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Homopyrimidine peptide nucleic acid oligomers (PNAs) bind
sequence complementary targets in duplex DNA with high affinity
and sequence specificity by helix invasion forming triplex P-loop
complexes.1 A range of molecular biology applications have
emerged using such triplex invading PNAs,2 and obviously gene
targeting applications for functional genomics and drug discovery
are also considered.3 However, the helix invasion mechanism makes
the binding very sensitive to elevation of ionic strength as this
stabilizes the target DNA duplex, and simple PNAs cannot
effectively bind their target at physiologically relevant ionic
conditions. Therefore, novel PNA constructs with improved helix
invasion properties at elevated ionic strength are warranted. We
now report that simply conjugating a DNA intercalating 9-ami-
noacridine moiety to the PNA is a major step toward this goal.

It has been shown that positively charged PNAs bind their target
in duplex DNA with significantly increased efficiency. Optimally,
a bis-PNA having 4-6 positive charges should be used, and such
PNAs can indeed bind their target at physiologically relevant ionic
strength conditions (140 mM K+).4 Likewise, it was recently shown
that larger cationic peptide domains have an analogous effect.5 We
argue that the cationic nature of such PNAs provides sequence
neutral electrostatic affinity for the DNA and ensures a high local
concentration around the anionic DNA, thereby increasing the
probability for invasion events during natural DNA “breathing”.
We reasoned that a similar and expectedly less ionic strength
sensitive effect could be attained by using a DNA intercalator.

We therefore synthesized a set of mono- and bis-PNAs conju-
gated to the DNA intercalator 9-aminoacridine (Figure 1).6,7 We
chose the simplest sequence (T10) that does not contain cytosines
as this would allow us to directly compare mono- and bis-PNAs
without the added complication for cytosine protonation in the
Hoogsteen binding strand. Furthermore, we introduced charges in
the backbone of the PNA via lysine modified PNA units.6b The
DNA binding efficiency8 of these PNAs was measured using an
electrophoretic mobility shift assay9 at various ionic strength
conditions (Figure 2a, Table 1). The results show that the DNA
binding of the bis-PNA (1743) with three positive charges is
sensitive to increasing concentrations of K+ (100-fold decrease in
binding is observed at 150 mM K+/Na+ as compared to 10 mM
Na+) and the binding is reduced further 5-fold upon addition of 2
mM Mg2+.10 Adding an extra charge to the PNA (2399) has only
a marginal effect on this behavior. However, conjugation of the
DNA intercalator 9-aminoacridine (PNA1765) significantly reduces
the sensitivity to physiological ionic strength. At 150 mM K+/Na+,
the binding is reduced only 10-fold, and addition of 2 mM Mg2+

causes only an extra 2-fold reduction. Thus, the 50% binding
percentile at 2 h incubation of this acridine-PNA conjugate is 0.4
µM (Table 1), which is 20-40 times lower than that of the
corresponding PNAs without the 9-aminoacridine (PNAs 1743 and
2399). This enhancer effect of the 9-aminoacridine was even more

pronounced in the case of one-stranded mono-PNAs (PNA 1808
compared to PNA 1484) for which the enhancement was 150-fold
at 150 mM K+/Na+ and.100-fold at 150 mM K+/Na+ and 2 mM
Mg2+, under which conditions PNA 1808 showed hardly any
binding.

Figure 1. PNAs used in this study. (a) Chemical structure of the acridine
moiety. (b) Structure and charge at pH 6.5 of the PNAs. Abbreviations:
Acr (9-aminoacridine), eg1 (8-amino-2,6-dioxaoctanoic acid), Lys (lysine),
T (thymine), TLys (thymine monomer havingD-lysine instead of glycine in
the backbone).6b The PNA oligomers were synthesized as described,6a,band
the 6-(9-acridinyl)aminohexanoic acid was attached to the amino terminal
on the solid support.6c The pKa value of 9-aminoacridine is 9.6 at 37°C.7

Acr thus contributes+1 under the experimental conditions used here.

Table 1. C50 Values for Strand Invasiona

PNA 10 mM Na+
60 mM K+/

Na+
110 mM K+/

Na+
150 mM K+/

Na+
150 mM K+/Na+

2 mM Mg2+

1765 0.02( 0.01 0.03( 0.01 0.07( 0.02 0.2( 0.03 0.4( 0.01
2399 0.03( 0.003 0.22( 0.1 0.7( 0.2 3.1( 0.9 9.2( 1.9
1743 0.03( 0.01 0.21( 0.04 0.4( 0.09 3.2( 1.6 17( 2.6
1484 0.004( 0.0004 0.03( 0.01 0.05( 0.02 0.1( 0.06 0.5( 0.2
1808 0.02( 0.003 0.21( 0.05 6.8( 3 15( 3 >50

aC50 values (µM) at the indicated K+/Na+ concentrations10 as determined
by electrophoretic mobility shift analysis. The employed target DNA pT10
was constructed by inserting the oligonucleotides 5′-GATCCAAAAAAAA-
AAG/5′-GATCCTTTTTTTTTTG in theBamHI site of pUC19. The pT10
DNA (10 µg) was digested withEcoRI and PVuII and endlabeled with
[R-32P]dATP using the Klenow fragment of DNA polymerase. The 250 bp
DNA fragment containing the PNA sequence target was purified using 5%
PAGE. Strand invasion was conducted by incubating 1-2 nM DNA
fragment in 10 mM sodium phosphate pH 6.5 supplemented with PNA
and the indicated amount of KCl in a final volume of 20µL at 37 °C for
2 h. C50 values were obtained by PNA titrations, electrophoretic mobility
shift analysis (10% PAGE, TBE buffered), and phosphorimaging. Im-
ageQuant, Excel, and Prism software were used for analysis of data. The
mean of 2-6 experiment repetitions is given( standard error of the mean.
The singly mismatched control plasmid pT9C used in Figure 2 was
constructed by insertion of the oligonucleotides 5′-TCGACAAAAAGA-
AAAG and 5′-TCGACTTTTCTTTTTG in theSalI site of pUC19. The
DNA wasHindIII -PVuII restriction digested,32P-labeled, and the 159 bp
fragment containing the mismatch target was purified as for pT10.

Published on Web 05/07/2003

6378 9 J. AM. CHEM. SOC. 2003 , 125, 6378-6379 10.1021/ja029936t CCC: $25.00 © 2003 American Chemical Society



Presumably, the acridine, which relies on a combination of
hydrophobic (base pair intercalation) and electrostatic forces for
DNA binding, and therefore is much less sensitive to ionic strength,
ensures a high local concentration of the PNA in close proximity
to the DNA helix. This increases the probability of the PNA
“catching” the transiently open DNA helix in a “breathing event”.

While acridine conjugation thus provides enhanced dsDNA strand
invasion, the sequence specificity of the reaction could possibly
be compromised. To investigate this, binding was conducted using
a 1:1 mixture of two DNA fragments, one containing a fully
complementary target (A10) and another containing a single
mismatch target (A5GA4) (Figure 2b). The specificity ratio (i.e.,
the ratio of the C50 values for binding to the singly mismatched
and fully complementary targets) was analyzed at 10 mM Na+ and
60 mM K+/Na+ and found to be in the range of 3-20 for all PNAs
examined (PNAs 1765, 1743, 1484, and 1808; Figure 2 and data
not shown). Moreover, the acridine conjugated PNAs were con-
sistently as specific or superior as compared to the conventional
PNAs. Thus, enhancement of dsDNA binding efficiency by acridine
conjugation does not occur at the expense of target specificity.
However, the moderate specificity ratio reported here is somewhat
at odds with the much higher specificities observed previously.1c,e

This discrepancy warrants further analysis but could be due to
differences of experimental strategies including the use of T-lys.
In conclusion, we have shown that simply conjugating a DNA
intercalator such as 9-aminoacridine to a helix invading PNA

dramatically enhances the DNA binding efficiency at physiologi-
cally relevant ionic conditions. These results should be a significant
step toward the development of helix invading PNAs for in vivo
gene targeting.
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Figure 2. Triplex invasion at physiologically relevant ionic strength and
target specificity of acridine-PNAs. Autoradiographs showing PNA binding
to the indicated DNA sequence targets as analyzed by the electrophoretic
mobility shift assay. (a) PNA 1765 binding to a fully matched A10 sequence
target in the presence of 150 mM K+/Na+, 2 mM Mg2+ (see ref 10). PNA
and DNA were incubated as described in the legend to Table 1 using the
following PNA concentrations: 0.03µM (lane 1), 0.06µM (lane 2), 0.12
µM (lane 3), 0.23µM (lane 4), 0.5µM (lane 5), 0.9µM (lane 6). (b) Binding
of the indicated PNAs to a fully complementary (A10) and a singly
mismatched (A5GA4) target in 10 mM sodium phosphate. A 1:1 mixture
of the DNAs containing fully matched (A10; 250 bp) and singly mismatched
(A5GA4; 159 bp) targets was incubated with the following PNA concentra-
tions: 0.0005µM (lane 1), 0.002µM (lane 2), 0.005µM (lane 3), 0.015
µM (lane 4), 0.045µM (lane 5), 0.13µM (lane 6), 0.002µM (lane 7),
0.007µM (lane 8), 0.02µM (lane 9), 0.07µM (lane 10), 0.2µM (lane 11),
and 0.6µM (lane 12) as described in the legend to Table 1.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 21, 2003 6379


