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Despite progress with triplex-forming oligonucleotides or helix-invading peptide nucleic acids (PNAs),
there remains a need for probes facilitating sequence-unrestricted targeting of double stranded DNA
(dsDNA) at physiologically relevant conditions. Invader LNA probes, i.e., DNA duplexes with “+1
interstrand zipper arrangements” of intercalator-functionalized 2¢-amino-a-L-LNA monomers, are
demonstrated herein to recognize short mixed sequence dsDNA targets. This approach, like
pseudo-complementary PNA (pcPNA), relies on relative differences in stability between probe duplexes
and the corresponding probe:target duplexes for generation of a favourable thermodynamic gradient.
Unlike pcPNA, Invader LNA probes take advantage of the “nearest neighbour exclusion principle”,
i.e., intercalating units of Invader LNA monomers are poorly accommodated in probe duplexes but
extraordinarily well tolerated in probe-target duplexes (DTm/modification up to +11.5 ◦C).
Recognition of isosequential dsDNA-targets occurs: a) at experimental temperatures much lower than
the thermal denaturation temperatures (Tm’s) of Invader LNAs or dsDNA-targets, b) at a wide range of
ionic strengths, and c) with good mismatch discrimination. Recognition of dsDNA is monitored in
real-time using inherent pyrene–pyrene excimer signals of Invader LNA probes, which provides insights
into reaction kinetics and enables rational design of probes. These properties render Invader LNAs as
promising probes for biomedical applications entailing sequence-unrestricted recognition of dsDNA.

Introduction

Extensive efforts have been made in the past two decades to
develop agents for site-specific targeting of double stranded DNA
(dsDNA). These efforts have been stimulated by the prospect of
developing enabling tools for functional genomics, and discovering
novel classes of therapeutic and diagnostic agents.1 dsDNA-
targeting agents have been used in a variety of applications
including site-specific modulation of gene expression,2,3 induction
of site-specific mutagenesis, recombination or repair of genomic
DNA,2,3 and direct detection of dsDNA in living cells.4 Triplex
forming oligonucleotides (TFOs)1–3 and peptide nucleic acids
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(PNAs)5,6 are the most widely used dsDNA-targeting probes
despite limitations such as:

∑ a required presence of long homopurine tracts (>15 nt) in
dsDNA targets to ensure sufficient binding affinity/specificity of
TFOs/PNAs,1

∑ weak pH-dependent Hoogsteen base pairs between TC-motif
TFOs and dsDNA, although this can be addressed through mod-
ification of TFOs with affinity-enhancing building blocks such
as 2¢-deoxy-5-methylcytidine, C5-functionalized pyrimidines,7–9

Locked Nucleic Acid (LNA),10–12 a-L-LNA,13 Bridged Nucleic
Acids (BNAs),14,15 C5-alkynyl functionalized LNA16 and non-
nucleosidic monomers,17

∑ formation of secondary structures by G-rich TFOs at physi-
ological concentrations of potassium ions, which affects dsDNA
target binding,18,19 and

∑ the need for non-physiological ionic strengths to facilitate
strand invasion by PNA.5,6

Accordingly, there has been an intense search for alterna-
tive probe technologies that facilitate recognition of mixed
sequence dsDNA targets.20 Examples include minor groove
binding polyamides,21 TFOs capable of recognizing all four
Watson–Crick base pairs,22,23 optimized PNAs,24,25 antigene (ag)
PNA,26,27 agLNA,28,29 “Zorro” LNA,30 pseudo-complementary
(pc) DNA,31,32 pcPNA,33–38 and other approaches.39–41 While these
emerging probe strategies are promising, there remains a need
for a probe technology that allows fast, efficient and specific
dsDNA targeting at physiologically relevant ionic strengths with
minimal sequence restrictions and uncomplicated “DNA-like”
handling (adequate aqueous solubility and compatibility with
delivery agents).

We have recently introduced N2¢-intercalator-functionalized 2¢-
amino-a-L-LNA and have demonstrated their ability to precisely

2028 | Org. Biomol. Chem., 2010, 8, 2028–2036 This journal is © The Royal Society of Chemistry 2010



direct appended intercalators into the core of DNA duplexes.42–47

As a result, extraordinary increases in thermal affinity toward
DNA complements of up to +19.5 ◦C per modification are ob-
served relative to unmodified reference strands. This has facilitated
the development of probes for detection of single nucleotide
polymorphisms45 and stabilization of abasic sites.46

Herein, we demonstrate recognition of isosequential dsDNA
targets using double stranded 2¢-N-(pyren-1-yl)methyl-2¢-amino-
a-L-LNA probes dubbed Invader LNA§42 in buffers of varying ionic
strength (Fig. 1). Important insights into the thermodynamics
and kinetics of the recognition events are gained from thermal
denaturation, steady-state fluorescence and fluorescence decay
experiments, allowing the identification of key design principles.

Fig. 1 The Invader LNA concept.

Results and discussion

Thermal denaturation properties of
2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNA

Singly modified 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNAs
form extraordinarily stable duplexes with DNA complements
compared to the corresponding unmodified reference DNA duplex
ON1:ON2 (DTm = +9.5 to +11.5 ◦C and DDG293 = -9 to
-14 kJ mol-1, entries 3–9, Table 1). Slightly less stabilized duplexes
are observed when monomer X is incorporated close to the 5¢-
terminus (entry 2, Table 1). The corresponding duplexes with RNA
targets are invariably less stable, but still significantly stabilized
(DTm/mod-values between +0.5 and +6.0 ◦C, Table S7†).

ONs modified with two 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-
LNA X monomers positioned as next-nearest neighbours exhibit
slightly less-than-additive increases in thermal affinity (compare
e.g. entries 2, 3 and 10, Table 1). Conversely, when two X monomers
in an ON are separated by greater distances, more-than-additive
increases in thermal affinity are observed (compare e.g. entries 2,
5 and 12, Table 1), resulting in the formation of highly stabilized
duplexes with DTm-values up to +23.5 ◦C.

The increased thermal affinity of 2¢-N-(pyren-1-yl)methyl-2¢-
amino-a-L-LNA ON3–ON16 toward complementary DNA pri-
marily arises from less unfavourable entropic contributions that
either are not fully counterbalanced by less favourable enthalpic
contributions (entries 2–5 and 10–11, Table 1) or are augmented

§ “Invader LNAs” are defined as double stranded DNA probes with one
or more +1 interstrand zipper arrangements of intercalator-modified 2¢-
amino-a-L-LNA monomers. This particular zipper arrangement is also
termed energetic hotspot, for simplicity. For a formal definition of the
‘zipper’ nomenclature see Table S4†.

by marginally more favourable enthalpic contributions (entries 7–
8, 12–13 and 15, Table 1). This most likely reflects conformational
preorganization of the bicyclic 2¢-amino-a-L-LNA skeleton, which
directs the appended pyrene moiety to the duplex core for
favourable intercalation (Fig. 1).42–47

Thermal denaturation properties of Invader LNA probes

Double stranded 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNA
probes with a single “+1 interstrand zipper arrangement” of X
monomers are relatively unstable (DTm = -1.5 to +3.5 ◦C and
DDG293 = -3.0 to +9.0 kJ mol-1, entries 1–4, Table 2). For the sake
of simplicity, probes with +1 zipper arrangements of X monomers
are henceforth dubbed “Invader LNA”, and these particular
zipper arrangements are dubbed “energetic hotspots”.§42 The
lower stability of Invader LNA probes most likely reflects a
violation of the ‘nearest neighbour exclusion principle’, which
states that intercalators at most bind to every second base pair
of a DNA duplex due to constraints in the local expandability of
duplexes.49 Locally, Invader LNA probes feature one intercalator
per base pair (Fig. 1). Two additional observations support
this hypothesis. First, the less favourable enthalpy of Invader
LNA probes indicates intercalator-mediated perturbation of local
duplex geometry and base pairing (see DDH for entries 1–4,
Table 2). Secondly, DNA duplexes with other interstrand zipper
arrangements of X monomers, and therefore lower local densities
of intercalating units, are extraordinarily stable (DTm = +16.5 ◦C
to +22.0 ◦C for -3, -1, +3 and +5 zippers, Table S8†).

Invader LNA with two energetic hotspots form surprisingly
stable duplexes (DTm = +10.5 to +15.5 ◦C, entries 5–7, Table 2).
Interestingly, this trend is not paralleled in the change in free
energy upon hybridization at 293 K (DDG293 ~ 1–2 kJ mol-1 relative
to unmodified ON1:ON2, entries 5–7, Table 2). This is a result of
extraordinarily favourable entropic contributions rendering DG
highly temperature dependent (see D(DT 293S) for entries 5–7,
respectively, Table 2).

Thermodynamic dsDNA-targeting potential of Invader LNA
probes

The abovementioned thermal denaturation studies suggest that it
is energetically favourable for Invader LNA probes to dissociate
and bind to complementary DNA targets (Fig. 1). To quanti-
tatively assess the thermodynamic dsDNA-targeting potential of
different Invader LNA probe designs, the available free energy
for room temperature recognition of isosequential DNA was
estimated as DG293

rec = DG293 (probe strand 1 : target strand 1) +
DG293 (probe strand 2 : target strand 2) - DG293 (dsDNA target) -
DG293 (Invader LNA probe) (Table 2).50 Probes with a single
energetic hotspot provide DG293

rec = -19.0 to -26.0 kJ mol-1 (entries
1–4, Table 2), while probes with two energetic hotspots exhibit
considerably more inherent free energy for dsDNA-recognition
(DG293

rec = -34.0 kJ mol-1 to -50.0 kJ mol-1, entries 5–7, Table 2).
Invader LNA probes with two hotspots separated by two or
four base pairs exhibit additive increases in DG293

rec-values relative
to the corresponding single hotspot Invader LNA probes (e.g.,
compare DG293

rec-values for entries 1, 3 and 6, Table 2). This
contrasts Invader LNA probes with sequentially incorporated
hotspots. This suggests that Invader LNA probes should feature
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Table 1 Hybridization data for duplexes between 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNA ON3–ON16 and complementary DNAa

Entry ON Duplex Tm [DTm] DH [DDH] (T 293DS) [D(T 293DS)] DG293 [DDG293]
/◦C /kJ mol-1 /kJ mol-1 /kJ mol-1

1 ON1 5¢-d(GGT ATA TAT AGG C) 37.5 -382 -325 -57
ON2 3¢-d(CCA TAT ATA TCC G) — — — —

2 ON3 5¢-d(GGX ATA TAT AGG C) 44.5 -316 -256 -60
ON2 3¢-d(CCA TAT ATA TCC G) [+7.0] [+66] [+69] [-3]

3 ON4 5¢-d(GGT AXA TAT AGG C) 47.5 -356 -290 -66
ON2 3¢-d(CCA TAT ATA TCC G) [+10.0] [+26] [+35] [-9]

4 ON5 5¢-d(GGT ATA XAT AGG C) 49.0 -380 -311 -69
ON2 3¢-d(CCA TAT ATA TCC G) [+11.5] [+2] [+14] [-12]

5 ON6 5¢-d(GGT ATA TAX AGG C) 47.0 -358 -293 -66
ON2 3¢-d(CCA TAT ATA TCC G) [+9.5] [+24] [+32] [-9]

6 ON1 5¢-d(GGT ATA TAT AGG C) 48.5 -409 -338 -71
ON7 3¢-d(CCA XAT ATA TCC G) [+11.0] [-27] [-13] [-14]

7 ON1 5¢-d(GGT ATA TAT AGG C) 48.5 -383 -314 -70
ON8 3¢-d(CCA TAX ATA TCC G) [+11.0] [-1] [+11] [-13]

8 ON1 5¢-d(GGT ATA TAT AGG C) 48.0 -390 -320 -70
ON9 3¢-d(CCA TAT AXA TCC G) [+10.5] [-8] [+5] [-13]

9 ON1 5¢-d(GGT ATA TAT AGG C) 47.0 -392 -325 -67
ON10 3¢-d(CCA TAT ATA XCC G) [+9.5] [-10] [0] [-10]

10 ON11 5¢-d(GGX AXA TAT AGG C) 53.5 -300 -233 -66
ON2 3¢-d(CCA TAT ATA TCC G) [+16.0] [+82] [+92] [-9]

11 ON12 5¢-d(GGX ATA XAT AGG C) 57.5 -340 -266 -74
ON2 3¢-d(CCA TAT ATA TCC G) [+20.0] [+42] [+59] [-17]

12 ON13 5¢-d(GGX ATA TAX AGG C) 56.5 -399 -319 -80
ON2 3¢-d(CCA TAT ATA TCC G) [+19.0] [-17] [+6] [-23]

13 ON1 5¢-d(GGT ATA TAT AGG C) 57.5 -385 -306 -79
ON14 3¢-d(CCA XAX ATA TCC G) [+20.0] [-3] [+19] [-22]

14 ON1 5¢-d(GGT ATA TAT AGG C) 61.0 -414 -328 -86
ON15 3¢-d(CCA XAT AXA TCC G) [+23.5] [-32] [-3] [-29]

15 ON1 5¢-d(GGT ATA TAT AGG C) 59.0 -405 -322 -83
ON16 3¢-d(CCA XAT ATA XCC G) [+21.5] [-23] [+3] [-26]

a Tm-values (DTm = change in Tm-value relative to ON1:ON2) and Gibbs free energy of duplex formation at 293 K, DG293, determined by baseline fitting
of melting curve (A260 vs T) recorded in medium salt buffer ([Na+] = 110 mM, [Cl-] = 100 mM, pH 7.0 (adjusted with NaH2PO4/Na2HPO4)), using
1.0 mM of each strand. Values are averages of at least two measurements. DDG293 = difference in Gibbs free energy of duplex formation relative to reference
duplex ON1:ON2. For structure of monomer X, see Fig. 1.

two separated energetic hotspots for maximized thermodynamic
dsDNA-targeting potential.

Fluorescence properties of Invader LNA probes

Steady-state fluorescence emission spectra of all Invader LNA
probes obtained using an excitation wavelength lex = 335 nm,
exhibit structured pyrene monomer peaks at lmax = ~380 nm
and 400 nm along with an intense unstructured peak centered
at lmax = 495 nm (Fig. 2 and S2†). Duplexes with other
interstrand zipper arrangements of X monomers only exhibit
marginal signal intensity at 495 nm (results not shown). Pyrene
emission signals at 495 nm are routinely attributed to pyrene-
pyrene excimers,41,42,45,51–55 suggesting that the pyrene moieties

of the two X monomers comprising the energetic hotspots in
Invader LNA probes are separated by ~3.4 Å56 (Fig. 1). In
contrast, emission spectra of duplexes between 2¢-N-(pyren-1-
yl)methyl-2¢-amino-a-L-LNA and complementary DNA exhibit
pyrene monomer fluorescence and only negligible excimer signals
(Fig. 2 for ON4:ON2 and ON1:ON8; see also Fig. S2†). Given
these experimental observations, the signal intensity at lem =
495 nm can accordingly be used as an inherent optical readout to
monitor dsDNA recognition by Invader LNA probes in real-time.

Targeting of dsDNA by Invader LNA probes

Pre-annealed Invader LNA probes were added to an equimolar
quantity of pre-annealed isosequential 13-mer dsDNA target
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Table 2 Hybridization data for Invader LNA probes and their free energy, DGrec
293, for recognition of dsDNA target ON1:ON2 at 293 Ka

Entry ON Duplex Tm [DTm] DH [DDH] (T 293DS) [D(T 293DS)] DG293 [DDG293] DGrec
293

/◦C /kJ mol-1 /kJ mol-1 /kJ mol-1 /kJ mol-1

1 ON3 5¢-d(GGX ATA TAT AGG C) 36.5 -262 -214 -48 —
ON7 3¢-d(CCA XAT ATA TCC G) [-1.0] [+120] [+111] [+9] -26

2 ON4 5¢-d(GGT AXA TAT AGG C) 41.0 -360 -301 -60 —
ON8 3¢-d(CCA TAX ATA TCC G) [+3.5] [+22] [+24] [-3] -19

3 ON5 5¢-d(GGT ATA XAT AGG C) 40.5 -375 -315 -60 —
ON9 3¢-d(CCA TAT AXA TCC G) [+3.0] [+7] [+10] [-3] -22

4 ON6 5¢-d(GGT ATA TAX AGG C) 36.0 -311 -260 -51 —
ON10 3¢-d(CCA TAT ATA XCC G) [-1.5] [+71] [+65] [+6] -24

5 ON11 5¢-d(GGX AXA TAT AGG C) 48.0 -219 -165 -55 —
ON14 3¢-d(CCA XAX ATA TCC G) [+10.5] [+163] [+160] [+2] -34

6 ON12 5¢-d(GGX ATA XAT AGG C) 53.0 -209 -152 -56 —
ON15 3¢-d(CCA XAT AXA TCC G) [+15.5] [+173] [+173] [+1] -47

7 ON13 5¢-d(GGX ATA TAX AGG C) 48.0 -230 -175 -55 —
ON16 3¢-d(CCA XAT ATA XCC G) [+10.5] [+152] [+150] [+2] -50

a Conditions as specified in Table 1.

Fig. 2 Steady-state fluorescence emission spectra (lex = 335 nm, 20 ◦C)
of Invader LNA probe ON4:ON8 and probe:target duplexes ON4:ON2
and ON1:ON8 recorded in thermal denaturation buffer (all ONs at 1.0 mM
concentration). Corresponding spectra for other Invader LNA probes are
shown in Fig. S2†.

ON1:ON2 (all strands at 1.0 mM). The recognition experiments
were performed in thermal denaturation buffer ([Na+] = 110 mM,
pH 7) at an experimental temperature (T exp = 20 ◦C) markedly be-
low the Tm-values of dsDNA target ON1:ON2 (37.5 ◦C, Table 1),
Invader LNA probes (36–53 ◦C, Table 2) and the corresponding
probe-target duplexes (44.5–61.0 ◦C, Table 2). Addition of Invader
LNA probes results in a rapid decrease in excimer intensity (lem =
495 nm) as the two stacking pyrene moieties of the probes are
forced apart (Fig. 1) during recognition of the dsDNA target
(Fig. 3 and S3†). The excimer signals decay according to a first
order rate equation when equimolar quantities between Invader
LNA and dsDNA targets are used, but become more complex
when non-equimolar quantities of probes and targets are used
(results not shown).

Electrophoretic mobility shift assays (EMSAs, 16% non-
denaturing PAGE) were performed to validate the fluorescence-

Fig. 3 Upper panel: time course of steady-state fluorescence spectra
upon addition of pre-annealed Invader LNA ON4:ON8 to pre-annealed
isosequential dsDNA target ON1:ON2 (lex = 335 nm, 20 ◦C, all strands
1.0 mM). Lower panel: time course of fluorescence signal decay at lem =
495 nm. Corresponding spectra for other Invader LNA are shown in
Fig. S3†.

based assay as a method to monitor dsDNA-recognition by
Invader LNA probes. The representative single hotspot Invader
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LNA ON4:ON8 exhibits significantly lower electrophoretic mobil-
ity than isosequential dsDNA target ON1:ON2 and probe-target
duplexes ON1:ON8 and ON4:ON2 (Fig. 4). The difference in
electrophoretic mobility between the dsDNA target and probe-
target duplexes is much smaller although discernible (compare
lanes 1, 2, and 4, Fig. 4). We attribute the observed differences to
a) a distorted duplex geometry of Invader LNA probe ON4:ON8
as suggested by thermodynamic data (Table 2) and preliminary
results from molecular modelling (results not shown), and b)
slightly perturbed probe-target duplex geometry (elongation)
upon intercalation of a single pyrene moiety, as previously
reported.47

Fig. 4 Electrophoretic mobility shift assay, 16% nondenaturing PAGE
run at 4 ◦C, demonstrating dsDNA-recognition by Invader LNA probes.
Probe-target duplex ON1:ON8 (lane 1); probe-target duplex ON4:ON2
(lane 2); Invader LNA probe ON4:ON8 (lane 3); dsDNA target ON1:ON2
(lane 4); equimolar mixture of Invader LNA probe ON4:ON8 + dsDNA
target ON1:ON2 which were annealed (lane 5), or incubated at: 37 ◦C for
4 h (lane 6), rt for 4 h (lane 7), rt for 8 h (lane 8), 4 ◦C for 8 h (lane 9) or
4 ◦C for 12 h (lane 10), respectively.

Incubation of equimolar quantities of Invader LNA ON4:ON8
and dsDNA target ON1:ON2 at room temperature or 37 ◦C results
in disappearance of the bands corresponding to the Invader LNA
probe and dsDNA target. Instead, a single band with identical
electrophoretic mobility as probe-target duplexes ON1:ON8 and
ON4:ON2 emerges (compare lanes 6–8 with lanes 1, 2 and 5).
Incubation of Invader LNA and dsDNA at 4 ◦C results in
incomplete recognition as indicated by the presence of weak bands
corresponding to ON4:ON8 and ON1:ON2. These observations
are in line with the results from the fluorescence assay (Fig. 3) and
demonstrate that the decrease in excimer signal intensity upon
addition of Invader LNA probes to isosequential dsDNA targets
is attributable to dsDNA-recognition.

The time period resulting in a 50% or 75% decrease of the
original excimer signal (t50% or t75%) was determined for four
representative Invader LNA to assess recognition kinetics. The

selected Invader LNA probes include two single hotspot Invader
LNAs (ON4:ON8 and ON6:ON10), and two double hotspot
Invader LNAs where the hotspots are separated by zero or
four base pairs (ON11:ON14 and ON13:ON16, respectively).
Recognition of ON1:ON2 occurred quickly at 20 ◦C with
all studied Invader LNA probes (t50% = 29–48 min, entry 1,
Table 3), but was particularly fast with ON11:ON14 having
two sequentially positioned hotspots. Interestingly, Invader LNA
probe ON13:ON16 exhibits the most favourable DG293

rec-value for
recognition of dsDNA ON1:ON2 (Table 2) and yet displays the
slowest recognition kinetics (Table 3). Increases in experimental
temperatures result in faster dsDNA-recognition (t50% = 37.5/29.0,
14.2/11.1, 4.8/4.3, 1.5/1.6 and 0.5/0.6 min at T exp = 20, 22.5, 25,
27.5 and 30 ◦C for ON4:ON8/ON11:ON14, respectively).

Next, the ability of Invader LNA probes to discriminate between
correct and incorrect dsDNA targets was evaluated. Addition of
representative Invader LNA probe ON4:ON8 to fully base paired
but non-isosequential dsDNA targets generally resulted in a slower
and less pronounced decay of the excimer signal (Fig. 5). More
specifically, the signal intensity at 495 nm decreased by 35–45% to
reach a plateau ~200 min after addition of ON4:ON8 to 13-mer
dsDNA targets containing a single sequence disparity at positions
outside the hotspot region (ON17:ON18 or ON25:ON26, Fig. 5;
sequences shown in Table 4). Slower but more pronounced
decreases in excimer signal (~70% decrease after >16 h) were
observed upon addition of Invader LNA probes ON4:ON8

Fig. 5 Time course of fluorescence signal decay at lem = 495 nm
upon addition of pre-annealed Invader LNA ON4:ON8 to pre-annealed
isosequential dsDNA ON1:ON2 or fully base paired non-isosequential
dsDNA targets. Sequences of targets ON17–ON26 are shown in Table 4.
Conditions are as described in Fig. 2.

Table 3 Kinetic parameters (t50%/t75% [min]) for recognition of iso-sequential dsDNA-target ON1:ON2 by selected Invader LNAa

ON4:ON8 ON6:ON10 ON11:ON14 ON13:ON16

Buffer t50% t75% t50% t75% t50% t75% t50% t75%

MS 38 74 34 67 29 60 48 103
HS 126 257 — — 31 68 — —
KMST 158 296 — — 19 42 — —

a [probe] = [target] = 1.0 mM; t50% and t75% = time in min required to reduce fluorescence intensity at lem = 495 nm by 50% and 75%, respectively. MS =
medium salt, HS = high salt, KMST-buffer specified in main text
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to 13-mer dsDNA targets ON21:ON22 or ON23:ON24 with
single sequence disparities within the hotspot regions. Thus, the
data suggest that Invader LNA probes discriminate mismatched
dsDNA targets well¶.

¶ For steady-state fluorescence emission spectra of duplexes between ON4
or ON8 and mismatched DNA targets and additional discussion, see
Fig. S4†.

In agreement with these observations, unfavourable or
marginally favourable DG293

rec-values are observed for recognition
of non-isosequential dsDNA targets by Invader LNA probe
ON4:ON8 (Table 4). This reflects the energetic penalty upon hy-
bridization of 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNA ON4
or ON8 to mismatched DNA strands (see D(DG293)-values,
Table 5). ON4 and ON8 discriminate DNA strands with
mismatches opposite of deoxyribonucleotides well (compare

Table 4 Hybridization data for non-isosequential dsDNA targets and the available free energy, DG293
rec for their recognition by Invader LNA probe

ON4:ON8 at 293 Ka

ON Duplex Tm/◦C DG293/kJ mol-1 DGrec
293/kJ mol-1

ON1 5¢-d(GGT ATA TAT AGG C) 37.5 -57 -26
ON2 3¢-d(CCA TAT ATA TCC G) — — —

ON17 5¢-d(GGA
¯

ATA TAT AGG C) 38.5 -59 +8
ON18 3¢-d(CCT

¯
TAT ATA TCC G) — — —

ON19 5¢-d(GGT ATC
¯

TAT AGG C) 41.0 -60 +6
ON20 3¢-d(CCA TAG

¯
ATA TCC G) — — —

ON21 5¢-d(GGT ATG
¯

TAT AGG C) 42.0 -60 -1
ON22 3¢-d(CCA TAC

¯
ATA TCC G) — — —

ON23 5¢-d(GGT ATT
¯

TAT AGG C) 38.5 -57 0
ON24 3¢-d(CCA TAA

¯
ATA TCC G) — — —

ON25 5¢-d(GGT ATA TAA
¯

AGG C) 38.0 -58 +7
ON26 3¢-d(CCA TAT ATT

¯
TCC G) — — —

a Conditions as specified in Table 1. Underlined positions denote sites of sequence disparity relative to Invader LNA ON4:ON8.

Table 5 Hybridization data for duplexes involving ON4 or ON8 and mismatched DNAa

Entry ON Sequence Tm [DTm]/◦C DG293 [D(DG293)]/kJ mol-1

1 ON17 5¢-d(GGA
¯

ATA TAT AGG C) 39.5 -57
ON8 3¢-d(CCA

¯
TAX ATA TCC G) [-9.0] [+13]

2 ON19 5¢-d(GGT ATC
¯

TAT AGG C) 39.0 -58
ON8 3¢-d(CCA TAX

¯
ATA TCC G) [-9.5] [+12]

3 ON21 5¢-d(GGT ATG
¯

TAT AGG C) 44.5 -63
ON8 3¢-d(CCA TAX

¯
ATA TCC G) [-4.0] [+7]

4 ON23 5¢-d(GGT ATT
¯

TAT AGG C) 46.0 -64
ON8 3¢-d(CCA TAX

¯
ATA TCC G) [-2.5] [+6]

5 ON25 5¢-d(GGT ATA TAA
¯

AGG C) 37.0 -55
ON8 3¢-d(CCA TAX ATA

¯
TCC G) [-11.5] [+15]

6 ON4 5¢-d(GGT
¯

AXA TAT AGG C) 37.5 -54
ON18 3¢-d(CCT

¯
TAT ATA TCC G) [-10.0] [+12]

7 ON4 5¢-d(GGT AXA
¯

TAT AGG C) 38.0 -56
ON20 3¢-d(CCA TAG

¯
ATA TCC G) [-9.5] [+10]

8 ON4 5¢-d(GGT AXA
¯

TAT AGG C) 39.5 -58
ON22 3¢-d(CCA TAC

¯
ATA TCC G) [-8.0] [+8]

9 ON4 5¢-d(GGT AXA
¯

TAT AGG C) 35.0 -53
ON24 3¢-d(CCA TAA

¯
ATA TCC G) [-12.5] [+13]

10 ON4 5¢-d(GGT AXA TAT
¯

AGG C) 38.0 -56
ON26 3¢-d(CCA TAT ATT

¯
TCC G) [-9.5] [+10]

a Conditions as specified in Table 1. Underlined positions denote position of mismatched base pairs. DTm = change in Tm value and D(DG293) = difference
in DG293 value, relative to fully matched ON1:ON8 (entries 1–5) or ON4:ON2 (entries 6–10).
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DTm-values of entries 1 and 5–10 in Tables 5 and S9†). In contrast,
mismatched DNA targets with thymine or guanine moieties
opposite of thymine monomer X are less efficiently discriminated
(see entries 3–4, Table 5). This translates in marginally favourable
DG293

rec-values for recognition of ON21:ON22 and ON23:ON24
by Invader LNA probe ON4:ON8 (entries 4–5, Table 4) and
the distinct signal decay profile during dsDNA recognition
(Fig. 5).

Discrimination of non-isosequential dsDNA targets can likely
be improved in next-generation Invader LNA probes using
recently reported N2¢-intercalator-functionalized 2¢-amino-a-L-
LNA building blocks, which exhibit significantly improved ther-
mal discrimination of mismatched DNA.44,47

Finally, the influence of buffer composition on dsDNA-
recognition by Invader LNA probes was studied. Representative
Invader LNA probes ON4:ON8 or ON11:ON14 were added to
isosequential dsDNA target ON1:ON2 as described above except
for the use of buffers that either represent physiological conditions
more accurately (KMST-buffer: pH 7.2, 140 mM KCl, 10 mM
MgCl2, 1 mM spermine and 40 mM Tris-Cl) or are of very high
ionic strength ([Na+] = 710 mM). Recognition of dsDNA targets
was observed in both buffers at 20 ◦C, and particularly rapid
with Invader LNA probe ON11:ON14 featuring two sequentially
incorporated energetic hotspots (Table 3). These observations
suggest that Invader LNA probes may be applicable over a
significantly wider range of conditions than PNA-based dsDNA-
targeting approaches.5,6,33–38

Interestingly, Invader LNA probe ON11:ON14 has less free
energy available for targeting of dsDNA at high salt conditions
than ON4:ON8 (see DG293

rec-values, Table S6†). Thus, a favourable
energetic gradient (DG293

rec � 0 kJ mol-1) is a prerequisite
for successful dsDNA-targeting by Invader LNA probes, but
reaction kinetics must be taken into consideration for practical
applications. Both aspects strongly depend on by the number
and position of energetic hotspots within the probes. Invader
LNA probes with two sequentially incorporated energetic hotspots
are thermodynamically as well as kinetically activated toward
recognition of dsDNA.

The successful targeting of dsDNA target ON1:ON2 with
Invader LNA ON11:ON14 at high salt conditions is remark-
able considering that the experimental temperature (T exp =
20 ◦C) is markedly lower than the thermal denaturation tem-
peratures of the dsDNA target, Invader LNA probe, and
probe:target duplexes ON1:ON14 and ON11:ON2 (Tm = 45.5 ◦C,
59.0 ◦C, 59.0 ◦C and 63.5 ◦C, respectively, Tables S2 and S4†,
respectively).

While additional studies will be needed to elucidate the recogni-
tion mechanism, the data presented herein seem inconsistent with
a dissociative pathway.57 This pathway would involve dissociation
of Invader LNA probes and dsDNA targets into four single
strands (which is not likely to occur at T exp � Tm), followed by
energetically favourable self-assembly of probe-target duplexes.
We speculate that a sequential displacement pathway57 may be
involved where partial melting of dsDNA targets and Invader
LNA probes reveals nucleation sites serving as initiation sites
for formation of probe-target duplexes. Within this hypothesis,
kinetic activation of Invader LNA probes with two sequential
hotspots could be related to more efficient formation of nucleation
sites.

Conclusion and outlook

Important features and design principles of Invader LNA probes
have been identified during the course of this study:

∑ The Invader LNA approach is general. Every investigated
Invader LNA probe displays fast recognition of isosequential
dsDNA targets in a variety of buffers, including buffers mimicking
physiological conditions.

∑ Recognition of mixed sequence dsDNA targets is conveniently
followed in real-time by decreases in the pyrene-pyrene excimer
signal inherently exhibited by Invader LNA probes.

∑ Invader LNA probes with two sequentially incorporated
hotspots exhibit more pronounced thermodynamic gradients and
are kinetically more activated toward dsDNA-recognition than
single hotspot probes.

∑ Invader LNA probes discriminate non-isosequential dsDNA
targets.

The ability of Invader LNA probes to thermodynamically
and kinetically discriminate mismatched dsDNA-targets can be
envisioned to result in the development of sensors for detection
of single nucleotide polymorphisms.58,59 Moreover, recent reports
on the use of Zorro LNA30 and agLNA28,29 for recognition of
accessible target regions within plasmids or chromosomal DNA,
warrant evaluation of optimized Invader LNA probes as site-
specific modulators of gene expression.60 Studies along these lines
are currently underway in our laboratory.

Experimental

Materials

Synthesis of 2¢-N-(pyren-1-yl)methyl-2¢-amino-a-L-LNA. The
corresponding phosphoramidite of monomer X was obtained
and incorporated into 13-mer AT-rich oligodeoxyribonucleotides
(ONs) using established protocols.42,47 Briefly described, auto-
mated synthesis of ONs was performed in 0.2 mmol scale applying
standard procedures except for extended coupling times (30 min,
using 1H-tetrazole as catalyst), which resulted in stepwise coupling
yields of ~99% for monomers X (Fig. 1). Following standard
workup and purification, the composition and purity (>80%) of
modified ONs was verified by MALDI-MS (Table S1†) and ion-
exchange HPLC, respectively.

Thermal denaturation studies. Concentrations of all ONs were
estimated using the following extinction coefficients (L ¥ mmol-1

¥ cm-1) at 260 nm: dA (15.20), dC (7.05), dG (12.01), T (8.40);
rA (15.40), rC (9.00), rG (13.70), rU (10.00); pyrene (22.40). ONs
(1.0 mM each strand) were thoroughly mixed in Tm-buffer (see
below), denatured by heating and subsequently cooled to the
starting temperature of the experiment. Thermal denaturation
curves (A260 vs. T) were recorded using a Cary 100 UV/VIS
spectrometer equipped with a Peltier temperature programmer.
The temperature was varied from at least 15 ◦C below to 15 ◦C
above the thermal denaturation temperature (Tm) using a ramp
of 0.5 ◦C min-1. Quartz optical cells with a path length of
10 mm were used. In general, a medium salt Tm-buffer was used
(100 mM NaCl, 0.1 mM EDTA, pH 7.0 adjusted with 10 mM
NaH2PO4/5 mM Na2HPO4). Other utilized buffers include low
and high salt buffers (composition as for medium salt buffer except
that 0 mM and 700 mM NaCl were used, respectively) and a
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KMST-buffer (140 mM KCl, 10 mM MgCl2, 1 mM spermine and
40 mM Tris-Cl, pH 7.2). Thermal denaturation temperatures and
thermodynamic parameters for duplex formation were determined
by baseline fitting of melting curves using software provided
with the UV/VIS spectrometer. Bimolecular reactions, two-state
melting behaviour and a heat capacity change DCp = 0 upon
hybridization were assumed.48 The validity of these assumptions
for N2¢-functionalized 2¢-amino-a-L-LNA have been previously
discussed.47 Reported thermal denaturation temperatures were
determined as an average from two separate experiments within
±1.0 ◦C. For determination of thermodynamic parameters, a
minimum of two experimental denaturation curves were each
analyzed at least three times to minimize errors arising from
baseline choice, and average values are listed. Changes in Gibbs
free energy and entropy upon duplex formation were determined
at the temperatures of the dsDNA-targeting experiments (T exp =
293.15 K).

Steady-state fluorescence emission experiments. Fluorescence
measurements were performed on a Cary Eclipse fluorimeter
equipped with a Peltier temperature controller using quartz optical
cells with a path length of 10 mm. A concentration of 1.0 mM of
each strand in medium salt Tm-buffer was used. No corrections
for the minimal solvent background or attempts to eliminate
dissolved oxygen from the buffer solution were made. Mixtures
were kept at 20 ◦C (± 0.2 ◦C) at all times. Steady-state fluorescence
emission spectra (360–600 nm) were obtained using an excitation
wavelength of 335 nm, excitation and emission slits of 5.0 nm
and photomultiplier voltage set at 800 V. The setup for dsDNA-
targeting experiments is detailed in the Results and Discussion
section.

Electrophoretic mobility shift assays. Stock solutions (4 mM) of
dsDNA targets, Invader LNA probes and probe-target duplexes
were prepared by annealing appropriate complementary single
strands in a pH 7.2 incubation buffer (70 mM HEPES, 15 mM
MgCl2, 15% sucrose, 0.15% spermine, 300 mM NaCl) and storing
the solutions at 4 ◦C. Control duplexes (4 mL) or reaction mixtures
(4 mL of each duplex) were incubated as described in Fig. 5, mixed
with 6X DNA loading dye solution (2 mL), loaded onto a 16%
native polyacrylamide gel in 1X TBM buffer (89 mM Tris, 89 mM
boric acid, 10 mM MgCl2 and run for 24 h at 10 V cm-1 and
4 ◦C. Gels were stained with SYBR Gold and documented on a
Flour S multiimager.
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