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Homopyrimidine peptide nucleic acid oligomers (PNAs) bind a) H
sequence complementary targets in duplex DNA with high affinity ””/\/\/\lc]’/ “PNA
and sequence specificity by helix invasion forming triplex P-loop @@

N

complexes. A range of molecular biology applications have
emerged using such triplex invading PNAand obviously gene

‘ h ) ; : b)
targeting applications for functional genomics and drug discovery

ideretH the helix invasion mechanism makes PNA 1765 (+4)
are also considereg-owever, . on 1 . Aer-Lys-TTTTTTTTTT-(eg1)s-TTTy, TTTTy, TTT-NH,
the binding very sensitive to elevation of ionic strength as this PNA 2399 (+4)
stabilizes the target DNA duplex, and simple PNAs cannot H-Lys-TTTTTTTTTT-(egl);-TTT1 TTTTy, TTT-NH,
effectively bind their target at physiologically relevant ionic PNA 1743 (+3)
conditions. Therefore, novel PNA constructs with improved helix H-TTTTTTTTTT-(egl)s-TTTy, TTTT., TTT-NH,
invasion properties at elevated ionic strength are warranted. We PNA 1484 (+3)

Acr-TTTyy TTTTLy TTT-NH,

PNA 1808 (+4)

H-Lys-TTTy, TTTTy, TTT-NH,

in duplex DNA with significantly increased efficiency. Optimally, ~ Figure 1. PNAs used in this study. (a) Chemical structure of the acridine
bis-PNA having 4.6 it h hould b d d h moiety. (b) Structure and charge at pH 6.5 of the PNAs. Abbreviations:

anis- . aving ] pos'_ Ive charges s _Ou . € used, an SUC Acr (9-aminoacridine), egl (8-amino-2,6-dioxaoctanoic acid), Lys (lysine),

PNAs can indeed bind their target at physiologically relevant ionic T (thymine), Tys (thymine monomer having-lysine instead of glycine in

strength conditions (140 mMK.4 Likewise, it was recently shown  the backbone® The PNA oligomers were synthesized as descrf3édnd

that larger cationic peptide domains have an analogous &ffiget. the 6-(9-acridinyl)Jaminohexanoic acid was attached to the amino terminal

- . on the solid suppoff€ The K, value of 9-aminoacridine is 9.6 at 3T.”

argue that the Ca.tIOI’IIC. r.lature of such PNAs provides §equenceAcr thus contributest-1 under the experimental conditions used here.

neutral electrostatic affinity for the DNA and ensures a high local

concentration around the anionic DNA, thereby increasing the Table 1. C50 Values for Strand Invasion?

probability for invasion events during natural DNA “breathing”. 60mMMKY  110mMK*Y 150 mM K 150 mM K*/Na*

We reasoned that a similar and expectedly less ionic strength PNA ~ 10mMNa* Na* Na* Na* 2mM Mg?*

sensitive effect could be attained by using a DNA intercalator. 1765 0.02:0.01  0.03+0.01 0.07=0.02 0.2+0.03 0.4+ 0.01

We therefore synthesized a set of mono- and bis-PNAs conju- 2322 g-gi 8-8‘1)3 g-gi 8-34 8-‘7é 8-(2)9 gﬁ (1)-2 91-31 ;-2
gated to the DNA intercalator 9-aminoacridine (Figure*1)Ve 1484 0.004: 0.0004 0.03:0.01 0.05t0.02 0.1+0.06 0.5+ 0.2

chose the simplest sequencad that does not contain cytosines 1808 0.02+0.003 0.21+0.05 6.8+ 3 15+ 3 >50
as this would allow us to directly compare mono- and bis-PNAs

without the added complication for cytosine protonation in the b a(I:SOt Va'ﬁeslitM) a“l?_fl?tiﬂdir:??tted KI/N.T gr?]ncentr?tioriﬁﬁs de:%mj&let_ir 1
L . . by electrophoretic mobility shift analysis. The employed targe p
Hoogsteen binding strand. Furthermore, we introduced charges iNyas constructed by inserting the oligonucleotideGBTCCAAAAAAAA:

the backbone of the PNA via lysine modified PNA urfftsThe AAG/5'-GATCCTTTTTTTTTTG in theBanHI site of pUC19. The pT10

DNA binding efficiency of these PNAs was measured using an DNA (10 ug) was digested witfEcoRl and Puull and endlabeled with

; e ; ; i [0-32P]dATP using the Klenow fragment of DNA polymerase. The 250 bp
electrophoretic mobility shift assyat various ionic strength DNA fragment containing the PNA sequence target was purified using 5%

conditions (Figure 2a, Table 1). The results show that the DNA paGE. Strand invasion was conducted by incubating2InM DNA
binding of the bis-PNA (1743) with three positive charges is fragment in 10 mM sodium phosphate pH 6.5 supplemented with PNA
iti i i i _ i and the indicated amount of KCI in a final volume of 20 at 37 °C for
S?ns.ltlvpf to Increasing concentr?}:ﬁnf of €4.00-fold decrease in 2 h. C50 values were obtained by PNA titrations, electrophoretic mobility
binding is observed at 150 mM"#Na" as compared to 10 MM gpitt analysis (10% PAGE, TBE buffered), and phosphorimaging. Im-
Na*) and the binding is reduced further 5-fold upon addition of 2 ageQuant, Excel, and Prism software were used for analysis of data. The

mM Mg?2*.1° Adding an extra charge to the PNA (2399) has only ?}?an of 2;—6 experi;nﬁngrepettiticinslis gi\_/g_b s}agrg:dard %rrpr og_the m«;an.
- . h ] . e singly mismatched control plasmid p used in Figure 2 was
a marginal effect on this behavior. However, conjugation of the constructed by insertion of the oligonucleotidésTEGACAAAAAGA-

DNA intercalator 9-aminoacridine (PNA1765) significantly reduces AAAG and 5-TCGACTTTTCTTTTTG in theSal site of pUC19. The

the sensitivity to physiological ionic strength. At 150 mM#a®, DNA was Hindlll —Puull restriction digested?QP—Iab_e_Ied, and the 159 bp
the binding is reduced only 10-fold, and addition of 2 mM g fragment containing the mismatch target was purified as for pT10.
causes only an extra 2-fold reduction. Thus, the 50% binding pronounced in the case of one-stranded mono-PNAs (PNA 1808
percentile 82 h incubation of this acridine-PNA conjugate is 0.4 compared to PNA 1484) for which the enhancement was 150-fold
uM (Table 1), which is 26-40 times lower than that of the at 150 mM K"/Na" and>100-fold at 150 mM K/Na* and 2 mM
corresponding PNAs without the 9-aminoacridine (PNAs 1743 and Mg?*, under which conditions PNA 1808 showed hardly any
2399). This enhancer effect of the 9-aminoacridine was even more binding.

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

6378 m J. AM. CHEM. SOC. 2003, 125, 6378—6379 10.1021/ja029936t CCC: $25.00 © 2003 American Chemical Society
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Figure 2. Triplex invasion at physiologically relevant ionic strength and
target specificity of acridine-PNAs. Autoradiographs showing PNA binding

7

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 mMKNat, 2 mM Mg?* (see ref 10). PNA
and DNA were incubated as described in the legend to Table 1 using the
following PNA concentrations: 0.08M (lane 1), 0.06uM (lane 2), 0.12

uM (lane 3), 0.2%M (lane 4), 0.5«M (lane 5), 0.uM (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: 0.0005«M (lane 1), 0.002uM (lane 2), 0.005«M (lane 3), 0.015
uM (lane 4), 0.045:M (lane 5), 0.13uM (lane 6), 0.002xM (lane 7),
0.007uM (lane 8), 0.02«M (lane 9), 0.07«M (lane 10), 0.2«M (lane 11),

and 0.6uM (lane 12) as described in the legend to Table 1.

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 &tad
60 mM K*/Na' and found to be in the range of-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 previotisly.
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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Dissociation of P-loops involving decameric triplex invasion PNAs is an

extremely slow procesds ~ 0.001 hrt at 37°C)*a(see also: Kosagonov,

Y. N.; Stetsenko, D. A.; Lubyako, E. N.; Kvito, N. P.; Lazurkin, Y. S.

Nielsen, P. E.Biochemistry200Q 39, 11742-11747), and therefore

binding is kinetically controlled under most circumstant&onsequently,

a pseudoKp defined as C50 (the PNA concentration that gives 50%

binding in 2 h incubation at 37C) was employed for comparing DNA

binding of the different PNA oligomers. Preliminarily, a binding rate
constant for PNA 1765 at 150 mM*#Na*, 2 mM Mg?" of 1? M~t st
was determined.

Bentin, T.; Hansen, G. I.; Nielsen, P. Bethods in Molecular Biology

Humana Press: Totowa, NJ, 2002; Vol. 208, pp-209.

The Nd concentration was maintained constant at 10 mM, and the K

concentration was varied. When ffgwas included, a formal concentra-

tion of 3 mM was used, but due to the addition of 1 mM EDTA, the

effective MgC} concentration was 2 mM.
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