
& Photochemistry

Introducing LNAzo: More Rigidity for Improved Photocontrol of
Oligonucleotide Hybridization**

Nikolai Grebenovsky, Larita Luma, Patricia M�ller, and Alexander Heckel*[a]

Abstract: Oligonucleotide-based therapeutics have made
rapid progress in clinical treatment of a variety of disease
indications. Since most therapeutic oligonucleotides serve
more than just one function and tend to have a pro-
longed lifetime, spatio-temporal control of these functions
would be desirable. Photoswitches like azobenzene have
proven themselves as useful tools in this matter. Upon ir-
radiation, the photoisomerization of the azobenzene
moiety causes destabilization in adjacent base pairs, lead-
ing to a decreased hybridization affinity. Since the way the
azobenzene is incorporated in the oligonucleotide is of
utmost importance, we synthesized locked azobenzene C-
nucleosides and compared their photocontrol capabilities
to established azobenzene C-nucleosides in oligonucleo-
tide test-sequences by means of fluorescence-, UV/Vis-,
and CD-spectroscopy.

Artificial control of biological function remains one of the most
important topics of oligonucleotide chemistry. In living organ-
isms, oligonucleotide hybridization regulates the expression of
genes and biosynthesis by revealing the encoded information
only when desired. The simple base-pairing rules led to many
promising applications in cell biology, pharmacology, or nano-
technology.[1–6] For instance, oligonucleotide therapeutics
against miRNA-34a play a major role in controlling cell prolifer-
ation.[7] However, miRNA-34a is an important tumor suppressor
and corresponding antimiRs have been shown to cause serious
adverse effects in off-target tissues in clinical trials[8] and have
an in vivo half-life time of up to several weeks.[9]

The need for a convenient method to add spatio-temporal
control to therapeutic oligonucleotides led to many studies re-

garding the distribution, cell uptake, and pharmacokinet-
ics.[10–12] A possible way of gaining control over these effects is
the incorporation of light-responsive elements. In contrast to
most chemical stimuli, light does not pollute the system, is
harmless for biological applications and can be applied with
high spatio-temporal control and dose-precision.[13–15] Several
examples of photoactivatable antimiRs have been synthesized
utilizing photocleavable protecting groups.[16, 17] Unfortunately,
activation of antimiRs with photocleavable protecting groups
is an irreversible process ; therefore, adverse effects need to be
taken into consideration. To harness the energy of light and
translate it into a reversible reaction, a reversible system,
which can be switched between different states, is desirable.
Photoswitches like spiropyrans,[18, 19] hemithioindigos,[20] rho-
dopsins[21] or azobenzenes[22, 23] can isomerize into different iso-
forms when irradiated with light of corresponding wavelength.

Azobenzenes have a great potential for oligonucleotide ap-
plications. They are easy to synthesize,[24] can be custom tail-
ored to the applications requirements,[25] and have already
been used in numerous studies involving oligonucleotides.[22, 26]

Azobenzenes have two distinct photoisomers. The trans state
azobenzene is planar with no dipole moment[27] and an end-
to-end distance and polarity distribution similar to a nucleo-
base-pair,[26] causing the least possible perturbation while inter-
calating between neighboring base pairs. Upon irradiation
with near-UV light, azobenzenes undergo photoisomerization
to form cis-azobenzene. Its helical conformation with a dipole
moment of approximately 3 Debye can cause steric repulsion
in its proximity, which perturbs hydrogen bonds of adjacent

Figure 1. Influence of the azobenzene photoisomerization on an oligonu-
cleotide duplex. In contrast to the planar trans state (left) the helical cis state
(right) leads to a local destabilization, reducing duplex stability.
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base pairs and thereby lowers the hybridization affinity of the
oligonucleotide duplex (Figure 1).

One of the biggest tasks in creating photoresponsive oligo-
nucleotides with azobenzenes is the question of how to incor-
porate the chromophore into the strand. Multiple approaches
have been realized to date[26] with the most prominent one
being developed by Asanuma et al. in 2001.[28] It consists of a
diol-linker derived from D-threoninol with azobenzene at-
tached to the side chain by means of an amide bond. This resi-
due can be incorporated into oligonucleotides by standard
solid-phase synthesis. This “tAzo” residue has been widely
used in many oligonucleotide applications, including photo-
control of enzymatic reactions,[29–31] transcription,[32, 33] and DNA
nanostructures.[34–36] Despite its ability to stabilize duplexes in
the trans state and its versatile photocontrol of duplex forma-
tion, certain drawbacks like the need for elevated temperatures
for optimal switching can limit the scope of application in cer-
tain cases.[26]

More recently, a new linker system involving azobenzene C-
nucleosides has been developed to improve the photocontrol
capabilities. This linker system mimics a natural nucleoside,
with the nucleobase replaced by the azobenzene chromo-
phore at the anomeric position of the ribose moiety. Azoben-
zene C-nucleosides have been used to control hybridization
properties in DNA,[37] RNA,[38] and even DNA-nanostructures.[39]

Despite the fact that DNA-based azobenzene C-nucleosides
(such as DNAzo, Figure 2 a) make better use of the leverage of
the azobenzene photoisomerization compared to known linker
systems due to the increased rigidity, certain drawbacks have
been reported: for example, the combination of deoxyribose
and azobenzene penetrates deeper into the stacking region of
the duplex compared to acyclic residues.[40] This causes a steric
hindrance even in its favored trans state, which can be partly

addressed by installing abasic sites in the counter strand.[39]

Additionally, melting temperature studies suggest that the
effect caused by the photoisomerization is lower than expect-
ed for such a rigid linker system. A reason for this could be the
conformational freedom in the sugar moiety. It is known that
ribose can exist in either the 2’- or 3’-endo conformation. The
intended tension caused by the photoisomerization of azoben-
zene is possibly lost due to these degrees of conformational
freedom rather than being used to force hydrogen bonds out
of optimal distance (Figure 2 a).

To overcome these issues we created an azobenzene C-nu-
cleoside with a methylene-bridge between the 4’-C and 2’-O of
the ribose unit in analogy to locked nucleic acid building
blocks (LNA). This novel locked azobenzene C-nucleoside
(LNAzo) is conformationally locked in a 3’-endo conformation,
so that energy loss due to conformational rearrangements is
prevented (Figure 2 b). With this step we also address the issue
of the increased steric repulsion caused by azobenzene C-nu-
cleosides, since incorporation of LNA units into oligonucleo-
tides are reported to increase the hybridization affinity by en-
hanced base stacking and backbone preorganization.[41]

Azobenzenes have been previously incorporated into LNA
by attachment through an alkynyl-linker at the C5-position of
a locked uridine nucleoside.[42] In this study, positioning and
length of the linker causes the azobenzene to be oriented into
the major groove, which leads to little change of the hybridiza-
tion behavior upon irradiation with DTM values of 1 8C. In this
matter, locked azobenzene C-nucleosides are expected to yield
more promising results. The trans-azobenzene moiety has to
be positioned in the stacking region and a migration of the in-
tentionally bulky cis-photoisomer into the minor or major
groove has to be prevented.[40]

LNA-type C-nucleosides have been synthesized by the
groups of Obika[43] and Wengel[44] before. We chose the latter
approach as a guideline for the synthesis of LNAzo-phosphor-
amidites. Starting from aldehyde 1, which can be synthesized
over 11 steps from simple precursors as described in the litera-
ture[44, 45] (Figure 3), the azobenzene moiety can be introduced
by nucleophilic attack as lithiated species, leading to separable
(S)- and (R)-diastereomers 2 and 3, respectively. After Mitsuno-
bu-type cyclization to form anomers 4 and 5, deprotection of
the alcohol groups led to the free nucleosides 6 and 7. To in-
corporate LNAzo building blocks into oligonucleotides by
solid-phase synthesis, phosphoramidites were prepared by tri-
tylation (compounds 8 and 9) and successive phosphitylation
(compounds 10 and 11). The DNAzo phosphoramidite used as
reference in this study was synthesized as previously pub-
lished.[39]

To test the impact of the improved linker system, a model
sequence with a 60 % GC-content was chosen. A sequence
length of 10 nucleotides was chosen in order to evaluate the
impact of a single photoswitch incorporated into the oligonu-
cleotide. Fluorescein and Dabcyl residues as fluorophore-
quencher pairs were installed at one end of the duplex to
obtain melting temperature data from fluorescence readout as
well as UV/Vis measurements. For thorough evaluation, theFigure 2. Display of the photoisomerization and conformational changes in

a) DNAzo and b) LNAzo.
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new LNAzo units were tested in four different oligonucleotide
contexts (Figure 4).

At first, the modifications were incorporated into DNA
strands with an unmodified DNA strand as binding partner
(system 1). The decrease of melting temperature values due to
incorporation were between 20.1 8C for LNAzo a and 13.9 8C
for LNAzo b, indicating that a-orientation leads to an addition-
al perturbation in a B-helix, whereas the LNAzo b improves sta-
bilization in the duplex by 2.7 8C compared to the established

DNAzo residue. The DTM between the respective cis and trans
states vary only a little between DNAzo and LNAzo b. However,
LNAzo a did not show any photocontrol within standard devi-
ation. Exchanging the nucleobase corresponding to the C-nu-
cleoside on the opposite strand with an abasic site (system 2)
afforded an overall increase in melting temperatures by an
average of 2 8C. The relative behavior of DNAzo, LNAzo a and
LNAzo b remained the same as before. Interestingly, the melt-
ing temperature of the wild type control with an abasic site
dropped dramatically. Clearly, this construct is thermodynami-
cally more like a 4-mer and a 5-mer duplex connected through
a guanosine-linker. This assumption could also be supported
by CD-spectroscopy (Supporting Information, section 5). The B-
helical character of the duplexes for system 1 were unaltered
by incorporation of an azobenzene modification. In system 2,
the change in the CD spectrum between wild type and the
modified strands was stronger, supporting the previous inter-
pretation of two separate duplexes connected by a linking
guanosine. Further investigations on the influence of the
abasic site in this sequence context can be found in the Sup-
porting Information, section 7. As it is known that LNA building
blocks promote the A-helical character of oligonucleotides, an
improved photocontrol could be expected by going from DNA
to RNA. In system 3, we investigated the behavior of an azo-
benzene-modified DNA-strand with an RNA counter strand.
The DTM value for DNAzo did not change significantly com-
pared to system 1, but LNAzo b improved by almost 50 % com-
pared to DNAzo. Even LNAzo a showed significant photocon-
trol under these conditions with DTM values of 2 8C. Finally, by
incorporating the azobenzene C-nucleoside into an RNA con-
text to form RNA-RNA-duplexes (system 4) the real potential of
LNAzo could be seen. Though the DTM values between the
trans and the cis state for DNAzo remained at values around
4 8C, LNAzo b reaches record values of up to 8.6 8C with only
one modification in a duplex. Interestingly, photocontrol
through LNAzo a decreased again compared to system 3 with
DTM values of 1.1 8C. A summary of the values can be seen in
Figure 4 b and c. More details can be found in the Supporting

Figure 3. Synthesis of LNAzo-phosphoramidites for oligonucleotide synthe-
sis. Abbreviations: mAzo (meta-azobenzyl), PMB (para-methoxybenzyl),
TMAD (tetramethylazodicarboxamide), DDQ (2,3-dichloro-5,6-dicyanobenzo-
quinone), DMT (4,4’-dimethoxytrityl), CE (cyanoethyl), DIPEA (diisopropyl-
ethylamine).

Figure 4. a) Schematic display of the oligonucleotide test systems used in this study. In the case of the wild-type duplexes, the azobenzene moiety was re-
placed by guanosine; b) summary of the melting temperatures measured by UV/Vis-spectroscopy, samples were irradiated at elevated temperatures, until
photostationary state was reached (365 nm indicated in purple/420 nm indicated in blue, values given in 8C); c) bar graph of measured DTM values including
error bars.
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Information, section 4. CD spectroscopy showed the expected
transition from a B- to an A-helical character (Supporting Infor-
mation, section 5). Because LNA building blocks were designed
to work best in an A-helical environment it is only reasonable
that LNAzo b also works best in the pure RNA context of
system 4. In addition to measuring melting curves with UV/Vis-
absorption, temperature-dependent fluorescence was mea-
sured in a real-time PCR device for all systems in a concentra-
tion range of 0.1 to 5 mm. The results were in overall accord-
ance with values from UV/Vis-absorbance. Fluorescence-based
melting temperatures are listed in the Supporting Information,
section 6.

In summary, we were able to synthesize novel locked azo-
benzene C-nucleosides and evaluate their key characteristics in
oligonucleotide test systems. The relatively long (16-steps) syn-
thesis mainly consists of established reactions and especially
the steps which are similar to the synthesis of unmodified LNA
monomers are already extremely well optimized. We found
that, in comparison to established azobenzene C-nucleosides,
the influence of novel LNAzo b appears to be similar to DNAzo
with slightly elevated melting temperatures in a DNA duplex.
The superiority of LNAzo b could be shown in an RNA se-
quence context when RNA counter strands were involved with
a maximum DTM of 8.6 8C. LNAzo a showed little to no photo-
control in all systems tested with the lowest melting tempera-
tures in general. This indicates again that orientation of the
azobenzene chromophore in the duplex is of utmost impor-
tance for reversible photocontrol of oligonucleotide hybridiza-
tion behavior. With LNAzo b we provide a powerful tool for a
defined release of RNA with light as external stimulus, which
can be utilized for oligonucleotide-based therapeutics in an an-
tisense oligonucleotide approach in future.

Experimental Section

Organic syntheses including spectroscopic data are described in
detail in the Supporting Information, section 1. The oligonucleotide
synthesis including mass spectroscopic data are included in Sup-
porting Information section 2. For melting temperature measure-
ments 1 mL samples were prepared with 1 mm of strand and coun-
ter strand in 1x PBS-buffer for each modification and each system
(16 in total). The absorbance changes at 260 nm were measured
by a UV/Vis-spectrometer from JASCO. Samples were irradiated as
single strands at elevated temperatures (systems 1–3: 70 8C,
system 4: 80 8C) with either 365 nm or 420 nm until photostation-
ary state (PSS) was reached to prevent mismatches. Temperature
gradient was 1 8C per min. To avoid effects of hysteresis, melting
temperatures were calculated by sigmoidal fit from cooling and
heating measurements. At least five independent heating and
cooling measurements were performed for precise results. Temper-
ature-dependent fluorescence measurements have been recorded
in a PikoReal real-time PCR system from Thermo Scientific. Tripli-
cates were irradiated at 80 8C, then spectra were measured from 80
to 5 8C within one hour. Values given are averaged over these
three individual samples.
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