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ABSTRACT: The guanine quadruplex (G-quadruplex) is a highly stable
secondary structure that forms in G-rich repeats of DNA, which can
interfere with DNA processes, including DNA replication and tran-
scription. We showed previously that short guanine-rich peptide nucleic
acids (PNAs) can form highly stable hybrid quadruplexes with DNA. We
hypothesized that such structures would provide a stronger block to
polymerase extension on G-rich templates than a native DNA
homoquadruplex because of the greater thermodynamic stability of the
PNA−DNA hybrid structures. To test this, we analyzed the DNA primer
extension activity of polymerase η, a translesion polymerase implicated in
synthesis past G-quadruplex blocks, on DNA templates containing guanine repeats. We observed a PNA concentration-
dependent decrease in the level of polymerase η extension to the end of the template and an increase in the level of polymerase η
inhibition at the sequence prior to the G-rich repeats. In contrast, the addition of a complementary C-rich PNA that hybridizes to
the G-rich repeats by Watson−Crick base pairing led to a decrease in the level of polymerase inhibition and an increase in the
level of full-length extension products. The G-quadruplex-forming PNA exhibited inhibition (IC50 = 16.2 ± 3.3 nM) of
polymerase η DNA synthesis on the G-rich templates stronger than that of the established G-quadruplex-stabilizing ligand
BRACO-19 (IC50 = 42.5 ± 4.8 nM). Our results indicate that homologous PNA targeting of G-rich sequences creates stable
PNA−DNA heteroquadruplexes that inhibit polymerase η extension more effectively than a DNA homoquadruplex. The
implications of these results for the potential development of homologous PNAs as therapeutics for halting proliferating cancer
cells are discussed.

Guanine quadruplexes (G-quadruplexes) are stable four-
stranded secondary structures that form in DNA and

RNA sequences containing guanine-rich repeats.1−4 Their
formation has been proposed to be important for gene
regulation in vivo.5 Sequences considered likely to form G-
quadruplexes that have been identified using computational
methods occur at high frequencies near transcription start
sites,6 at the ends of chromosomes in telomeres,7−9 and in
regulatory sequences associated with oncogenes.10−13 Previous
work has focused on targeting G-quadruplex-forming sequences
in promoter regions for inhibiting the transcription of
oncogenes.14,15 One example is the c-MYC gene, which
encodes a transcription factor that promotes growth and cell
cycle progression and is upregulated in many cancer types.16,17

The NHE-III1 (nuclease hypersensitivity element III1)
sequence found in the promoter region of the c-MYC
oncogene is guanine-rich and has been shown to form a G-
quadruplex in vitro.18 G-Quadruplex binding ligands are being
pursued to target and stabilize the G-quadruplex that forms in
the c-MYC promoter region to reduce the level of expression of

c-MYC, a growth and cell cycle progression gene that is
commonly overexpressed in many cancers.19−21

DNA replication begins with the formation of a bubble at an
origin of replication. Two replication forks then move in
opposite directions away from this bubble as DNA replication
progresses.22 G-Quadruplex barriers to DNA replication fork
progression have been implicated in causing breaks and
deletions during replication, particularly at common fragile
sites and telomeres.23 Evidence indicates that certain guanine-
rich repeats of DNA are particularly active areas for genomic
changes, acting as hot spots for nuclease hypersensitivity and
rearrangement events.23−26 More recently, work has shown
polymerase η can synthesize through common fragile sequences
that are believed to form in noncanonical structures such as
hairpins, inverted repeats, and slipped strand misalignments.27

The ability of translesion synthesis (TLS) polymerases to
bypass DNA lesions and adducts is well-established;28 however,
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the ability of translesion polymerases to bypass these alternative
secondary structures in DNA is not well-understood. Previous
work suggests the TLS replication machinery may be capable of
bypassing G-quadruplex blocks to promote replication fork
progression.29,30 For example, cells deficient in TLS poly-
merases κ and η are hypersensitive to the G-quadruplex-
targeting ligand telomestatin.29

G-Quadruplex-targeting ligands are molecules that stabilize
preformed G-quadruplexes through either planar stacking31 or
groove binding interactions.31,32 Such ligands are being pursued
in therapeutic strategies that target and stabilize G-quad-
ruplexes in promoter regions, leading to inhibition of target
gene expression.33 There has been some limited success with
this approach in gene therapy clinical trials.34 While these
molecules show promise, off-target binding remains a great
concern.35 A second G-quadruplex-targeting therapeutic
strategy is to stabilize G-quadruplexes at telomeres.8,35

Evidence indicates such ligands inhibit binding of the essential
shelterin protein complex that caps telomeres and the activity
of telomerase, thus leading to rapid shortening of the telomeres
in highly proliferative cells such as cancerous cells.36,37 When
telomeres are exhausted, the cells undergo senescence or
apoptosis and can no longer divide.36 Thus, telomeres are an
attractive target for halting proliferating cancer cells.
Peptide nucleic acid (PNA) is a synthetic DNA analogue that

demonstrates high-affinity binding to DNA in part because of
its uncharged backbone.38,39 PNA molecules that are rich in
successive guanines have been shown through biophysical
methods to form heteroquadruplexes with DNA and RNA
oligonucleotides that are also guanine-rich. This process occurs
because of the Hoogsteen base pairing between guanines
contributed by the PNA and DNA or RNA and is bolstered by
the lack of negative charge on the PNA backbone.40−44 These
intermolecular structures are highly stable, their measured
melting temperatures being higher than those of the
corresponding intramolecular DNA or RNA G-quadru-
plexes.40,41,44

Previous work demonstrated that various DNA polymerases
arrest at G-rich sequences in a manner dependent on the
formation and stability of G-quadruplex folding.45−47 We now
report the effects of short G-rich homologous and C-rich
complementary PNA oligomers on TLS polymerase η
progression on templates with G-quadruplex-forming sequen-
ces by using a polymerase extension assay. The sequences used
were the NHE-III1 region of the c-MYC promoter and human
telomeric repeats. We provide evidence that a PNA−DNA
heteroquadruplex induces a barrier to DNA synthesis greater
than that induced by an intramolecular DNA homoquadruplex.

■ MATERIALS AND METHODS
Enzymes and Oligonucleotides. Recombinant human

polymerase η was obtained from Enzymax, flash-frozen in 2.1
μL aliquots, and stored at −80 °C. The concentration of the
active protein was determined for each lot by quantitating
polymerase extension on the G-quadruplex-forming template
Myc48 as a standard to control for any preparation to
preparation variability. DNA oligonucleotides were obtained
from Integrated DNA Technologies, resuspended in 10 mM
Tris-HCl (pH 8.0), and stored at −20 °C. Oligonucleotide
primers were 5′ end labeled with [γ-32P]ATP (PerkinElmer) by
being incubated for 1 h with optikinase (Affymetrix) at 37 °C
and purified with a G-25 Sephadex spin column (Amersham
Biosciences). Substrates were annealed by mixing a 1:1 ratio of

primer and template oligonucleotides in 10 mM KCl. At this
concentration, both full-length and prematurely terminated
products were evident in the gel, with the latter corresponding
to arrest at the site of the G-quadruplex in the DNA template.
At higher KCl concentrations, no full-length product was
observed, making it difficult to detect any inhibitory effect of
the PNA. Substrates were then heated to 95 °C for 5 min and
allowed to cool to room temperature overnight. Annealed
substrates were stored at 4 °C. For PNA addition experiments,
the PNA, primer, and template were annealed as described
above in 10 mM KCl or 10 mM LiCl. Annealing reactions were
conducted at 200 nM DNA template and various concen-
trations of PNA as indicated in the figure legends.

Peptide Nucleic Acid Oligomers. Synthesis of the
homologous and complementary PNAs has been described
previously.40,48 T-Boc-protected monomers were purchased
from Applied Biosystems (discontinued; there are now other
commercial vendors for PNA monomers). Peptide nucleic acid
(PNA) oligomers were synthesized using standard solid phase
synthesis techniques49,50 and purified by reverse phase high-
performance liquid chromatography (HPLC, Waters), and their
identities were confirmed by matrix-assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
(Applied Biosystems, Voyager DE sSTR) using sinapinic acid as
the matrix.

Polymerase Extension Reactions. Polymerase η exten-
sion reactions were conducted at 37 °C in polymerase reaction
buffer [0.2% (w/v) BSA, 1 mM DTT, 10 mM Mg(CH3COO)2,
10 mM KCl, 20 mM Tris-HCl (pH 8), and 250 μM dNTP];
6.7 nM annealed DNA substrate per 10 μL reaction mixture
was added. Polymerase η was added at an approximate 1:1
enzyme:substrate ratio (normalized by the polymerase activity
standard described above) and allowed to extend the primer for
30 min before the reaction was quenched via the addition of 10
μL of stop buffer [95% (v/v) formamide, 5 mM EDTA, 0.02%
(w/v) xylene cyanol, and 0.02% (w/v) bromophenol blue].
The samples were boiled for 10 min to denature the DNA and
then placed on ice immediately before being loaded onto a 10%
denaturing polyacrylamide gel. The gels were run at a constant
38 W for 1 h before being exposed to a phosphorimager screen
and imaging (Typhoon 9400 Variable Mode Imager).

Data Processing. Gel images were processed using
ImageQuant version 5.1. Relative synthesis product amounts
were determined by dividing the amount of radioactivity in
bands for a given product length or lengths by the total
radioactivity in the lane. Values were corrected for background
in the no enzyme control lane. Graphs were generated using
Origin (http://www.originlab.com). IC50 values were calculated
using Microscoft Excel. First, the full-length product values at 0
nM PNA or BRACO-19 were set as 0% inhibition. Next, the
full-length product values at 33 nM PNA or BRACO-19 were
set as 100% inhibition. The percent inhibition was calculated
and plotted versus PNA or BRACO-19 concentration and then
fit to a linear regression; 50% inhibition according to the linear
curve was considered the IC50 value. The percent of products
that were prematurely terminated at positions 1−7 within the
six-nucleotide running start (RS) or at the first guanine of the
G-rich repeats was quantitated and calculated as a function of
total DNA. Calculations of IC50 values based on prematurely
terminated products yielded IC50 values similar to those based
on full-length products (data not shown).
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■ RESULTS
Previous work indicates that DNA secondary structures may act
as impediments to DNA synthesis by DNA polymerases during
S phase.23 Polymerase extension assays have been used
successfully to analyze the effectiveness of G-quadruplex-
stabilizing ligands.51 Therefore, to investigate the potential
effectiveness of PNA−DNA heteroquadruplexes to interfere
with DNA processing and metabolism, we analyzed polymerase
η synthesis activity on model G-quadruplex-forming sequences
derived from biologically relevant sequences in the genome
(Figure 1). For this, we designed oligonucleotides containing

either the NHE-III1 region of the c-MYC oncogene promoter
(Myc48) or four tandem human telomeric repeats,
(TTAGGG)4 (hTelo54) (Table 1), and examined polymerase
activity in the presence of the homologous guanine-rich 8-mer
PNA Pmyc‑H or the complementary cytosine-rich 8-mer PNA
Pmyc‑C. These DNA sequences were chosen because of their
biological relevance and their previously established ability to
form a complex with the homologous Pmyc‑H PNA.40 A KCl
concentration of 10 mM was used instead of a physiological
KCl concentration of 100−150 mM because of undetectable
synthesis product past the apparent block at the start of the G-
quadruplex-forming sequence by the polymerase at a KCl
concentration of 100 mM even in the absence of PNA (data
not shown).
The Level of Polymerase η Progression Is Reduced on

G-Rich Templates as a Function of PNA Concentration.
Pmyc‑H contains two G-tracts with an intervening loop sequence
and was designed to be perfectly homologous to the NHE-III1
sequence of the c-Myc promoter. This PNA sequence,
however, is expected to bind to any guanine quadruplex-
forming sequence because the Hoogsteen base pairing with

DNA requires only the presence of guanines in the PNA; the
loop does not participate in binding. Therefore, one PNA may
be used for targeting multiple sequences. This PNA has been
confirmed to bind to both the c-Myc G-quadruplex and the
human telomere repeat with low nanomolar KD values.52 For
the research described here, model G-quadruplex-forming
oligonucleotides Myc48 and hTelo54 and control oligonucleo-
tide NoGQ48 were annealed to radiolabeled primer RS6 in 10
mM KCl. Annealing reaction mixtures contained increasing
concentrations of Pmyc‑H PNA (from 0 to 5000 nM). The
annealed substrates were subsequently added to reaction
mixtures for polymerase η extension. The primer design
allowed a six-nucleotide running start before the guanine
repeats. For the Mcy48 and hTelo54 templates, we observed a
notable site of inhibition at the end of the running start
(indicated by the dotted arrow) where the polymerase
encounters the first guanine repeat (Figure 2A,B and Figure
S1 of the Supporting Information). This site of inhibition is not
apparent in the NoGQ48 control that lacks G-quadruplex-
forming sequences (Figure 2C). For the Myc48 and hTelo54
templates, we also observed a decrease in the level of synthesis
to the end of the template (Figure 2A,B, indicated by the top
arrow) as a function of homologous PNA concentration, and a
corresponding increase in the amount of products terminated
prior to the guanine repeats within the RS (see Figure S2 of the
Supporting Information for quantitation). The full-length
product was not detected or was reduced 3-fold for the
Myc48 or hTelo54 template, respectively, at 33 nM PNA.
Interestingly, the major arrest site shifts closer to the proximal
end of the quadruplex-forming sequence in the presence of the
PNA. We ascribe this result to the thermodynamically more
stable PNA−DNA heteroquadruplex, which should be more
difficult for the polymerase enzyme to invade to extend the
primer at least partially into the quadruplex region. No
significant reduction in the level of polymerase progression
was observed for the NoGQ48 template at 33 nM PNA, but a
2-fold decrease was apparent at 167 nM, suggesting that, at the
highest concentration, the PNA exerts some nonspecific effects.
Therefore, all comparisons are made to 33 nM PNA. The
calculated IC50 value for Pmyc‑H PNA inhibition of complete
DNA synthesis (full-length product) is 16.2 ± 3.3 nM for the
Myc48 template and 25.4 ± 3.8 nM for the hTelo54 template.
Thermal stability is dependent on the ionic content of the

solution, with potassium having a stabilizing effect greater than
that of lithium for both intramolecular53 and intermolecular G-
quadruplexes.44 When Pmyc‑H was annealed to the Myc48
template in reaction mixtures containing 10 mM LiCl, the level
of progression of the polymerase on this substrate was
dramatically increased. This indicates that the Pmyc‑H blockage

Figure 1. Model of polymerase extension inhibition by formation of
stable PNA−DNA G-quadruplex structural blocks. More stable
complexes formed by peptide nucleic acid oligomers (gray lines) or
G-quadruplex binding ligands are expected to shift the equilibrium to a
higher-stability structure, leading to a greater inhibition of synthesis.

Table 1. Sequences and Oligonucleotides Useda

DNA name sequence (5′−3′)
Myc48 AGG GTG GGG AGG GTG GGG TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG
hTelo54 TTA GGG TTA GGG TTA GGG TTA GGG TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG
MycComp CCC CAC CCT CCC CAC CCT TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG
NoGQ48 AAT CCA CCG TTG AGC CCA TCT CGC GGC CAT AGC AAC CGA CGT ACG GCG
primer RS6 CGC CGT ACG TCG GTT GCT ATG GCC

PNA name sequence (N−C)

Pmyc‑H H-GGGAGGGG-Lys-NH2

Pmyc‑C H−CCCCACCC-Lys-NH2

aPredicted PNA binding sites are underlined.
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observed in KCl is ion-dependent and requires Pmyc‑H G-
quadruplex formation with the template (Figure 2D). This
difference is not due to salt effects on the enzyme as there is
little difference in synthesis in solutions containing KCl or LiCl
on the NoGQ48 control substrate (Figure 1C and Figure S3 of
the Supporting Information, respectively).
Influence of Complementary PNA Binding on Poly-

merase η Progression. PNA oligomers are traditionally
designed to bind by complementary canonical Watson−Crick
base pairing to DNA or RNA target sequences of biological
relevance for sequence detection (e.g., in situ hybridization)54,55

or gene targeting.56 This contrasts to the G-quadruplex PNA
homologous binding, which involves G-tetrad formation,
stabilized by guanine−guanine Hoogsteen base pairing. There-
fore, we wished to compare the effects on polymerase extension
of complementary PNA binding to form a PNA−DNA
heteroduplex to the effects we observed with the PNA−DNA
heteroquadruplexes. We analyzed polymerase η synthesis on
guanine-rich DNA template Myc48 after targeting with
cytosine-rich PNA oligomer Pmyc‑C. In this case, we observed
a moderate (2.6-fold) increase in the level of synthesis to the
end of the template sequence, as well as a shift in the location
of the polymerase inhibition sites to the expected two Pmyc‑C

PNA binding sites on the Myc48 template (Figure 3A).

Conversely, we annealed guanine-rich 8-mer PNA Pmyc‑H to
cytosine-rich DNA sequence MycComp, which is the sequence
complementary to Myc48. We observed a minor (1.2-fold)
decrease in the amount of full-length product at a high PNA
concentration (33 nM) accompanied by a small accumulation
of prematurely terminated products at the predicted PNA
binding site (Figure 3A, dotted arrow; see Figure S4 of the
Supporting Information for quantitation of products terminated
prior to G-rich repeats). Quantitation of the products
terminated at positions 1−7 at the first predicted PNA binding
site (RS) or positions 8−23 at the second predicted PNA
binding sites (marked by dotted arrows) is shown in panels A
and B of Figure S4 of the Supporting Information. The
Watson−Crick binding by the PNA weakly inhibits synthesis
on unstructured templates, whereas Watson−Crick binding by
PNA stimulates synthesis on the G-quadruplex-forming
template. This suggests the 8-mer PNA−DNA Watson−Crick
base pairing fails to form a duplex sufficiently stable to inhibit
the polymerase extension. At 167 nM PNA, we observe two
strong inhibition sites and an increase in the total level of
synthesis through the Myc48 template, despite the predicted
nonspecific effects of the PNA. The level of full-length synthesis
along the MycComp sequence is decreased at 167 nM PNA,
and a weak inhibition site is observed at the predicted binding

Figure 2. PNA concentration-dependent inhibition of polymerase η progression on guanine-rich templates. Template DNAs Myc48 (A and D),
hTelo54 (B), and NoGQ48 (C) were annealed to a radiolabeled primer that provided a six-nucleotide running start prior to the guanine repeat
region of the template and the PNA oligomer Pmyc‑H binding site. Annealing reaction mixtures contained 200 nM DNA and either 0, 250, 500, 1000,
or 5000 nM PNA in 10 mM KCl (A−C) or 0, 500, or 1000 nM PNA in 10 mM LiCl (D). Substrates were diluted 1:30 into the polymerase reaction
mixtures, which contained final concentrations of 6.7 nM DNA and 0−167 nM PNA (A−C) or 0, 16.7, or 33.3 nM PNA (D). Reactions were
initiated via the addition of 6.7 nM polymerase η (normalized by activity), and mixtures were incubated for 30 min before reactions were quenched.
Reaction products were analyzed on a 10% polyacrylamide denaturing gel. Top arrows indicate the full-length product. Dotted arrows correspond to
the end of the running start. P marks the primer band. Full-length products were quantitated. The percent of primers extended to the final base was
calculated as the ratio of total radioactivity in the lane. Data are means and standard deviations of three experiments.
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site; however, these effects may be nonspecific because of our
observations in Figure 2.
BRACO-19 Inhibits Polymerase η Extension on the G-

Rich Myc48 Template. Next we compared the polymerase
inhibition we observed with the G-quadruplex-forming PNA to
that observed with a well-established DNA G-quadruplex-
stabilizing ligand, BRACO-19.57−59 For this, we measured
polymerase extension on the guanine-rich Myc48 template in
the presence of BRACO-19 at concentrations identical to the
PNA concentrations tested. First, the Myc48 template was
annealed to the primer in the presence of increasing BRACO-
19 concentrations (from 0 to 5000 nM) using the same
annealing reaction conditions that were used for the
homologous and complementary PNA experiments. As seen
for the PNA, we observed a BRACO-19-dependent decrease in
the amount of full-length polymerase product and an increase
in the amount of short products terminated at the site

corresponding to the start of the guanine repeats (IC50 = 42.5
± 4.8 nM) (Figure 4A and Figure S5A of the Supporting

Information). In contrast, no significant polymerase inhibition
was observed on NoGQ48 templates that were prepared in
annealing reaction mixtures containing increasing concentra-
tions of BRACO-19 (Figure 4B and Figure S5B of the
Supporting Information). This indicates that BRACO-19 does
not nonspecifically inhibit the enzyme at the compound
concentrations tested.

■ DISCUSSION
Previous biophysical studies have demonstrated the ability of
guanine-rich PNA to form stable heteroquadruplexes with
homologous DNA targets.40,44 Here we demonstrate that such
heteroquadruplex structures inhibit DNA polymerase exten-
sion. We have compared the inhibition of human polymerase η
by homologous quadruplex-forming PNA (Figure 2 and Figure
S2 of the Supporting Information) to that of complementary
duplex-forming PNA (Figure 3), as well as that of a G-
quadruplex-stabilizing ligand BRACO-19 (Figure 4).

Figure 3. Modulation of polymerase η extension by complementary
PNA binding. Template DNAs Myc48 (A) and MycComp (B) (200
nM) were annealed to a primer that provided a six-nucleotide running
start prior to the guanine repeat region of the template and increasing
concentrations (from 0 to 5000 nM) of either complementary PNA
Pmyc‑C (A) or Pmyc‑H (B). Annealed substrates were diluted 1:30 into
the polymerase reaction mixtures, which contained final concen-
trations of 6.7 nM DNA substrate and 0−167 nM PNA. Reactions
were initiated via the addition of 6.7 nM polymerase η (normalized by
activity), and mixtures were incubated for 30 min before reactions
were quenched. Reaction products were analyzed on a 10%
polyacrylamide denaturing gel. Top arrows indicate the full-length
product. Dotted arrows indicate the predicted binding site(s) of the
PNA. P marks the primer band. The full-length product was
quantitated. The percent of primers extended to the final base was
calculated as a ratio of total radioactivity in the lane. Data are means
and standard deviations of three experiments.

Figure 4. BRACO-19 concentration-dependent inhibition of polymer-
ase η extension on guanine-rich DNA templates. Template DNA
Myc48 (200 nM) was annealed to a primer that provided a six-
nucleotide running start prior to the guanine repeat region of the
template, in the presence of increasing concentrations of the G-
quadruplex-stabilizing ligand BRACO-19 (from 0 to 5000 nM).
Annealed substrates were diluted 1:30 into the polymerase reaction
mixtures containing final concentrations of 6.7 nM DNA substrate and
0−167 nM BRACO-19. Reactions were initiated via the addition of 6.7
nM polymerase η and conducted for 30 min before being quenched.
Reaction products were analyzed on a 10% polyacrylamide denaturing
gel. Top arrows indicate the full-length product. Bottom arrows
indicate the end of the running start. P marks the primer band. The
full-length product was quantitated. The percent of primers extended
to the final base was calculated as a ratio of total radioactivity in the
lane. Data are means and standard deviations of three experiments.
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While the native DNA G-quadruplex inhibits polymerase
progression on the Myc48 and hTelo54 templates, some DNA
synthesis through the sequence is observed (Figure 2A,B, 0 nM
PNA). This inhibition is greatly accelerated when the G-rich
Pmyc‑H PNA molecule is introduced. The Pmyc‑H PNA
concentration-dependent inhibition of full-length DNA syn-
thesis on guanine-rich templates, and concurrent increase in
prematurely terminated products at the predicted heteroqua-
druplex site, strongly suggests that PNA G-quadruplex
formation with the DNA template hinders the advancement
of the polymerase (Figure 2 and Figure S2 of the Supporting
Information). Consistent with this, suppression of PNA G-
quadruplex formation with the DNA by annealing the
substrates in LiCl relieved the polymerase inhibition (Figure
2D). To the best of our knowledge, this represents the first
evidence that a PNA−DNA heteroquadruplex can inhibit DNA
synthesis. The effective concentration levels are comparable to
those of the previously tested BRACO-19 G-quadruplex ligand
(Figures 2 and 4). The IC50 values are both in the
midnanomolar range (10−50 nM). The IC50 for the PNA is
higher than the KD of 5 nM determined previously by surface
plasmon resonance experiments.40 The differences may be
related to how the polymerase engages and processes the
substrate or more likely the KCl concentration that is lower
than that used in the SPR experiments, which would lead to
lower heteroquadruplex stability.
Strand displacement DNA synthesis is a process by which an

advancing polymerase can displace a downstream DNA strand
that is base paired to the template strand. This process occurs
at Okazaki fragments.60 While polymerase η has been shown to
engage in strand displacement synthesis,61 the higher affinity of
the PNA for the target DNA may account for the reduction in
the level of strand displacement when the PNA is involved. It is
important to note that the polymerase assay does not directly
measure binding, but rather read-through of the polymerase. If
strand displacement DNA synthesis is occurring in the case of
the PNA, it may influence the IC50 value. Interestingly, the KD
values for binding of Pmyc‑H to Myc48 and hTelo54 at 100 mM
KCl are different by a factor of 2.5, although these values were
determined at a KCl concentration (100 mM) higher than that
used in the experiments (10 mM in our experiments). The IC50
values also differ by a factor of 2.5. The telomeric G-quadruplex
was targeted somewhat less effectively by the homologous
PNA, compared to theMyc48 template (Figure 2), as indicated
by a higher IC50. This may be due to the slightly lower affinity
of the PNA for the telomeric G-quadruplex using the 100 mM
KCl values as a guide to binding stability.
The complementary PNA binding and PNA−DNA hetero-

duplex results are complex (Figure 3 and Figure S4 of the
Supporting Information). Previous work has shown that there
are kinetic and thermodynamic considerations that affect the
binding of complementary PNAs to target G-quadruplexes.48

Specifically, a higher stability of the native G-quadruplex will
lead to slower binding kinetics of complementary PNAs. This
stability can be affected by ionic content or structural factors of
the native G-quadruplex. In this work, the addition of PNA can
either stimulate synthesis (A) or slightly inhibit synthesis (B)
depending on the target sequence. There is a low level of
inhibition by complementary binding of guanine-rich Pmyc‑H to
cytosine-rich template MycComp. There is apparent stim-
ulation of polymerase η extension when a C-rich PNA
complementarily binds G-quadruplex-forming template
Myc48. This is likely due to the binding of the PNA to the

DNA strand forming a PNA−DNA duplex, which prevents that
DNA strand from folding into an intramolecular G-quadruplex.
This suggests that an intramolecular DNA G-quadruplex
presents a stronger block to the polymerase than a short
PNA−DNA heteroduplex. However, at the higher Pmyc‑C PNA
concentrations, prematurely terminated products are observed
at the two predicted PNA binding sites (Figure 3A, dotted
arrows), which support the conclusion that the PNA was bound
to the template but could be partly disrupted by the advancing
polymerase. Tellam and colleagues recently reported on
targeting a complementary oligonucleotide to a G-quadru-
plex-forming mRNA motif. When the complementary
oligonucleotide was bound, they observed an apparent increase
in the level of read-through of the sequence and a
corresponding increase in the level of translation of the
message.62

Although prior work demonstrated 14-fold faster hybrid-
ization of Pmyc to Myc- versus hTelo-derived quadruplexes, the
affinities differed by a factor of only 2.5.52 The results presented
here also demonstrate that Pmyc is capable of binding to both
quadruplexes, because polymerase progression was blocked on
templates Myc48 and hTelo54. Thus, the selectivity in
targeting different G-quadruplexes is relatively low, at least in
cases in which equilibrium is reached. While selectivity need
not be high in cases in which global inhibition of gene
expression is desirable (e.g., anticancer or antibiotic strategies,
provided delivery to targeted cells is selective), the large
number of quadruplex-forming sequences in genomic DNA and
RNA likely precludes selective targeting of single DNA or RNA
quadruplexes within a cell. Extending the recognition beyond
the quadruplex-forming sequence to include flanking bases is
one strategy for enhancing selectivity and is currently under
investigation.
The results in total provide evidence supporting the

inhibition of DNA polymerase synthesis at G-quadruplex-
forming sequences by employing short homologous G-rich
PNAs. Guanine quadruplexes have already garnered interest as
transcriptional regulators14 as well as elements that can
interfere with telomere replication.37 Common cancer therapies
target DNA replication and include cross-linking agents such as
cisplatin.9 The inhibition of DNA polymerase at G-quadruplex-
forming sites provides an alternative strategy for inhibiting
DNA synthesis at selective regions in the genome. For example,
G-quaduplex ligands were shown to inhibit telomeric DNA
synthesis and cause telomere shortening.37 Our results show
that G-quadruplex-stabilizing ligand BRACO-19 inhibits
polymerase η read-through of a quadruplex-forming sequence
with an IC50 that is higher than, but in the same midnanomolar
range as, that of Pmyc‑H. Future development of quadruplex-
forming PNAs for improved biochemical and biological activity
will focus on backbone variations to optimize specificity63 and
allow cell uptake.64
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