (lanes 13, 15) demonstrate the
absence of non-specific PNA effect on these enzymes. It can be seen that PNA protected the
majority of its targets from cleavage (lanes 3 and 5). B: Similar experiments with linear
DNA substrates.
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Fig. 3. PNA can invade relaxed circular closed DNA generating positively supercoiled DNA
Agarose gel electrophoresis of relaxed plasmids was carried out with and without the (GAA/
CTT)39 insert, and with or without PNA binding. The appearance of the faster-migrating,
positively supercoiled plasmid is apparent in lane 1.
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Fig.4. Effect of increasing the salt concentration on PNA-DNA invasion
Agarose gel electrophoresis of plasmids was carried out with and without the (GAA/CTT)39
inset, and with or without PNA binding at various concentrations of NaCl.
A: relaxed DNA; B: negatively supercoiled DNA.
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Fig.5. Effect of PNA on T7 transcription
The autoradiograph shows the transcription products resolved by denaturing acrylamide gel
electrophoresis. The designation “n/r” (“no repeats”) indicates the vector plasmid
pBluescript SK(+). L-100 and L-10 are 100 nt and 10 nt denatured DNA ladders,
respectively. The positions of the inserts are shown at right. A: Linear DNA substrates. B:
Negatively supercoiled DNA substrates.
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Fig.6. Effect of the order of PNA and NaCl addition on the transcription inhibition
Autoradiograph of the transcription products separated in denaturing acrylamide gel. A
pronounced effect was evident only when preincubation with PNA preceded the addition of
salt (lanes 1 and 5). Gel-shifts of linear DNA on the agarose gel upon PNA binding (at the
bottom of the Figure) confirmed that PNA binds DNA only when 200 mM NaCl were added
after preincubation with PNA.
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Fig.7. Transcription from partially single-stranded DNA substrates
A: The substrate used for transcription. Single-stranded circular DNA corresponding to the
template strand of pBlue-iCTT39 plasmid was annealed to the promoter oligo (PO) and to
the restriction oligo (RO) that contains the corresponding restriction site that allows
linearization of the template. The first 17 nucleotides of the promoter oligo for pBlue-iCTT
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plasmid correspond to the top strand of the T7 promoter (symbolized by the gray arrow), the
rest of the oligo (54 nucleotides) covers the area from the promoter to the CTT insert. A
similar promoter oligo was used for the vector plasmid pBluescriptSK(+), except that it
covered 48 nucleotides of the downstream area instead of 54. The distance from the CTT-
insert to the EcoRI cleavage site was 21 nt, thus the expected run-off in this case is around
0.19 kb. The expected run-off for the pBlue-iCTT39 plasmid and the AflIII oligo is 0.63 kb.
The expected run-of for the pBluescript SK(+) plasmid and the AflIII oligo is 0.51 kb.
B: Transcription products from the substrates described in A with and without Klenow
extension, separated in a denaturing acrylamide gel. CTT stands for pBlue-iCTT39 plasmid,
BS stands for pBluescript SK(+) plasmid. The positions of corresponding run-off products
were consistent with expectation within the gel resolution. Lane 1 corresponds to
transcription in the absence of DNA substrates, which did not produce any transcript in our
conditions, although in principle such reaction is possible [52]. Lane 2 shows transcripts
from the promoter oligo alone, which were also present in the rest of the lanes because of
excess of the unbound promoter oligo. Although the exact nature of these products is not
known, this kind of reaction was described before and it did not interfere with our analysis.
When the samples were treated with Klenow before transcription, these products became
shorter most likely because of partial digestion of free promoter oligo by Klenow.
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Fig. 8. Promoter-independent transcription
A: Substrates with and without T7 promoter. Only PNA-bound substrates are shown.
Promoter-independent transcription (shown by three-legged arrows) in principle could start
from any point within single-stranded regions, but it might have some preference for the
single-strand/duplex junction. Once it starts, it would continue to the end of the substrate.
B: Transcription from substrates shown in A. Lane 7 corresponds to Substrate I, lane 9
corresponds to Substrate II, lane 3 corresponds to Substrate III, lane 5 corresponds to
Substrate IV. The designation “n/r” (“no repeats) indicates the vector plasmid pBluescript
SK(+). Top panel: a lower exposure of the top area of the same gel containing run-off
products is shown.
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