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ABSTRACT ARTICLE HISTORY

This is the first report exploring the capability of twisted inter- Received 16 September 2019
calating nucleic acid (TINA) and naphthalene-functionalized Accepted 14 October 2019
non-nucleosidic linkers to stabilize and engage in double-hel-
ical structures. Four designs were studied with respect to the
formation of duplexes and/or other types of self-assemblies.
One of the constructs involving TINA provides a thermostable
duplex. The biophysical properties of the individual constructs
were investigated by UV thermal melting experiments, circular
dichroism, and fluorescence emission spectroscopy. Molecular
modeling studies were performed in attempts of explaining
the biophysical measurements for the duplex based on the
TINA-containing oligonucleotide strands.
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Introduction

Modified DNA plays an important role in the biomedical field and has
generated significant interest related to possible applications, i.e., relating to
drug delivery,!"! tissue engineering,'”! nucleic acid-based drugs" and bioi-
maging."*! The modified DNA strands can be designed to engage in differ-
ent DNA folds or structures, i.e., duplexes, triplexes, quadruplexes and
i-motifs.l”! Besides, DNA has been engineered to form various nano-*"! or
microsized® %! self-assembled structures. Oligonucleotides (ONs) forming
a duplex could be modified with pairs of artificial monomers to provide
appealing properties. Thus, such modified ONs not only mimic the supra-
molecular functions of the natural base pairs but also possess various fea-
tures that do not reside with the natural nucleic acids. For instance,
fluorescence switching ability, the formation of supramolecular aggregates
and photo-crosslinking reactions are examples of the reported characteris-
tics of modified duplexes containing pseudo base pairs.!""

Similar to the natural nucleic acid duplexes, artificial nucleic acid assem-
blies can be stabilized via noncovalent forces such as hydrogen bonding,
n-stacking, van der Waals and hydrophobic interactions.'?! The pairs of
artificial monomers could stabilize the formed molecular architectures via
formation of m-conjugated systems, for example between each other or
between the monomer itself and adjacent nucleobases. Several types of aro-
matic interactions could exist in such contexts, i.e., polar-m stacking, cat-
ion-m stacking and m-m stacking.!"*'*) Each kind of aromatic stacking
requires certain conditions to be fulfilled, and m-m interaction, for example,
occurs only between two aromatic rings when the two planes of the rings
stack either face-to-face with an angle between the ring planes less than 30°
and the distance between the ring centroids is up to 4.4 A, or edge-to-face
where the angle between the ring planes is between 60° and 120° and the
distance between the rings is at a maximum of 5.5 A7)

TINA (P) and the so-called M3 naphthalene linker (M3) (Fig. 1) are non-
nucleobase monomers that have been reported to partake in many DNA-like
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Figure 1. The modifications applied in this study.
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Table 1. T,, values of the wild type (wt) and the modified assemblies A1-A4 at 260 nm®.

ONs Sequence Constructs Tmt1°C
ONO1 5/-CTT CCG TGT T-3’ A0 (wt) 43
ONO02 5'-AAC ACG GAA G-3'

ON1 5-CTT PCP CPG TGT T-3’ Al N/AP
ON2 5’-AAC ACPGPG PAA G-3'

ON3 5-CTT M3CM3 CM3G TGT T-3' A2 N/AP
ON4 5-AAC ACM3 GM3G M3A A G-3'

ON5 5-CTP TC3C PCC3 GPT C3GT T-3' A3 N/AP
ON6 5'-AAC PAC3 CPG C3GP AC3A G-3'

ON7 5/-CTT CCP C3PC3 PC3G TGT T-3’ A4 48¢
ON8 5'-AAC ACP C3PC3 PC3G GAA G-3'

?Concentration is 2 uM of each strand in a medium salt buffer (5.8 mM NaH,P0O,-Na,HPO, buffer, containing
100 mM NaCl and 0.10 mM EDTA).

PNo transition detected.

A second transition recorded three days after mixing of ON7 and ONS.

or DNA-based structures, i.e., triplexes, i-motifs and G-quadruplexes.!'®~2"]

Also, TINA was incorporated into a DNA scaffold which formed supramolecu-
lar assemblies showing photochemical upconversion.”>**! In addition, TINA
was reported as a promising modified antisense oligonucleotide and was shown
to induce exon-skipping in a Duchene muscular dystrophy model.l**!
Additionally, a TINA modification of a G-quadruplex was reported as stabiliz-
ing and the resulting structure displayed significant anti-telomerase activity
even under molecular crowding conditions.”*” Also, TINA-modified quadru-
plexes showed a strong antiproliferative activity in pancreatic cancer cells.*®!

In addition, the m-conjugating system in TINA and M3 suggests them to
be useful as building blocks of supramolecular assemblies via induction of
stacking interactions, i.e., m-n stacking, m-polar stacking interactions with
water molecules and cation-m stacking interactions with salt ions of the
media. Furthermore, the pyrene rings in monomer P or the naphthalene
rings in monomer M3 have spectroscopic properties of potential use within
biomedical diagnostics.

Herein, eight oligomers (ONs) have been functionalized with unnatural
TINA, M3 or C3 spacer monomers in various architectures and designs
with the immediate aim of formation of duplex-based structures.
Fluorescence spectroscopy, UV thermal denaturation experiments, circular
dichroism spectroscopy and gel electrophoresis have been applied to study
the formed entities.

Results and discussion

Eight DNA-based oligomers (ON1-8) (Table 1) were synthesized via solid-
phase synthesis. The oligomers were designed such that every two strands
contain a number of nucleobases which are complementary to each other
and thus, in principle, could be hybridized to form modified double-
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Figure 2. The designs of the modified constructs A1-A4.

stranded helical structures (tentatively assigned as A1-A4, Fig. 2), where
A1 possess three P:P pairs, A2 three M3:M3 pairs, A3 six dispersed pairs of
P:C3 and A4 six cumulative P:C3 bulged pairs.

Thermal denaturation studies

UV thermal melting experiments were used to indicate duplex formation
and to determine the thermal melting temperature (T,,) in the case of
formed duplexes. In such an experiment, the prepared sample is heated,
while the UV absorbance is continuously recorded.?”! The assemblies A1-A4
afforded distinct results from thermal denaturation experiments in medium
phosphate buffer at pH 7 (Fig. 3A-F). Firstly, the unmodified reference
duplex A0 showed a sigmoidal thermal denaturation curve as expected with
a Ty, value of 43°C. Mixture Al showed a hyperchromicity change but no
clear sigmoidal thermal denaturation curve. Therefore, it is unlikely that a
double-helical structure is formed under these conditions. For A2, a broad
sigmoidal thermal denaturation curve was observed though without a signifi-
cant change in hyperchromicity. Also, in this case, it is most likely that no
duplex structure was formed. A similar situation emerged for A3. However,
when mixing ON7 and ON8 (mixture A4), a typical sigmoidal thermal
denaturation curve with a significant hyperchromicity during heating was
observed indicating the formation of a duplex. The thermal denaturation
temperature for this complex was increased by 5°C relative to the reference
duplex A0. We envision that the alternating pairs of TINA:C3 and C3:TINA
enable interstrand stacking aligned with the stacking and hydrogen bonding
involving the nucleobases of the structure. The stability of A4 is intriguing
since it has been reported that a TINA monomer destabilizes an anti-parallel
duplex due to its extended structure."® Notably, a biphasic curve was
recorded for A4 three days mixing of the constituent strands which indicate
slow assembly of another structure (Fig. 3F).

Circular dichroism studies

Circular dichroism spectroscopy was used to shed further light on the
structures of the complexes A1-A4 (Fig. 4). B-type double-stranded DNA
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Figure 3. Temperature-dependent UV absorption curves at 260nm recorded for melting
(8-95°C, black curve) and annealing (95-8 °C, red curve) as follows: A) for the wild type (A0),
B-E) T, curves of freshly prepared modified hybrids A1-A4 subsequently. F) T, curve recorded
three days after mixing ON7 and ON8 (A4).

displays two positive CD bands around 220 and 280 nm in addition to two
negative bands around 250 and 205nm."*®! Further, stacked chromophores,
i.e., pyrene and naphthalene, may display a CD variations, for example via
face-to-face stacked pyrenes around 305nm and face-to-head pyrene inter-
actions around 335nm."*’) In addition, cation-m interaction between
sodium ions and a m-conjugated system has been reported to induce a sig-
nal around 370 nm."'>?*'" For Al, the amplitudes of the signals appear
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Figure 4. CD spectra of the mixtures A1-A4 (from A to D, respectively) at room temperature;
conditions: see Table 1.

simply to be the sum of the individual signals of the two oligomeric con-
stituents, and similar observations were done for A2 and A3. A4, however,
displays all the bands characteristic of a B-type duplex structure though
with a little blue shifting most likely due to interactions of pyrene units
with the adjacent nucleobases (guanine and cytosine) via m-stacking.
Furthermore, the interactions of the TINA monomers with the adjacent
nucleobases induce positive Cotton effects for the pyrene (observed at
350nm).** In addition, intensive and distinctive bands originating from
interactions between the TINA monomers (at 300 nm) and with ions of the
buffer (at 370 nm) are apparent. In summary, the CD experiments strongly
support that the mixture A4 is the only one out of the four mixtures that
assemble into a duplex structure.

Steady-state fluorescence studies

The four mixtures Al-A4 display luminescence properties due to the
TINA and M3 insertions. Since TINA contains pyrene, a fluorescence
emission in a free state in the blue light area should be apparent and a
green fluorescence signal in a stacked state.”””®! Monomer M3 containing
naphthalene has been reported to emit fluorescence within the ultraviolet
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Figure 5. Fluorescence emission spectra of mixtures A1-A4 at room temperature. Excitation:
370 nm, emission range: 380-340 nm; conditions: see Table 1.

light range in a free state, while stacked naphthalenes display a blue
emission.”>**! Fluorescence emission spectra for A1-A4 and their rele-
vant single strands are displayed in Fig. 5. Al and A3 and their con-
stituent single-strands display bands typical of pyrene monomer
emission (at 405 and 420 nm) and of stacked pyrenes with excimer band
at 500nm. On the other hand, A2 fluorescence emission is quenched
which indicates interactions of the naphathalenes of the M3 linker.
Mixture A4 shows a degree of quenching, with similar emission intensity
as observed for ONS8 alone. By comparing the two modified hybrids A3
and A4 (designed to have the same pairs of TINA:C3 and C3:TINA
with different insertion positions), we conclude that the insertion posi-
tioning affects the ability to form a defined structure.

Polyacrylamide gel electrophoresis

For relatively small nucleic acid strands (<1000 kbp), the electrophoretic
mobility is inversely proportional to the molecular weight. Although inter-
calating monomers such as TINA and M3 could change the mobility of
such strands, the fact that negatively charged phosphate linkages are pre-
sent thorough the constituent strands of A1-A4 make us anticipate that a
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Figure 6. PAGE experiment for 1-hour, 24-hour, and 30-day samples of the four hybrids A1-A4,
the wild type AO, and the corresponding single strands. All samples were applied in a total
amount of 150 pmol in 10 mM sodium phosphate buffer, 100 mM NaCl and 10% loading buffer,
2 x TBE running buffer, 20% polyacrylamide gel, 2 hour 40 minutes, 20°C, 216V, 16 mA, 4W.
Left lane: DNA ladder.

similar proportionality exists for these oligomers.*>! Therefore, PAGE
experiments were conducted to examine any aggregation at different time-
points after mixing. Fig. 6 provides the PAGE experiment carried out for
the four mixtures shortly after mixing of the constituent strands, one day
after mixing and 30 days after mixing. As can be seen in Fig. 6, the mobil-
ity of the two bands of Al is a mixture of the single strands ON1 and
ON2. The bands for A2 migrate in the region of 35bp indicating the pos-
sible assembly of a polymeric structure, and the single strands ON3 and
ON4 show the ability to forming higher-order structures as well. For mix-
ture A3 with six dispersed TINA:C3 bulged pairs, a picture similar to that
of the single strands ON5 and ONG6 is seen. Mixture A4 with six consecu-
tive pairs of TINA:C3 displays a single band in the same position as the
wild-type migrating band which we tentatively assign to the duplex-based
structure mentioned above. These gel experiments do not shed light on the
explanation of the biphasic Ty, curve (Fig. 3F) observed over time.

Molecular modeling

We used molecular modeling in an attempt of rationalizing the assigned
duplex-based structure of the A4 construct having six consecutive TINA:C3
pairs positioned into the middle of the duplex. A modified AMBER* force
field in Macro Model 9.2 molecular modeling was utilized with the purpose
of generating representative low-energy structures. A DNA duplex-based
starting structure for A4 was built using standard B-type DNA duplex con-
formation encompassing the TINA and C3 monomers (see Table 1 for
sequences of the involved strands). As can be seen in Fig. 7A,B, the model
showed how the TINA moieties may substantially stack on each other.
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A)

Figure 7. Representative low-energy structure of a 16-mer duplex containing six cumulative
TINA:C3 bulged pairs (mixture A4) obtained by an Amber-minimized model. A) Overall view of
a possible conformation of A4. The TINA intercalators are marked in cyan, and C3 spacers are
marked in magenta. Hydrogen bonds between the canonical nucleobases are depicted in red.
B) Side view displaying stacking mode interactions in the central regions of the duplex.

Furthermore, such bulged TINA structures are already stacked with the
neighboring nucleobases and thus intercalated between the 10 surrounded
base pairs. It seems that the large conjugated TINA moieties enable a rigid
fit. A reason for apparent ease of accommodation of the six consecutive
TINA:C3 pairs within the duplex structure is the presence of the flexible
spacer C3.

Conclusion

Eight oligomers each containing three aromatic modifications plus ten
DNA nucleotides have been synthesized. Four of these eight modified
oligomers, in addition, contained three spacer C3 monomers. The oligom-
ers have been designed to be complementary in pairs and to allow for
interactions between the aromatic monomers.

An unmodified 10-mer all-DNA reference duplex displays a sigmoidal
thermal denaturation curve. Three of the four modified complementary
oligomer pairs displayed thermal denaturation curves without any clear sig-
moidal shape and with only a limited hyperchromic change upon heating.
One of the four modified complementary oligomer pair displayed a sig-
moidal thermal denaturation curve with thermal denaturation temperature
slightly above that of the reference all-DNA duplex. The latter construct
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displayed a biphasic thermal denaturation curve after storage at room tem-
perature for three days. The sum of thermal denaturation, CD and fluores-
cence spectroscopy, gel electrophoresis and molecular modeling
experiments supports that exclusively mixture A4 self-assembles into the
designed duplex-based structure with a central core of six consecutive
TINA:C3 pairs. As a consequence, it is believed that the improved stacking
interaction of TINA moieties ascribing to the flexibility of C3 linker intrin-
sically impacts the duplex biophysical properties. The initial study reported
here, investigating the structural effects of various TINA/M3 insertion sys-
tems, suggests that the precise placement of nucleobase analog and aro-
matic linker is critical for duplex formation.

Experimental
Materials and methods

All reagents and solvents have been purchased from commercial suppliers
(Sigma-Aldrich, Copenhagen, Denmark). The TINA phosphoramidite (R)-
1-O-[4-(1-pyrenylethynyl)benzyl]glycerol was obtained from Innovassynth
Technologies (I) Ltd. (Maharashtra, India), the M3 linker from SAPALA
Organics Pvt. Ltd. (Telangana, India) and Spacer phosphoramidite C3 from
Glen Research (VA, USA). Unmodified DNA sequences ON0O1 and ONO02
were purchased from Sigma-Aldrich (Copenhagen, Denmark).

Synthesis and purification of ON1-ON8

ON1-ON8 were synthesized on an Expedite nucleic acid synthesis system
model 8909 from Applied Biosystems (CA, USA) using 4,5-dicyanoimida-
zole as an activator and an increased deprotection time (98 seconds) and
coupling time (9 minutes) for 0.07M solution of all phosphoramidites in a
1:1 mixture of anhydrous MeCN/CH,Cl,. After completion of DNA syn-
thesis, the synthesis columns with CPG supports and DMT-off oligomers
were flushed with nitrogen gas. The products were cleaved from the sup-
ports by adding 1 mL of a cold and saturated aqueous ammonia solution
which was kept at 55°C for 10 hours. The solution was filtrated and evapo-
rated to dryness under reduced pressure to afford the crude products.
Purification of the oligomers was accomplished using reversed phase semi-
preparative HPLC (Hitachi 7000; Merck (NJ, USA)) on a LUNA C8 col-
umn using a 1:1 mixture of MeCN and Milli-Q water. After collection and
evaporation of the pure fraction, the mass of the pure oligomers was con-
firmed by MALDI-TOF analysis on Bruker’s FLEX mass spectrometer and
the purity above 90% by analytical HPLC on the machine and using
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conditions as described above. Finally, the purified oligomers were quanti-
fied by measuring ODs at 260 nm.

Preparation of mixtures A1-A4

The mixtures Al1-A4 were obtained by mixing of the two constituent
strands in medium phosphate buffer (2uM of each oligomer in medium
salt of phosphate buffer 100 mM NaCl, 10mM phosphate buffer system
pH = 7) at room temperature; The mixtures were then heated to 90°C
and left to cool at room temperature for 1 hour.

UV spectroscopy

UV spectroscopy was carried out on a Varian Cary 100 or 400 spectrom-
eter (Agilent, CA, USA) using Suprasil® quartz cuvette (Hellma, Miilheim,
Germany) with pathlength 10mm at 260-nm wavelength, 1-nm spectral
bandwidth and average time of 2 seconds. The thermal denaturation curves
for the samples (mixtures A1-A4) were collected, while the temperature
was increased with a rate of 0.5°C/min and data collected at each 0.2°C
temperature step.

Circular dichroism (CD) spectroscopy

The CD spectra of the mixtures A1-A4 were recorded under the same buf-
fer condition as the UV experiments using the CD spectrometer (Jasco
J-815, Jasco, MD, USA) using quartz cuvettes with a cell path length of
2mm at room temperature. The measurements were done in the range
from 200 to 400nm with a continuous scanning mode, a resolution of
0.2nm and a scanning speed of 50 nm/minute. For each measurement, five
spectra were collected and averaged.

Fluorescence spectroscopy

Fluorescence measurements on the mixtures A1-A4 were recorded under
the same buffer condition as the UV experiments on a Varian Cary Eclipse
spectrometer (Agilent, CA, USA) at an excitation wavelength of 370 nm
using quartz Suprasil cuvettes having a 10 x 4-mm light path with a
medium scanning mode using medium voltage. The selection of the emis-
sion slit width was 5nm, and the collected emission spectra were recorded
in the range from 380 to 640 nm.
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Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed at room tem-
perature using 20% (w/v) polyacrylamide gel containing 2 x TBE buffer
and 10% of falcon buffer for loading, 150 pmol of the prepared samples in
a 10 mM sodium phosphate buffer and 100 mM NaCl. The gel was pre-run
for one hour, and then, the gels were run for 2 hours, 40 minutes at 216V,
16 mA, 4W. The polyacrylamide gel was stained for 30 minutes with
1 x SYBR™ Gold from Thermo Fisher (MA, USA) and visualized with a
SYNGENE gel imaging box.

Molecular modeling

The initial structure of the assumed TINA-modified DNA/DNA duplex
(mixture A4) was generated by building and modifying a standard B-type
DNA duplex conformation using MacroModel v9.2, followed by incorpor-
ation of six consecutive TINA:C3 pairs into the middle of the duplex.
Molecular modeling was carried out with Maestro v9.2 from Schrodinger.
All calculations were conducted with AMBER* force field*>*”) and the
GB/SA solvation model®® with water parameters as implemented by
MacroModel. Non-bonded interactions were treated with extended cutoffs
(van der Waals 8 A and electrostatics 20 A). The molecular dynamics simu-
lations were performed with stochastic dynamics, a SHAKE algorithm to
constrain bonds to H-atoms, time step of 1.5 fs and simulation temperature
of 300 K. Simulation for 0.5ns with an equilibration time of 150 ps gener-
ated 250 individual structures, which were minimized using the PRCG
method.®® During minimization, all atoms were allowed to move freely
without freezing with maximum iterations 10000 and convergence thresh-
old of 0.05kJ/mol in order to attain a relaxed low-energy duplex before
applying dynamic simulations described above. The global minimum was
used for analysis. A hundred conformations were found for the assumed
TINA-modified duplex (mixture A4) within the energy window. Relevant
low energy conformers are discussed in the main text of this article.
Resulting structures were further processed in PyMOL (v1.7.4.5, 2010.
http://pymol.org) or in VMD (v1.9.3a6, 2015. http://www.ks.uiuc.edu)
Molecular Graphics Systems.
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