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ABSTRACT

Zorro-LNA (Zorro) is a newly developed, oligo-
nucleotide (ON)-based, Z-shaped construct with
the potential of specific binding to each strand of
duplex DNA. The first-generation Zorros are
formed by two hybridized LNA/DNA mixmers (2-ON
Zorros) and was hypothesized to strand invade. We
have now established a method, which conclusively
demonstrates that an LNA ON can strand invade
into duplex DNA. To make Zorros smaller in size
and easier to design, we synthesized 30–50–50–30

single-stranded Zorro-LNA (ssZorro) by using both
30- and 50-phosphoramidites. With ssZorro, a signifi-
cantly greater extent and rate of double-strand
invasion (DSI) was obtained than with conventional
2-ON Zorros. Introducing hydrophilic PEG-linkers
connecting the two strands did not significantly
change the rate or extent of DSI as compared to
ssZorro with a nucleotide-based linker, while the
longest alkyl-chain linker tested (36 carbons)
resulted in a very slow DSI. The shortest alkyl-chain
linker (3 carbons) did not reduce the extent of DSI of
ssZorro, but significantly decreased the DSI rate.
Collectively, ssZorro is smaller in size, easier to
design and more efficient than conventional 2-ON
Zorro in inducing DSI. Analysis of the chemical
composition of the linker suggests that it could be
of importance for future therapeutic considerations.

INTRODUCTION

Silencing of gene expression has enormous implications
for the treatment of genetic disorders especially for

diseases with dominant inheritance (1). Gene silencing
can be achieved either via the antisense mechanism,
which acts on the mRNA level and prohibits mRNA
translation (2), or via the anti-gene mechanism that
directly targets the chromosomal DNA (3). While anti-
sense therapy has shown great success through many
strategies including single-stranded (ss) antisense oligo-
nucleotides (ON), siRNA and ribozymes (4–7), the
anti-gene technology remains significantly less explored
(8). There are several barriers that greatly hamper the
success of anti-gene agents. Anti-gene drugs must cross
both the plasma membrane of cells as well as the
nuclear membrane, and subsequently find their way
through chromatin in order to recognize and specifically
bind to their target sequences within the chromosomal
DNA.

Many studies have aimed at optimizing anti-gene
ON-based therapeutics (9). It has been shown that
triplex-forming ONs (TFOs) are able to recognize the
major groove of double-stranded (ds) DNA and interfere
with initiation and elongation of gene transcription
(10–13). However, TFOs are only able to target stretches
of polypurines/polypyrimidines (14–16). Moreover, the
Hoogsteen mechanism of binding, through which TFOs
are working, is considered weak and can be interrupted by
the nucleotide excision repair machinery in the cell (17,18).
Therefore, agents that bind via Watson–Crick hybrid-
ization mechanisms constitute appealing alternatives.
However, in order to efficiently bind to duplex DNA,
improved non-natural nucleotide chemistries are needed.

Locked nucleic acid (LNA)-based ONs bind ssDNA
efficiently through Watson–Crick mode. LNA is a class
of nucleic acid analogues (19–21) containing a bridging
methylene between the 20-O and 40-C of the ribose ring.
The resulting conformationally restricted, bicyclic moiety
leads to higher thermal stability of duplexes formed with
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complementary DNA and RNA sequences. Over the last
few years, some LNA-based therapeutics have been
developed by the pharmaceutical industry. LNA/DNA
mixmers have been frequently used as antisense drugs
directed against RNA (22–27) and an interesting example
of that is the 16-mer LNA-based drug ‘SPC3042’ showing
high potency for survivin mRNA inhibition in the treat-
ment of cancer (28). LNA ONs have also been successfully
exploited in altering splicing both in cell cultures (29) and in
mouse models (30). Moreover, four LNA antisense drugs
are currently tested in human clinical trials as novel medi-
cines against solid tumors, cancers of the blood and hepa-
titis C viral infection (http://www.santarispharma.com).
On the other hand, there are no trials using LNA ONs as
anti-gene drugs. LNA ONs have been utilized as anti-gene
agents in cell cultures (31–35), but in none of these reports
the actual mechanism of LNA binding was conclusively
demonstrated. Thus, it is unclear whether strand invasion
is the way by which these constructs hybridize to dsDNA.

Recently, we have generated a novel LNA-based,
sequence-specific, anti-gene drug ‘Zorro- LNA’ (33,34).
In the original design this agent consists of two LNA/
DNA mixmer ONs attached to each other through a
7-nucleotide (7-nt), complementary linker region. One of
the ONs is constructed to bind to the coding strand of
DNA and the other to the template strand. We observed
that Zorro-LNA (Zorro) can successfully bind to DNA
duplexes and inhibit gene transcription on the plasmid
level. Moreover, when Zorro was microinjected into cells
stably transfected with the target site-containing reporter
gene, it also mediated blocking of gene expression. We
anticipated that ‘double-strand invasion’ is the mechanism
by which Zorro binds to duplex DNA. However, this was
never proven experimentally and for technical reasons the
quantification of the amount of Zorro bound to DNA was
not very precise.

Advantageously, and opposite to TFOs, Zorro-LNA
does not seem to display any sequence restriction.
However, avoiding intra-molecular binding between
bases in the linker region and bases in the arms
remained an obstacle making the design of the
first-generation Zorro-LNAs a cumbersome process.
Moreover, similar to siRNAs a preannealing step was
required for the hybridization of the two ONs in order
to generate the complete Zorro construct. For an
ON-based therapeutic, the design should be simple and
predictable. Therefore, to make the processes more
straightforward, we envisaged making the Zorro in the
form of a single-ON entity and we refer to this construct
as ‘single-stranded Zorro’ (ssZorro). In addition, from a
size point of view, ssZorro would be smaller than the
original 2-ON Zorro. It is well established that small-sized
LNA-based therapeutics are more efficient (27,36). A
functional ssZorro would therefore presumably also facili-
tate its formulation and delivery.

In this report, we have developed methods by which we
can investigate the binding mechanism of Zorro LNA and
its proposed duplex invasion ability. Furthermore, we
tested whether the use of ssZorro would affect the DSI
efficiency. Finally, we investigated the possibility of
exchanging the 7-nt linker in ssZorro by non-nucleotide

linkers of different size and hydrophobicity and,
moreover, how these modifications would influence both
the binding and duplex-invasion properties of the
molecule.

MATERIALS AND METHODS

Synthesis of single-stranded Zorro constructs

Mixmer LNA/DNA ON strands (ssZorros) were
synthesized by solid phase phosphoramidite chemistry
on an automated DNA synthesizer in 1.0mmol synthesis
scale. Standard procedures were used, i.e. trichloroacetic
acid in CH2Cl2 as the detrytilation reagent, 0.25M
4,5-dicyanoimidazole (DCI) in CH3CN as the activator,
acetic anhydride in THF as cap A solution,
1-methylimidazole in THF as cap B solution and 0.02
M iodine in H2O/pyridine/THF as the oxidizing
solution. To realize strand polarity reversal, i.e.
30-50-50-30 syntheses, inverted O30-DMT
O50-phosphoramidite DNA and LNA amidite building
blocks were used together with standard O50-DMT
O30-phosphoramidite DNA and LNA amidite building
blocks. The inverted DNA and standard DNA and
LNA amidite building blocks are commercially available
whereas the inverted LNA amidite building blocks
(5-methyl-C and T derivatives) were synthesized using a
recently published procedure (37). For LNA and inverted
LNA amidites, extended coupling times (6min) resulted
in stepwise coupling yields of 99%, as obtained for DNA
and inverted DNA amidites (2min coupling time). All
ssZorros, except the one having a Cy3 linker element,
were prepared with a Cy3 label in the 30-end of the pyr-
imidine ssZorro strand. The ssZorro with a 7-nt linker
was also synthesized with a Cy5 label for studies
involving the Cy3 labeled ‘stiffener’ ON. The pyrimidine
arm was prepared using inverted DNA and LNA
amidites after completion of the other Zorro strand
and the linker region. Polarity reversal during synthesis
was thus implemented after completion of the linker
region. For ssZorros containing non-nucleotide linkers,
the relevant commercially available linker-building
blocks were incorporated using similar amidite chemistry
under conditions recommended by the supplier. The
TINA (twisted intercalating nucleic acid) linker was
synthesized and incorporated into a ssZorro using pub-
lished procedures (38). The removal of
nucleobase-protecting groups and cleavage from solid
support was achieved using 32% aq. NH3 for 24 h at
room temperature. Purification to at least 80% purity of
all modified ONs was performed by RP-HPLC or
IE-HPLC, and the composition of all synthesized ONs
was verified by MALDI-MS analysis recorded using
3-hydroxypicolinic acid as a matrix.

LNA/DNA ONs and annealing procedures

Labeled LNA/DNA ONs used for making the conven-
tional 2-ON Zorros were bought from Eurogentec
(Belgium). The ‘up-ON’ was 50-labeled with a Cy3 dye
while the ‘down-ON’ was 50-labeled with a Cy5 dye.
A 7-base ON complementary to the linker region of
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ssZorro, (named ‘stiffener’) was annealed to the ssZorro
to stiffen the linker region (Figure 1a). Stock solutions of
the up-ON, down-ON, ssZorro and the stiffener were
heated to 95�C for 5min and then immediately
immersed in ice. After cooling, the 2-ON Zorro (20mM)
was formed by mixing the up-ON and the down-ON in an
annealing buffer: 10mM Tris–HCl, pH 7.5, 100mM
NaCl, 1mM EDTA. Annealing of ssZorro to stiffener
followed the same protocol as were control solutions of
the up-ON, down-ON, ssZorro and stiffener. All mixtures
were heated at 95�C for 10min followed by slow cooling
until reaching room temperature. The annealed constructs
were stored at 4�C until used. The annealing was verified
using 15% polyacrylamide gels, where bands were
visualized using Molecular Imager FX equipment
(BioRad, USA) through the Cy3 or Cy5 labels on each
ON. A further assessment was done by staining the gels
with SYBR� Gold (Invitrogen, Molecular Probes), which
mainly stains the dsDNA, as a means to confirm the
successful annealing (Figure 1b). LNA/DNA 16-mer
ONs representing the up- and down-ONs for Zorro but
lacking the linker sequence (Up-16 and Down-16) were
also bought from Eurogentec.

Hybridization of plasmid DNA to Zorro constructs

pN25-2BS is a plasmid with two binding sites for the
Zorro-LNA previously prepared by standard molecular
cloning procedures (33). PN25-0BS, a plasmid lacking
Zorro target sites but otherwise with the same sequence
as pN25-2BS, was used as control. The final concentration
of the plasmid in all hybridization mixes was 0.25mg/ml
(0.1 mM). The plasmid was hybridized with different con-
centrations of each Zorro construct as well as Up- and
Down-16-mer LNA/DNA ONs in concentrations
ranging from 0.5 to 8 mM (5–80 times molar excess to
plasmid) and the reactions were kept at 37�C for 24 h.
Hybridizations were performed in a physiological intracel-
lular buffer with the following composition: 50mM tris–
acetate, 5mM MgSO4, 100mM KCl and 10mM NaCl.
Mock treatment was performed by incubating plasmid
pN25-2BS with the same buffer under the same conditions
but without Zorros. For the kinetics studies, pN25-2BS
was hybridized to the different Zorro constructs and
linear LNA/DNA ONs at a concentration of 1 or 3 mM
using the same conditions as mentioned above. Samples
were removed from each reaction after 2, 8, 24, 72 or 144 h
for further analyses. PN25-tyr is a plasmid cloned with
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Figure 1. Illustration of Zorro sequences and annealing. (a) Schematic representation of 2-ON Zorro, ssZorro linked to the stiffener ON (ssZorro+
stiffener), ssZorro and ssZorro with a non-nucleotide based linker. LNA bases are written in capital letters, while DNA bases are in lowercase.
(b) A 15% polyacrylamide gel showing the annealing of the up- and down-ONs to form the 2-ON Zorro and the annealing of the ssZorro to
its stiffener. Lane 1: annealed ssZorro+ stiffener, lane 2: ssZorro alone, lane 3: stiffener alone, lane 4: annealed 2-ON Zorro, lane 5: up-ON alone,
lane 6: down-ON alone.
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two binding sites for a new target sequence derived from
the first intron of the tyrosinase (tyr) gene. PN25-tyr was
hybridized with the 2-ON Zorro complementary to the
new site using the same concentrations and conditions as
mentioned above.

Analyzing Zorro binding efficiency by agarose gel
electrophoresis

Plasmids hybridized with the different Zorro constructs
were analyzed on 0.9 % agarose gels in 1�Tris-acetate
EDTA (TAE) buffer and visualized using Molecular
Imager FX equipment through the Cy3 or Cy5 labels on
each Zorro construct. For each construct, standards con-
sisting of increasing amounts of Zorro bound to comple-
mentary short DNA ONs were loaded on the gel 10min
before the end of the gel run. Using this setting, Zorros
bound to short ONs appear at almost the same distance
from the wells, thereby optimizing comparative quantifi-
cation. Standard curves were made from these bands and
were used to estimate the amount of Zorro bound to the
supercoiled plasmid.

Assessing the double-strand invasion efficiency by S1
nuclease digestion

S1 nuclease is an enzyme that degrades ss DNA. Since the
DSI mechanism, proposed for Zorro binding, would lead
to the production of ss DNA stretches, it should be
possible to measure the DSI efficiency of the different
Zorros as increased sensitivity to S1 nuclease in the

supercoiled plasmid fraction (Figure 2a). While this
enzyme is specific for cutting ss DNA, it might still
cause unspecific nicking and degradation of supercoiled
ds DNA under non-optimized conditions. Therefore, con-
centrations and conditions were adjusted to preferentially
allow for the specific activity of the enzyme. 0.5 mg of
plasmid hybridized with different Zorro constructs or
with linear LNA/DNA ONs was digested by 8.3 units of
S1 nuclease (Promega, USA) in 1�S1 nuclease enzyme
buffer. The 10� buffer consists of 500mM sodium
acetate, 2.8M NaCl and 45mM ZnSO4 (Promega). The
digestion was performed for 4.5min on ice, and the en-
zymatic reaction was stopped by adding EDTA to a final
concentration of 77mM. The controls we used were
plasmids hybridized with bis-PNA and with a TFO, for
sequences see (39) and (40), respectively. Samples from the
digestion mixtures were analyzed on 0.9% agarose gels in
1�TAE buffer and visualized by SYBR� Gold staining.
Gels were documented using the Fluor-S system with a
cooled CCD camera (BioRad, USA) and analyzed with
the Quantity One software (BioRad) (Figure 2b). DSI was
calculated by measuring the ratio of supercoiled plasmid
in treated preparations, and then dividing the ratios for
the hybridized plasmids by the ratio for the mock-treated
plasmid after S1 nuclease treatment. For each Zorro con-
struct, we calculated the concentration at which 50% DSI
was achieved in the supercoiled plasmid after 24-h incu-
bation at 37�C. The calculated value is referred to as: ‘DSI
C50’. Similarly, in the kinetics experiments, the time at
which 50% DSI occurs at a given Zorro concentration

+ +

+

Linear plasmid

(a)

(b)

Nicked plasmid

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Nicked
Linear
Super-
coiled

Super-
coiled

Linear

Nicked

Figure 2. S1 nuclease digestion as a method to demonstrate double-strand invasion of the supercoiled plasmid by Zorro LNA. (a) Schematic
simplified illustration of how Zorro double-strand invasion will create single-stranded stretches of DNA susceptible to S1 nuclease digestion. As
shown by the arrows, the enzyme action will lead to an increase in the nicked plasmid band and/or to a production of the linear form of the plasmid.
(b) 0.9% agarose gel electrophoresis of plasmids hybridized with different types of ONs and subsequently digested with S1 nuclease. Lanes 1–7
contain pN25-2BS plasmid hybridized with, lane 1: 2-ON Zorro (1mM), lane 2: up-ON (1 mM), lane 3: down-ON (1mM), lane 4: 2-ON Zorro (8mM),
lane 5: up-ON (8 mM), lane 6: down-ON (8 mM), lane 7: mock-hybridized pN25-2BS. Lane 8: pN25-0BS hybridized with 2-ON Zorro (8mM) and lane
9: linear pN25 after digestion with HpaI restriction enzyme. Lanes 11 and 12 contain a plasmid with a TFO binding site hybridized with the
corresponding TFO (lane 11) and mock-hybridized (lane 12) both after digestion with S1 nuclease. Lane 10 contains the same plasmid in the linear
form. Lanes 13 and 14 contain EGFPLuc-RGB; a plasmid with a bis-PNA binding site hybridized with the corresponding bis-PNA (lane 13) and
mock-hybridized (lane 14) both after digestion with S1 nuclease. Lane 15 contains the same plasmid in the linear form.
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for each construct is referred to as DSI t50. Thus, DSI C50

and DSI t50 were used as indicative values for the extent
and rate, respectively, of DSI achieved by all Zorro
constructs tested in this study.

Statistics

Data are expressed as mean ± standard deviation.
Statistical analyses were performed using Student’s t-test
for comparison of means. A probability of less than 0.05
was considered to be statistically significant.

RESULTS

Evidence for invasion of Zorro-LNA into plasmid DNA

Zorro-LNA was designed to function as an anti-gene ON
and hypothesized to work through Watson–Crick binding
to adjacent sites on both strands of dsDNA (33). The
original construct was composed of two ONs hybridized
by annealing two complementary 7-nt stretches, which
together create the ‘linker’ region (Figure 1a). In order
to study the binding mechanism, the effect of S1
nuclease digestion was investigated. The conditions were
optimized to obtain robust digestion of the positive
control, bisPNA hybridized to plasmid DNA, without
any significant digestion of the negative control, a TFO
hybridized to plasmid DNA (Figure 2b). Target plasmid
pN25-2BS hybridized with different concentrations of
Zorro-LNA showed pronounced digestion by S1
nuclease, while both the mock-treated plasmid and the
one devoid of Zorro target sites (pN25-0BS) did not
(Figure 2b). A second plasmid, pN25-tyr, hybridized
with different concentrations of the corresponding new
Zorro showed the same degree of S1 nuclease sensitivity
as the hybridized pN25-2BS plasmid (Supplementary
Figure S1). These results clearly suggest that
Zorro-LNAs indeed are able to strand invade into
dsDNA without sequence restrictions.

Development of ssZorro-LNAs and activity assessment

To facilitate the process of designing Zorro sequences for
targeting therapeutic genes and to improve cellular
uptake, we wanted to combine the two ONs into a
single-molecule entity. To allow targeting of both
strands of the plasmid with only one ON, the two
binding regions should be antiparallel, thus necessitating
a 50-50 linkage between the two binding arms. The desired
30-50-50-30 ssZorro (Figure 1a) was prepared by combining
30- and 50-phosphoramidites. To investigate whether the
use of ssZorro would alter the hybridization and DSI ef-
ficiency to plasmid DNA, two assays were used: quantifi-
cation of fluorescently labeled ssZorro bound to
supercoiled plasmids and S1 nuclease digestion. Indeed,
we found no reduction in the hybridization efficiency
of this new construct (Figure 3a and Supplementary
Figure S2). On the contrary, DSI efficiency of ssZorro
was significantly higher in both extent and rate than that
of the conventional 2-ON Zorro with a DSI C50 of 1.2 mM
as compared to 3.08mM (Figure 3b, Supplementary
Figure S3 and Table 1). Moreover, kinetics studies

demonstrated that ssZorro has a faster rate of DSI into
plasmid DNA (DSI t50=26 and 64 h for 1 mM of ssZorro
and 2-ON Zorro, respectively) (Figure 3c and Table 1).
Since the original 2-ON Zorro construct contained a rigid
ds linker region we also analyzed the DSI efficiency of the
ssZorro after annealing the linker to a complementary
7-nt LNA/DNA ‘stiffener’ (Figure 1a). The DSI of the
ssZorro with ‘stiffener’ was significantly higher than that
of the original 2-ON Zorro, although lower than ssZorro
LNA alone, both in terms of rate and extent (Figure 3b
and c and Table 1).

Evaluating the DSI capacity of short linear LNA/DNA
ONs

In order to evaluate whether short LNA/DNA mixmer
ONs can strand invade duplex DNA, we tested the two
16-mer LNA/DNA ONs, Up-16 and Down-16, for strand
invasion. The Up-16 failed to strand invade plasmid DNA
even at the highest concentration tested. The Down-16
could, on the contrary, achieve DSI even at very low
concentrations and at a fast rate, significantly different
from the ssZorro construct (DSI C50=0.6mM and DSI
t50=8h) (Figure 4). However, comparing the S1 nuclease
assays for Down-16 and for ssZorro, it is clear that the
invasion by the short ON leads mainly to an increase
in the nicking of the plasmid while the invasion by
Zorros results in a higher proportion of linearized
plasmid DNA as well as a higher total nuclease sensitivity
(nicked+linearized plasmid) (Figure 4b, c and d).
Interestingly, when performing hybridization of the
plasmid with the up-ON and with the down-ON (same
sequences as for Up-16 and Down-16 but with an exten-
sion consisting of the 7-bases linker part), neither of these
ONs showed any sign of DSI (Figure 2b: lanes 2, 3, 5 and
6 and Figure 4c). These facts exclude the possibility that
Zorro-LNA is hybridizing only through binding of its
lower arm.

Effect of linker modifications on the activity of
ssZorro-LNA

Subsequently, we synthesized ssZorros with linkers based
on non-nucleotide chemistries (Figure 5). These linkers
were of variable size and hydrophobicity. First we tested
two PEG-based linkers of different length: a triethylene
glycol phosphate: (TEG) and a di (hexaethylene glycol
phosphate): (HEG� 2) linker. The TEG linker construct
showed similar hybridization efficiency as that of the
original ssZorro while the DSI decreased significantly
with a DSI C50 of 2 mM and a DSI t50 of 46 h
(Figure 6b and c and Table 1). Conversely, the longer
HEG� 2 displayed a marked increase in the hybridization
that even exceeded 100% at concentrations higher than
1 mM (Figure 6a and Supplementary Figure S2).
However, this construct behaved similar to the original
ssZorro in the S1 nuclease assay (Figure 6b and c,
Supplementary Figure S3 and Table 1). Both the con-
structs with PEG-based linkers reached a significantly
higher DSI than that of the 7-nt linker construct after
144-h incubation at 3 mM (Figure 6d).
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We further tested a series of alkyl-chains of 3 (propyl),
12 (dodecyl) and 36 (tri-dodecyl) atoms’ length as hydro-
phobic linkers for the ssZorro LNA (Figure 5). These
linkers clearly influenced Zorro hybridization to plasmid
DNA in different ways. The C3 linker behaved similar to
the 7-nt ssZorro, while the longest one (C12� 3) displayed
the lowest hybridization efficiency of all linkers tested in
the study. The intermediate C12 linker showed an increase
in hybridization similar to that observed for the HEG� 2
linker; however, >100% hybridization at concentrations
higher than 2 mM is also generated (Figure 7a and
Supplementary Figure S2). Regarding the strand
invasion, incorporation of the C12� 3 linker, being
similar in size as the hydrophilic HEG� 2 linker
(Table 1), resulted in a drastic decrease in DSI efficiency.
It showed the highest DSI C50 value of all constructs
(7.1 mM) and the DSI t50 exceeded our endpoint of 144 h
(Figure 7b and c, Supplementary Figure S3 and Table 1).
On the other hand, the constructs with the shorter hydro-
phobic linkers (C3 and C12) showed a similar efficiency
in DSI as that with the original 7-nt linker ssZorro
(Figure 7b and Supplementary Figure S3). After 144 h at
3 mM concentration the C12 construct even displayed a
significantly higher plateau value than that of the
original ssZorro (Figure 7d). Notably, both the C3 and
C12 constructs strand invaded at a significantly slower
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Figure 3. Hybridization and double-strand invasion (DSI) efficiency of 2-ON Zorro, ssZorro and ssZorro+stiffener. (a) Hybridization efficiency of
the three Zorro constructs at concentrations ranging from 0.5 to 8mM. PN25-2BS was incubated with the different constructs at 37�C for 24 h in the
physiological buffer with intracellular ion concentration. (b) DSI efficiency of the three Zorro constructs at the same concentrations as in A. After
24-h incubation time, 0.5 mg of each reaction was treated with S1 nuclease as described in the ‘Materials and methods’ section. Differences in the DSI
C50 by ssZorro, ssZorro + stiffener and 2-ON Zorro were significant (**P < 0.01). (c) Kinetics of the DSI elicited by the Zorro constructs at a
concentration of 1 mM. Differences in DSI t50 by ssZorro, ssZorro+ stiffener and the 2-ON Zorro were significant (**P < 0.01). (d) Kinetics of the
DSI produced by the Zorro constructs at 3 mM concentration.

Table 1. Values of DSI C50 and DSI t50 of the different Zorro

constructs used

Construct DSI C50

(mM)
DSI t50
(h)

2-ON Zorro 3.09 (0.35)** 63.8 (5.0)**
ssZorro+stiffener 1.99 (0.071)** 47.0 (2.9)**
ssZorro 1.21 (0.17) 26.5 (0.5)

ssZorro with different linkers

Linker The number
of atoms
between the
two 50-O

DSI C50

in mM
DSI t50
in hrs

7 nt 41 1.21 (0.17) 26.5 (0.5)
TEG 12 1.93 (0.01)* 46.1 (3.6)***
HEG� 2 41 1.36 (0) 32.7 (5.4)
C3 7 1.49 (0.14) 48.9 (2.9)***
C12 16 1.79 (0.048) 81.3 (1.8)*
C12� 3 46 7.15 (0.83)*** >144
Linker-less 1 1.63 (0.11)* 45.4 (1.2)***

Cy3 15 2.92 (0.12)** 97.0 (12.1)****
TINA 6 3.59 (0.17)*** >144
Linker-less with

glycylamino LNA-T
1 1.48 (0.07) 42.6 (0.6)

All comparisons were made to the ssZorro with the 7-nt linker and
significance is represented in stars. The number of atoms connecting the
two 50 oxygens is also shown for each ssZorro construct.
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rate than the 7-nt linker construct at 1 mM (Figure 7c and
Table 1).
We also tested additional linkers having other

properties. Thus, as one extreme, we synthesized a
linker-less ssZorro with just a phosphate group (i.e only
one atom connecting the two arms), one construct with
the well-known Cy3 dye as a rigid linker and finally an
ssZorro with a TINA (38,40) monomer linker (Figure 5).
Both the linker-less ssZorro and the ssZorro with Cy3
linker resulted in similar hybridization efficiency as
the parent ssZorro (Figure 8a and Supplementary
Figure S2). However, both constructs showed significantly
higher DSI C50 and t50 values compared to the 7-nt linker
construct (Figure 8b and c, Supplementary Figure S3 and
Table 1). Still the linker-less construct reached the same

total DSI as the original ssZorro within 144 h at 1 mM
concentration, while the Cy3-linker did not (Figure 8c).
Finally, the ssZorro with the intercalating base, TINA,
also displayed similar hybridization efficiency although
the hybridization exceeded 100% at higher concentrations
(�4 mM) (Figure 8a). Conversely, this linker significantly
decreased the total DSI as well as the DSI rate, yielding a
DSI C50 value of 3.6mM and a DSI t50 value greater than
144 h (Figure 8b and c and Table 1).

Altogether, linkers of high or medium hydrophobicity
were found to be optimal for double-strand invasion. The
extent of the DSI for the shortest alkyl-chain linker (C3)
was similar, while the rate was significantly slower as
compared to the ssZorro with the 7-nt linker. The
PEG-based linkers and the dodecyl hydrophobic linker
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Figure 4. Evaluation of short LNA/DNA ONs for double-strand invasion (DSI) into plasmid DNA. (a) Sequences of the ss LNA/DNA ONs tested
for DSI: Up-16, Down-16, up-ON and down-ON. (b) Upper and lower panels: illustrations of the predicted base pairing of ssZorro and the ON
designated Down-16 to ds DNA, respectively. The representation of the Down-16 binding shows the stretch of the ON with capacity to bind as a
TFO by Hoogsteen base pairing in black while the rest of the ON is in gray. (c) Agarose gels showing the DSI achieved by 2-ON Zorro, ssZorro and
the corresponding ss LNA/DNA ONs after S1 nuclease digestion. Order of lanes in each gel from 1 to 7 is as follows: plasmid hybridized with 0.5, 1
and 1.5, 2, 3, 4, 8 mM of the respective ON. Lane 8 is the mock-treated plasmid. (d) The left graph shows quantification of the DSI of Down-16
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(C12) both reached a saturation level significantly higher
than that of the 7-nt linker (Figures 6d and 7d). These
differences were clearly demonstrable at lower concentra-
tions. At 3 mM, the discrimination was less visible, since all
other linkers applied in the study reached the same satur-
ation level as that of the 7-nt construct, except for the
longest hydrophobic one (C12� 3), which did not even
reach the plateau value (Figure 7d).

Effect of LNA modifications in the upper arm on binding
and DSI efficiency

Incorporation of N20-glycyl modified 20-amino-LNA
(Figure 5) into the TFO has been shown to increase
thermal affinity of triplexes, presumably due to the
positive charge introduced by the protonated amino
group of the pendant glycyl moiety (41). Therefore, we
tested if the introduction of this modification in ssZorro
would enhance its hybridization and DSI efficiency. A
linker-less ssZorro LNA containing two N20-glycyl-20-
amino-LNA thymidine (glycylamino LNA-T) monomers
in the upper arm was synthesized. As demonstrated in

Supplementary Figure S4a, at concentrations of 2 mM or
higher, the glycylamino LNA-T-modified ssZorro elicited
a high degree of hybridization, even exceeding 100%. This
implies the involvement of altered binding of the modified
ssZorro as compared to the native construct. However, the
DSI efficiency was not significantly different for the
glycylamino LNA-T when compared to the corresponding
construct without this modification (Supplementary
Figures S3, S4b, S4c and Table 1). Interestingly, looking
at the kinetics data, there is a slightly increased rate of DSI
at 24 h (Supplementary Figure S4c). This difference was
small but significant, suggesting that such modification
could be advantageous and should be further investigated.

DISCUSSION

In this study, we conclusively demonstrated that an
LNA-based oligonucleotide can strand invade into
duplex DNA. Even though the structural nature of
Zorro and previous results strongly indicated that the
LNA binding to duplex DNA predominantly occurs
through strand invasion, this was earlier not formally
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proven (33,35,42). Since DSI causes the production of ss
stretches in DNA, we made use of S1 nuclease digestion as
a method to investigate if DSI is the main mechanism for
Zorro LNA hybridization. Demidov et al. used S1
nuclease digestion for proving strand invasion of PNA
(43). However, they carried out this assay on a linearized
plasmid. In contrast, when Zelphati et al. used S1 nuclease
to investigate the DSI properties of PNA for supercoiled
plasmid DNA, they obtained the same sensitivity to the
enzyme with and without PNA, i.e both forms showed
great degree of digestion by the enzyme (44).
Presumably, this can be attributed to the unspecific
effect of this vigorous enzyme, which, due to the breathing
of the supercoiled DNA, can easily digest plasmid DNA
under non-optimal conditions. Here, we managed to suc-
cessfully optimize concentration and other conditions to
preferentially detect the specific action of S1 nuclease. In
our hands, to get a clear double-strand invasion, we
needed the specific design of Zorro LNA, since ssLNA
ONs with the extension (up-ON, down-ON) binding to
only one of the strands of the duplex did not show
any evidence of DSI (Figure 2b and Supplementary
Figure S3). Interestingly when testing the shorter LNA/
DNA 16-mers (without extension), we found that one
of the two ONs (Down-16) could also perform DSI.

The possible reason can be that a part of the Down-16
ON (a stretch of 9 bases) can bind as a TFO, facilitating
the invasion of the whole ON and the binding via
Watson–Crick mode, a mechanism already proposed for
bisPNA binding (45). When analyzing the gels for DSI
(Figure 4c), we observe that the reduction in the super-
coiled plasmid is extremely prominent even at low concen-
trations. However, the S1 nuclease only cuts in one strand
leading to a high increase in nicked plasmid. Oppositely,
after Zorro-LNA mediated DSI, the nuclease treatment
resulted both in increased nicking and linearization of
the supercoiled plasmid, indicating a different mode of
invasion performed by Zorros, which affects both DNA
strands. The Up-16 did not show any sign of invasion
indicating a sequence restriction for strand invasion of
short linear LNA/DNA ONs. In this report we also
verified the DSI capacity of a second Zorro directed
against a new target site devoid of the TFO sequence.
This strongly confirms the versatility of Zorros to strand
invade without any sequence restrictions. While the
ssZorro used in this study targets a site located in the 50

transcribed, but untranslated region (50-UTR), the linear
LNA used by Corey and coworkers overlap the actual
transcription start site (31,35). It will be interesting to
investigate the possible targets and to carefully compare
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Figure 6. Hybridization and double-strand invasion (DSI) efficiency of ssZorro constructs with hydrophilic PEG linkers. SsZorro constructs with a
triethylene glycol phosphate (TEG) and a di (hexaethylene glycol phosphate) (HEG �2) linker were used and compared to the construct with the
7-nt linker. (a) Hybridization efficiency of the three ssZorro constructs at concentrations ranging from 0.5 to 8mM. PN25-2BS was incubated with the
different constructs at 37�C for 24 h in the physiological buffer with an intracellular ion concentration. (b) DSI efficiency of the ssZorro constructs at
the same concentrations as in A. After 24-h incubation time, 0.5 mg of each reaction was treated with S1 nuclease as described in the ‘Methods’
section. The difference in the DSI C50 elicited by ss Zorros with the 7-nt linker and with the TEG linker was significant (*P< 0.05). (c) Kinetics of
the DSI produced by the ssZorro constructs at a concentration of 1 mM. The difference in DSI t50 elicited by ssZorros with the 7 nt and the TEG
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the influence of a number of different locations (promoter,
50 and 30 untranslated regions, coding and intronic
regions) to identify optimal Zorro target sites in vivo.

Agarose gel electrophoresis is a method that has been
frequently used to study the binding of labeled ONs to
plasmid DNA (39,44,46). With this method, we could de-
termine the hybridization efficiency to the supercoiled
plasmid DNA; however, it was not possible to deduce
the mechanism by which binding occurs. Interestingly,
using our method of estimation, >100% binding was
observed for 4 of 12 constructs, suggesting alternative
binding modes. One possibility would be that two
Zorros would bind to the same target site, where the
up-arm of one Zorro binds to one strand of the duplex,
while the down-arm of another Zorro binds the opposite
strand. This was addressed by making short DNA ONs
complementary to the resulting free Zorro arms. Only very
low levels of binding were observed (data not shown),
arguing against such an explanation. This observation is
also of general interest, since it strengthens the
hypothesized model for Zorro binding, where a single

Zorro simultaneously binds both strands in a Watson–
Crick mode. Another alternative would be TFO-binding.
Owing to that one of the Zorro arms contains a
polypyrimidine stretch, it is possible that such binding
could occur. However, we cannot explain why only
some of our constructs would demonstrate this form of
interaction. Thus, at present we cannot conclusively
explain the enhanced binding observed for some of the
constructs at high concentrations. Since our main ob-
jective in this paper was to investigate DSI as a mechanism
for binding of LNA in the form of Zorro, we focused on
developing the methods for this purpose.
Since the DSI of ssZorro was higher than that of the

original design with a ds linker region, we went on to
further optimize this specific construct. Indeed, the new
design of Zorro LNA has several advantages. It allows
for the use of short linkers or even linker-less constructs,
which will further reduce the molecular weight. It also
makes the synthesis easier. Owing to the strong binding
of LNA to DNA, internal hybridization could occur
between the bases in the arm and linker regions during
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Figure 7. Hybridization and double-strand invasion (DSI) efficiency of the ssZorro constructs with alkyl-chain linkers. SsZorro with the linkers:
propyl (C3), dodecyl (C12) and tridodecyl (C12 �3) were used and compared to the construct with the 7-nt linker. (a) Hybridization efficiency of the
ssZorro constructs at concentrations ranging from 0.5 to 8 mM. PN25-2BS was incubated with the different constructs at 37�C for 24 h in the
physiological buffer with intracellular ion concentration. (b) DSI efficiency of the ssZorro constructs at the same concentrations as in (a). After 24-h
incubation time, 0.5 mg of each reaction was treated with S1 nuclease. Differences in the DSI C50 showed by ssZorros with the 7-nt linker and with
the C12 �3 linker was significant (***P < 0.001). (c) Kinetics of the DSI elicited by the ssZorro constructs at a concentration of 1 mM. Differences in
DSI t50 elicited by ssZorro with the 7-base linker and those by ssZorro with the C3 and C12 linkers were significant (***P < 0.001) and (*P < 0.05),
respectively. DSI t50 for the construct with the C12 �3 linker could not be determined (>144 h). (d) Kinetics of the DSI elicited by the ssZorro
constructs at 3 mM concentration. The construct with the C12 linker achieved a significantly higher DSI than that of the 7-nt ssZorro at 144 h
(**P< 0.01).
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the annealing phase. This problem is reduced with the
design of ssZorros and could be obviated by using
non-nucleotide-based linkers. Thus, in the series of con-
structs that we tested, we first modified the linker region,
making it non-nucleotide based. Application of
non-nucleotide linkers has been previously investigated
in many ON-based approaches such as ribozymes and
circular ONs (47,48). Furthermore, bioconjugation of
ONs with polymers is widely used for improving penetra-
tion and for the purpose of stability (49,50). For instance,
conjugation with PEG of different chain length has been
addressed in many reports for ONs of DNA, LNA and
PNA bases (51–53). From our results, it seems that the
flexibility of the linker is playing an important role in ob-
taining high degrees of double-strand invasion by the
ssZorro. Both PEG-based linkers used in the study and
the alkyl-chain linker with intermediate length showed
prominent DSI. However, the longest alkyl-chain linker
(C12� 3), although having the highest degree of flexibil-
ity, showed very poor DSI ability. This could be explained
by the hydrophobicity, which could increase aggregation,
thereby making this construct less available for strand
invasion. When a TINA monomer was used as a linker,
it decreased both the rate and the extent of the DSI, which

presumably could be explained by the intercalating nature
of this linker. Since we believe that the smaller the size of
the ssZorro, the more feasible will be its formulation and
delivery, we also investigated the use of the linker-less
construct. Although this construct displayed reduced
DSI C50 and t50 values, it eventually reached a high
plateau level of DSI, similar to that of the ssZorro with
the 7-nt linker. This shows that strand invasion of ds
DNA can be achieved, using the smallest (32 nt in
length) of all tested Zorros.

Importantly, Zorro LNAs were found not to block rep-
lication, which may be of importance from a safety point
of view (33). For this reason we anticipate that resting, or
slowly dividing, cells may be the best targets for Zorro
LNAs. The fact that strand invasion is rather slow (the
lowest DSI t50 was 26 h) would likely pose a problem
when targeting genes in rapidly dividing cells in vivo,
while for resting, or slowly dividing, cells this may not
be the case. Still, we wanted to investigate whether modi-
fications of the LNA bases themselves could further
enhance DSI. This was attempted by including LNA-
bases containing glycylamino LNA, instead of regular
LNA, in one of the arms of ssZorro. As compared to
the most well-known synthetic ON with DSI capability,
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Figure 8. Hybridization and double-strand invasion (DSI) efficiency of the ssZorro constructs with a Cy3-linker, a TINA-linker or with a phosphate
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namely PNA, native LNA is negatively charged and this is
likely to impair DSI. Introduction of positive charges
reduces the overall charge of the ON, thereby potentially
improving DSI ability. Moreover, molecules with target-
ing capabilities such as certain lipids and peptides can be
attached to the glycyl group for further improving the
delivery and activity of the ssZorro. Currently, owing to
the fact that glycyl phosphoroamidites so far only exist for
thymine bases and that for technical reasons the lower
arm could not be modified, only 2 of the 32 nt were
glycylamino LNA. Even so, from our results it seems as
if this had a slight beneficial effect, suggesting that add-
itional modifications further reducing the negative charge
could have significant impact on DSI. This is very
encouraging and implicates that a careful design of the
ON combined with the selection of building blocks with
special properties is a key for the development of ONs
with enhanced activity. Given the fact that the chemical
universe is vast and that the development of synthetic ON
analogues has barely come of age, this bodes well for
future pharmaceutical approaches.
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