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Incorporation of a single pyrene-functionalized 29-amino-a-L-

LNA monomer X into short DNA strands induces extra-

ordinarily high binding affinity towards complementary DNA

(up to 16 uC increase per modification), whereas labile duplexes,

suitable as probes for targeting of double stranded DNA, are

formed upon positioning of two monomers X in an interstrand

+1 zipper motif.

Development of small molecules that enable sequence-selective

targeting of double-stranded DNA (dsDNA) has been stimulated

by their potential applications as biomolecular tools within nucleic

acid diagnostics or as therapeutics. Progress within this field has

been accomplished with minor groove binding polyamides,1 with

DNA triple-helix-based approaches using modified oligonucleo-

tides2 or helix-invading peptide nucleic acids (PNAs)3 or with

pseudo-complementary DNA (pcDNA)4–6 or pcPNA.6,7

However, the full potential of dsDNA targeting by the above

mentioned strategies has not been attained due to target sequence

restrictions,1–3 requirements for highly modified probes,4–7 the

necessity for non-physiological salt concentrations8 or self-

inhibitory effects at the high probe concentrations necessary to

effect strand invasion.9 Development of alternative strategies for

the targeting of mixed sequence dsDNA at physiologically relevant

salt concentrations is therefore highly desirable.

The high-affinity hybridizations of LNA,10–12 29-amino-LNA13

and a-L-LNA14 towards complementary DNA and RNA

sequences are well established, and have stimulated the develop-

ment of N29-functionalized 29-amino-LNA building blocks.15–17

Using these building blocks, we have demonstrated that precise

positioning of chemical entities in the minor groove of nucleic acid

duplexes may result in nucleic acid architectures with potential

applications within sngström-scale chemical engineering.18

Herein, we report the synthesis, thermal denaturation experi-

ments and fluorescence properties of oligodeoxyribonucleotides

(ONs) containing the first N29-functionalized derivative of a new

class of locked nucleic acids, 29-amino-a-L-LNAs,19 and introduce

their use as probes for targeting dsDNA.

The effect on duplex stability upon incorporation of 29-N-

(pyren-1-yl)methyl-29-amino-a-L-LNA monomer X into ONs was

evaluated by UV thermal denaturation experiments using medium

salt buffer ([Na+] 5 110 mM){ and compared to the corresponding

unmodified reference duplexes (Table 1). In all cases the

denaturation curves displayed sigmoidal monophasic transitions

with a shape similar to that observed for unmodified reference

duplexes. Introduction of a single monomer X in mixed sequence

9-mer ONs induces extraordinary increases in duplex stability

towards complementary DNA (DTm 5 +7.0 to +16.0 uC relative to

unmodified reference duplex ON1:ON2). Slightly lower stabiliza-

tion is observed upon incorporation of monomer X near the 59-end

or with a pyrimidine flanking on the 39-side (Table 1, ON3:DNA

and ON6:DNA, respectively). Significantly smaller increases, or

even minor decreases in duplex stability, are observed towards

complementary RNA (DTm 5 21.0 to +6.0 uC, Table 1). Similar

effects have been observed for 29-O-pyrenylmethyl uridine

derivatives, although with significantly less pronounced increases

in duplex stability.20 The Watson–Crick selectivity of monomer X

was evaluated by determining thermal denaturation temperatures

of duplexes formed between ON4 and DNA or RNA strands

containing a single mismatched nucleotide opposite of monomer X

(Table 1; footnotes c and d). The base pairing selectivity of

monomer X was satisfactory for T:C DNA and RNA mismatches

(212.5 uC/212.0 uC, respectively), whereas only a relatively weak

decrease in thermal stability was observed for the T:G and T:T/U

mismatches. Altogether, the substantial DNA selectivity, limited

mismatch discrimination and red-shifts of pyrene absorption

maxima upon hybridization of ON3–ON7 to complementary

DNA or RNA (Table S1{),21 indicate that the pyrene moiety of

monomer X is intercalating upon hybridization.

Next, duplexes involving two strands, each containing one

monomer X, were studied. Positioning of two monomers X in +4,

23 or 21 interstrand zipper arrangements (Table 2, see schematic
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Scheme 1 Synthesis of phosphoramidite 3 and structure of monomer

X.{ Reagents and conditions: a) pyrene-1-carbaldehyde, NaBH(OAc)3,

ClCH2CH2Cl, rt, 67%; b) NC(CH2)2OP(Cl)N(i-Pr)2, N,N-diisopropyl-

ethylamine, CH2Cl2, rt, 88%. T 5 thymin-1-yl, Py 5 pyren-1-yl.
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illustrations) results in approximately additive increases in thermal

stability, whereas only very weak increases, relative to unmodified

reference duplexes, were observed for +1 or +2 interstrand zipper

arrangements of monomer X.§

The distinctive character of +1 or +2 interstrand

zipper arrangements of monomers X is also reflected in their

steady-state fluorescence emission spectra.{ The emission spectra

of duplexes with monomers X in +4, 21 or 23 zipper

arrangements (using an excitation wavelength of 340 nm) display

relatively weak but structured pyrene monomer bands at

lmax y378 nm and y396 nm, whereas an additional weak

unstructured band at lmax y430–530 nm (typical region for

pyrene–pyrene excimer bands)22–24 is observed for the +2 zipper

motif (Fig. 1). A very intense excimer band as well as a large

general increase in fluorescence intensity is observed for the

+1 zipper motif (Fig. 1).

The reasons for the observed differences in thermal stability and

directional preferences for interstrand pyrene–pyrene excimer

formation are the subject of ongoing structural studies.

However, close proximity of the pyrene moieties (y3.4 s)22 in

the +1 zipper orientation is one structural characteristic evidenced

by the pyrene–pyrene excimer formation. Interestingly, the lowest

energy structure from molecular modelling studies of ON4:ON7,

initially built with a standard B-type helical geometry and with the

pyrene moieties pointing into the major groove, suggests that the

spatial separation between the pyrene moieties is too large (shortest

distance y12 s) to facilitate interstrand pyrene–pyrene excimer

formation in the major groove (Fig. S1).{ Instead, examination of

models suggests that the pyrene moieties are adequately positioned

to intercalate between the thymine of monomer X and the

nucleobase of the 39-flanking nucleotide. We speculate that it is

simultaneous intercalation of both pyrene moieties in ON4:ON7

(Fig. 2) that results a) in stacking of two pyrene moieties,

accounting for the excimer formation, and b) in significant

unwinding of the duplex, as observed for other ONs modified with

intercalating pyrene moieties.25 Thereby, the distance between

pyrene moieties and neighboring nucleobases is increased,

accounting for the observed decrease in thermal stability and

increase in fluorescence intensity.

The lower thermal stability of the double-stranded +1 zipper

probe (ON4:ON7, Table 2) and the reference dsDNA ON1:ON2

Table 1 Thermal denaturation data for ON1–ON7 towards DNA
and RNA complementsa

Tm [DTm] (uC)

DNAb RNA

ON1 59-GTG ATA TGC 28.0 26.0
ON2 39-CAC TAT ACG 28.0 24.5
ON3 59-GXG ATA TGC 35.5 [+7.5] 27.0 [+1.0]
ON4 59-GTG AXA TGC 42.5 [+14.5]c 31.5 [+5.5]d

ON5 59-GTG ATA XGC 39.0 [+11.0] 28.0 [+2.0]
ON6 39-CAC XAT ACG 35.0 [+7.0] 23.5 [21.0]
ON7 39-CAC TAX ACG 44.0 [+16.0] 32.0 [+6.0]
a Thermal denaturation temperatures [Tm values (uC) (DTm 5 change
in Tm value calculated relative to DNA:DNA or DNA:RNA
reference duplex)] measured as the maximum of the first derivative
of the melting curve (A260 vs. temperature) recorded in medium salt
buffer ([Na+] 5110 mM, [Cl2] 5100 mM, pH 7.0 (NaH2PO4/
Na2HPO4)), using 1.0 mM concentrations of the two complementary
strands. Tm values are averages of at least two measurements; see
Scheme 1 for structure of monomer X. MALDI-MS m/z ([M 2 H]2;
found/calc.): ON3, 2993/2994; ON4, 2992/2994; ON5, 2994/2994;
ON6, 2921/2923; ON7, 2922/2923. b ON1 is the complementary
DNA strand to ON2/ON6/ON7; ON2 is the complementary DNA
strand to ON1/ON3/ON4/ON5. c Tm values (uC) towards DNA
strands containing a single mismatch in the central position C/G/T:
30.0/37.0/39.0. d Tm values (uC) towards RNA strands containing a
single mismatch in the central position C/G/U: 19.5/30.5/27.0.

Table 2 Thermal denaturation data, fluorescence properties and
schematic illustrations of duplexes with 29-amino-a-L-LNA monomer
X positioned in various interstrand zipper motifsa

Duplex
Tm [DTm/mod]
(uC) Excimer

Schematic
illustration Constitution

ON3:ON7 53.5 [+12.8] — +4 Zipper

ON3:ON6 28.5 [+0.3] Weak +2 Zipper

ON4:ON7 31.0 [+1.5] Strong +1 Zipper

ON4:ON6 44.0 [+8.0] — 21 Zipper

ON5:ON7 46.5 [+9.3] — 21 Zipper

ON5:ON6 46.5 [+9.3] — 23 Zipper

a For conditions of thermal denaturation experiments, see Table 1.
The black droplets illustrate the pyrene moieties of X monomers.

Fig. 1 Steady-state fluorescence emission spectra of DNA duplexes with

monomer X positioned in various interstrand zipper motifs using an

excitation wavelength of 340 nm. Spectra were recorded at 19 uC using

1.0 mM of each strand in thermal denaturation buffer.{

Fig. 2 Schematic illustration of a putative intercalation mode of the

pyrene moieties in ON4:ON7, accounting for excimer band formation.
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as compared to the high-affinity binding of ON4 and ON7 to

DNA complements (Table 1) suggested that it could be

thermodynamically favorable to target the reference dsDNA using

the +1 zipper probe ON4:ON7. Moreover, since the +1 zipper

probe exhibits a strong pyrene–pyrene excimer (Fig. 1), whereas

there is a complete absence of an excimer band in the fluorescence

spectra of the corresponding singly modified ONs against

complementary DNA (ON4:ON2 and ON7:ON1, Fig. 3), fluores-

cence could be used to monitor any process leading to the

dissociation of the +1 zipper probe (such as strand exchange with

dsDNA) in solution in real-time. Indeed, addition of pre-annealed

double-stranded +1 zipper probe to an equimolar quantity or two-

fold excess of pre-annealed complementary 9-mer dsDNA

ON1:ON2 in Tm-buffer at 19 uC, i.e. below the denaturation

temperature of any of the involved duplexes, results in a very fast

(,1 min) disappearance of the excimer band and a simultaneous

decrease in fluorescence intensity (Fig. 3).§ To verify the

fluorescence-based assay and rule out the possibility of non-

specific effects, the +1 zipper probe was added to an equimolar

quantity of fully base-paired 9-mer dsDNA (ON8:ON9) contain-

ing two mismatched base pairs with respect to the probe.

Gratifyingly, the fluorescence emission spectrum of the resulting

solution was nearly identical to that observed for the +1 zipper

probe alone (Fig. 3) signifying specific targeting of dsDNA."I
In conclusion, double-stranded +1 zipper probes of 29-N-(pyren-

1-yl)methyl-29-amino-a-L-LNAs represent a new class of probes

for the targeting of dsDNA using a similar strategy as pcDNA4–6

or pcPNA6,7 and other potentially dsDNA strand invading

probes.26,27 It is promising that these probes effect efficient

molecular recognition of dsDNA targeting mixed sequences at

physiologically relevant salt concentrations using a 1:1 ratio

between probe and dsDNA. Furthermore, it is noteworthy

that the recognition process is fast and that the probe is composed

of unmodified DNA strands containing only one pyrene-

functionalized 29-amino-a-L-LNA monomer. The strategy is

currently being refined towards realizing a new paradigm for

general recognition of longer dsDNA for diagnostic and

therapeutic applications.

We greatly appreciate funding from The Danish National

Research Foundation.
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§ Similar results have been observed in 13-mer mixed sequence contexts
(data not shown).
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I ON4:ON7 was also added to an equimolar quantity of fully base-paired
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containing one mismatched base pair with respect to the probe (Fig. S2).{
Larger decreases in excimer intensity are observed, reflecting the relatively
weak decrease in thermal stability observed for ON4 with single
mismatched DNA-targets (Table 1; footnote c).
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Fig. 3 Steady-state fluorescence emission spectra of molecular recogni-

tion experiments using 1 equiv. of the +1 zipper probe (ON4:ON7) and

either 1 or 2 equiv. of fully base-paired unmodified 9-mer dsDNA target

ON1:ON2 with an identical sequence as the probe, or 1 equiv. of fully

base-paired unmodified 9-mer dsDNA target ON8:ON9 with a sequence

differing at two positions from the probe (underlined). ON8: 59-d(GTG

G_TA C_GC)-39; ON9: 59-d(GCG_ TAC_ CAC)-39.{
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