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t in [RP-PS]-(DNA#LNA) chimeras
enhance the thermal stability of parallel duplexes
and triplexes formed with (20-OMe)-RNA strands†‡

Katarzyna Jastrzębska, * Barbara Mikołajczyk and Piotr Guga

The results of CD measurements indicate that 2-4 LNA units distributed along 12 nt P-stereodefined

phosphorothioate [RP-PS]-(DNA#LNA) chimeras impose a C30-endo conformation on the 20-
deoxyribonucleosides. Under neutral and slightly acidic conditions homopurine [RP-PS]-(DNA#LNA)

hybridizes with 9–12 nt Hoogsteen-paired (20-OMe)-RNA strands to form parallel duplexes, which are

thermally more stable than the reported earlier analogous complexes containing LNA-free [RP-PS]-DNA

oligomers (DTm ¼ 7 �C per LNA unit at pH 5.4). Upon addition of the corresponding Watson–Crick-

paired (20-OMe)-RNA strands, parallel triplexes are formed with further increased thermal stability.
Introduction

Nucleic acid triple-helical forms have been known for sixty
years.1 Their formation seems to play a role in sequence-specic
recognition of a double helix,2–4 as well as in chromatin orga-
nization, DNA repair, transcriptional regulation and RNA pro-
cessing.5,6 The third strand binds to an antiparallel duplex
either in a parallel or an antiparallel orientation with respect to
the purine strand, utilizing either a Hoogsteen or reverse
Hoogsteen hydrogen bonding scheme, respectively.7 Hoogsteen
G-C+ base pairing requires protonation of the N3 nitrogen
atoms in cytosines8 (for CMP and dCMP, pKa of 4.3 and 4.6 was
found at 25 �C, respectively9). Triplexes may comprise RNA and/
or DNA strands, with consequences for thermal stability.10,11,12

Usually, the Hoogsteen paired (Hp) parallel duplexes are ther-
mally much less stable than the Watson–Crick paired (WCp)
duplexes, but their stability increases when a Hp chain is linked
to a pyrimidine chain (of inverted polarity) by a 30–30 or 50–50

linker.13–16 There are a few reports on parallel stretches in native
DNA17–19 and in Escherichia colimRNA.20 Hp-DNA duplexes seem
to be involved in regulation of cell processes and evolution of
neurodegenerative diseases.21–23

Since natural DNA molecules are easily degraded by phospho-
diesterases, several modications of the sugar-phosphate back-
bone have been proposed. Among them, phosphorothioate
analogs of DNA (PS-DNA) were found to be very useful because
their electronic and steric properties are remarkably close to those
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of DNA.24–26 However, as short as 10–12 nt PS-DNA oligomers
prepared by standard chemicalmethods (a phosphoramidite or an
H-phosphonate approach) exist as mixtures of hundreds or even
thousands of P-diastereomers.27 Developed in this laboratory an
oxathiaphospholane approach28,29 (utilizing the OTP monomers 1,
Chart 1) allows for preparation of P-stereodened PS-DNA.

It was found that the antiparallel duplexes formed by [RP-PS]-
DNA (RDNA) or the SP-counterparts (SDNA) with DNA or RNA
oligomers were thermally less stable than analogous complexes
formed by unmodied oligomers.30 However, we discovered
that homopurine RDNA form thermodynamically highly stable
parallel duplexes RNA&RDNA (e.g. I, “&” indicates the parallel
orientation of strands) and even more stable parallel triplexes
RNA&RDNA:RNA (e.g. II).31–33
Chart 1 Structure of the 2-thio-1,3,2-oxathiaphospholane derivatives
of nucleosides of the DNA (1) and LNA (2) type.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 An equilibrium leading to a C30-endo conformation of the
20-deoxyribonucleosides in an RDL strand (3).
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Since only the homopurine [RP-PS]-DNA oligomers form the
complexes I and II, we hypothesized (based on IR measure-
ments and molecular modeling) that the Hp-strand is anchored
not only by the hydrogen bonding but also by water bridge(s)
(via charge assisted hydrogen bonds34) between the sulfur
atoms of the RP-phosphorothioate moieties and the O2 atoms in
pyrimidine nucleobases.§ The overall A-like conformation of the
RNA&RDNA and RNA&RDNA:RNA complexes, which is required
for the interactions of that type, was imposed by the RNA
strand(s), and was conrmed by CD measurements. The
conformational factor is important because the complexes I and
II are more stable when formed with the participation of (20-
OMe)-RNAs (mRNA), which are known for adopting more
profound C30-endo conformation than RNA molecules. To
analyze further this phenomenon we employed LNA units35

(oen abbreviated as BNA, Bridged Nucleic Acids36), in which
the sugar rings adopt a profoundly rigid 30-endo conformation
with a very limited pseudorotational exibility. Our experiments
showed that 2-4 pyrimidine LNA units present in 9-12 nt
Hp-mRNA strands gave rise to signicantly enhanced thermal
stability of the (mRNA#LNA)&RDNA complexes.37 We wanted to
check if a few LNA units (here denoted AL or GL) present in
homopurine [RP-PS]-(DNA#LNA) chimeric oligomers (RDL, 3,
Scheme 1) would impose a C30-endo conformation on the 20-
deoxyribonucleosides in the phosphorothioate strand. If so, an
energetic toll for the C20-endo / C30-endo transition of the
phosphorothioate central strand (Scheme 1) should be smaller
giving rise to increased thermal stability of the parallel
complexes. For that purpose we used recently developed P-
diastereomerically pure OTPL monomers 2 (Chart 1).38
Results and discussion
Synthesized oligomers

In the codes shown in Table 1 and used throughout the text, the
prexes R/S indicate RP-/SP-PS analogs, respectively, and the
§ The mechanism of stabilization (proposed by C. Hélène and also discussed by
others12,42), based on the hydrogen bonding between the 20-OH group of ribose
in the Hp-strand and the pro-RP oxygen atom (or the RP sulfur atom in our
work) cannot operate because parallel triplexes and parallel duplexes formed
with Hp-mRNAs are thermally more stable. Also hydrogen bonding
pyrimidine–C2]O/H–S–P(O)(OR)2, analogous to Cys–S–H/O]C in proteins,43

is less likely because at neutral pH phosphorothioate diesters are fully ionized.

This journal is © The Royal Society of Chemistry 2020
ending digit indicates the number of LNA units in a 12 nt
oligomer. Accordingly, a code RA2 indicates an [RP-PS]-
(DNA#LNA) chimera bearing 10 20-deoxyribonucleosides (dA,
dG) and 2 AL units, whereas SG4 stands for an [SP-PS]-
(DNA#LNA) analog bearing 4 GL units. Four reference, non-
palindromic, homopurine 12 nt oligonucleotides were synthe-
sized (Table 1): (1) B0, a basal phosphate, LNA-free oligomer
d(GGAGAAAGAGAG), (2) G4, an analog of B0 containing four GL

units, (3) RB0, an RP-PS analog of B0; and (4) SG4, an SP-PS
analog of G4.

The [PS]-(DNA#LNA) chimeras RA2, RA4, RG2, RG4, and SG4
(all are isosequential to B0; Table 1) were manually synthesized
on solid support using pure P-diastereomers of the oxathia-
phospholane derivatives of DNA (1, OTP (ref. 29)) or LNA
nucleosides (2, OTPL (ref. 38)).

Homopyrimidine 12 ntWCp- andHp-mRNAs (wR12 and hR12,
respectively){ and their 9-nt congeners (wR9 and hR9), as well as
the oligomers B0, G4 and 12-nt WCp-DNA (wD12,
d(CTCTCTTTCTCC), the h reference oligomer) were synthe-
sized on an automated synthesizer using commercially avail-
able phosphoramidite monomers. The sequences of wR9 and
hR9 are subsets of wR12 and hR12, truncated by three nucleo-
tides either from the 30-end (wR9) or from the 50-end (hR9). The 9
nt segments located aer the slashes in the sequences of
homopurine oligomers (Table 1) are expected to interact with
wR9 and hR9 in the mismatch-free manner, as shown in the
complexes III, IV, and V. Other alignment of these strands is
also possible but would lead to less stable, imperfect complexes,
indicated as (im). As shown in Table 1, in the complexes formed
by 9 nt mRNAs with RA2 or RG2, both LNA nucleotides hybridize
within the 2- or 3-strand structures, whereas in RA4 and RG4 only
three LNA units do this, as AL-10 and GL-11 (numbered from the
30-end) stay outside. This partial involvement is denoted as RA4
{3} and RG4{3}.

CD spectra for single-stranded chimeric RDL oligonucleotides

The impact of the LNA units on conformation of the RDL olig-
omers (single strands) was assessed by CD spectroscopy (Fig. 1).
As a reference we used a spectrum recorded for wD12, in which
the 20-deoxyribonucleosides exist in a 20-endo form. It was found
{ We assumed high melting temperatures of the investigated complexes,
therefore, to avoid degradation of RNA oligomers at elevated temperatures we
decided to use (20-OMe)-RNA oligomers.

RSC Adv., 2020, 10, 22370–22376 | 22371



Table 1 Codes, sequences, and MALDI-TOF MS characteristics of the oligomers. Only 9-nt segments shown in the sequences after the slashes
are involved in the interactions with wR9 and hR9

Code Sequence (5' / 30 direction) M. mass calc. m/z founda

Reference B0 [PO]-d(GGA/GAAAGAGAG) 3793 3793.0
G4 [PO]-d(GGLA/GLAAAGLAGLAG) 3905 3903.8
RB0 [RP-PS]-d(GGA/GAAAGAGAG) 3969 3962.9
SG4 [SP-PS]-d(GGLA/GLAAAGLAGLAG) 4081 4078.2
wD12 [PO]-d(CTCTCTTTCTCC) 3498 3491.8

RDL RA2 [RP-PS]-d(GGA/GALAAGALGAG) 4025 4019.5
RA4 [RP-PS]-d(GGAL/GAALAGALGALG) 4081 4075.1
RG2 [RP-PS]-d(GGA/GLAAAGLAGAG) 4025 4019.3
RG4 [RP-PS]-d(GGLA/GLAAAGLAGLAG) 4081 4075.5

mRNA wR12 (20-OMe)-CUCUCUUUCUCC 3774 3770.4
hR12 (20-OMe)-CCUCUUUCUCUC 3774 3770.6
wR9 (20-OMe)-CUCUCUUUC 2814 2809.7
hR9 (20-OMe)-CUUUCUCUC 2814 2810.1

a The relevant mass spectra for RDL and SG4 are given in Fig. S1–S5 (ESI).

Fig. 1 CD spectra for the chimeric RDL and the reference hR12 and
wD12 oligomers, recorded at pH 5.4 at room temperature.
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that in the spectra recorded for RA4, RG2, and RG4 the isoelliptic
points shied from 263 nm to 255–257 nm, so the conforma-
tions changed towards that observed for the mRNA oligomer
hR12 (the isoelliptic point 250 nm, lmax ¼ 273 nm, Q ¼ 5.66
mdeg), in which the nucleosides adopt a 30-endo form. That
change is more developed for RA4 and RG4 as the intensities of
the bands around 270 nm are ca. 50% higher than for RG2.
Table 2 Melting temperatures [�C] for the complexes formed with the
WCp and/or Hp 12 nt mRNA matrices. The samples were dissolved in
10 mM Tris–HCl, 100 mM NaCl, 10 mM MgCl2 buffer (pH 7.2)

Homopurine
oligomer wR12 hR12 hR12 + wR12

B0 51 47 53
G4 64 [57]b/61 (VI)a [65]/69
RB0 50 (VII) 62 (I) [67]/>80 (II)
RA2 [65]/73 [64]/79 [65]/>80 (II)
RG4 77 (VIII) 75 (I) [80]/>80 (II)
sG4 57 52 60

a Roman numerals in parentheses refer to the proposed structures of
complexes. b Numbers in brackets indicate the temperature of
association found during the annealing in the cases where the
hysteresis value exceeded 3 �C.
Melting and CD experiments in pH 7.2 buffer

For the annealing/melting and CD experiments, equimolar
amounts of the homopurine oligomers (RDL, SG4, or the refer-
ence oligomers) and the 12 nt mRNAs (wR12 and/or hR12) or the
reference wD12 were mixed. The temperatures of association (Ta,
determined during annealing) and melting (Tm) were deter-
mined using the rst order derivative method. The hysteresis
values (Tm–Ta) for the two component mixtures did not exceed
3 �C, unless otherwise stated (Table 2).

The complex formed by the phosphate oligomer G4 with
hR12 was less stable than G4:wR12 (Tm ¼ 61 �C and 64 �C,
respectively; Fig. S6, ESI†) and this indicates the formation of an
imperfect duplex (VI).
22372 | RSC Adv., 2020, 10, 22370–22376
The WCp duplex sG4:wR12 was more stable than B0:wR12

(DTm¼ 11 �C) thus, the earlier identied stabilizing effect of the
LNA units39 overrode the commonly observed destabilizing
effect of the phosphorothioate modication (vide supra30). The
Tm values found for the intended hR12&SG4 duplex (52 �C) and
the hR12&SG4:wR12 triplex (60 �C) were close to that for sG4:wR12

(57 �C), indicating that the parallel complexes were not formed.
As mentioned earlier, RDNA or SDNA and WCp DNA or RNA

matrices form the corresponding antiparallel duplexes of
signicantly lower thermal stability than natural DNA. Thus,
taking into account Tm ¼ 50 �C noted for the putative RB0:wR12

complex, which was higher than for B0:wR12 (Tm ¼ 46 �C), and
Tm ¼ 62 �C noted for the mismatch-free hR12&RB0, one can
conclude that the imperfect (im)wR12&RB0 complex (VII, 3
mismatches) was formed, rather than the RB0:wR12. This
phenomenon is supported by the relevant CD spectrum, in
This journal is © The Royal Society of Chemistry 2020



Fig. 2 Melting profiles recorded for RB0 ([RP-PS]-DNA, no LNA units),
RA2, and RG4 mixed with hR12 at a 1 : 1 molar ratio in pH 7.2 buffer. The
profiles for RB0 mixed with wD12 or wR12 are given as the references.
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which an intense negative signal around 210 nm (similar to that
for hR12&RB0) was noted (Fig. S7, ESI†) and indicates an enor-
mous stabilizing effect of the [RP-PS]-modication.

As expected, the parallel duplexes hR12&RA2 and hR12&RG4
were thermally substantially more stable (Tm > 75 �C, Fig. 2)
than hR12&RB0 (DTm ¼ 17 �C and DTm ¼ 13 �C, respectively).
The latter effect, formally generated by 4 GL units, was assumed
to bemore marked, but neutral pH apparently renders the C&GL

interactions less effective.
Interestingly, whereas (im)wR12&RB0 (VII) was less stable

than hR12&RB0 (DTm ¼ �12 �C, vide supra), a Tm value for
RG4:wR12 was higher than for hR12&RG4 (77 �C vs. 75 �C). This
phenomenon might be explained by strong stabilizing effect of
four GL units at the WC interface, analogously to sG4:wR12.
However, the CD spectrum for RG4:wR12 (Fig. 3, a green line)
contained an intense negative signal around 210 nm and the
isoelliptic point at 249 nm, and was similar to that for
hR12&RG4:wR12 (an orange line). Therefore, we suggest an
additional favorable factor, where the GL units effectively
Fig. 3 CD spectra recorded for complexes formed by RG4 with 12 nt
mRNAs in pH 7.2 buffer. Profiles for hR12&RB0 ([RP-PS]-DNA, no LNA
units) and for RG4:wD12 are given as the references.

This journal is © The Royal Society of Chemistry 2020
promote the C20-endo/ C30-endo conformational change of the
central strand and allow formation of imperfect VIII.

This process seems to occur for RA2 mixed with wR12 or hR12

because the observed Tm ¼ 73 �C or 79 �C, respectively, were
close to those for RG4:wR12 and hR12&RG4 (Tm ¼ 77 �C and
75 �C, respectively). This suggestion is supported by an 8 �C
hysteresis, which for a bimolecular association should be very
low (typically <3 �C), whereas it exceeds 13–15 �C for the tri-
molecular systems hR12&RB0:wR12 and hR12&RA2:wR12. Unlike
commonly known triplexes containing a PO-DNA central strand,
which dissociate in two discrete steps, those formed by RDNA
undergo a single-step melting transition, followed by return of
RDNA to the C20-endo conformation. Thus, the reverse process is
“more trimolecular” and in terms of entropy it is less favored
than a bimolecular one, giving rise to the hysteresis. For
wR12&RG4:wR12 and hR12&RG4:hR12 the observed hysteresis
values were low because 4 GL units substantially shi the
conformation of the central PS-strand in the C30-endo direction
and make it “ready” for rapid association.

At pH 7.4, the triple-stranded complex hR12&RB1:wR12 and
its congeners containing RA2 or RG4 were thermally so stable
that the inection points could not be determined (the melting
proles not shown).

The above presented data indicate, that at neutral pH, the
LNA units present in the RDL oligomers make the Hoogsteen
interactions with mRNAs signicantly stronger compared to the
analogous RDNA. However, concomitantly, the rigid LNA
nucleotides enhance hybridization at the WC interface strongly
enough to promote the formation of the imperfect triplex VIII.
This hybridization may result in the binding of non-target
RNAs. This loss of specicity may be avoided using RDL oligo-
mers with Watson–Crick base pairings being hampered due to
the presence of N6–Me deoxyadenosine (m6dA) units. We re-
ported recently that the m6dA units present in RDNA stabilize (by
up to 4.5 �C per modied unit) parallel duplexes formed by with
Hp mRNAs compared to the analogous reference duplex con-
taining only unmodied nucleobases, and prevent the forma-
tion of the corresponding parallel triplexes.40
Melting and CD experiments performed using pH 5.4 buffer

Because the Tm values for complexes of the RDL oligomers with
wR12 or hR12 formed in pH 5.4 buffer could not be determined,
next melting experiments were done for the complexes with wR9

and/or hR9.
Compared to the reference RB0:wR9, the Tm values for

complexes formed by RDL and SG4 with wR9 increased by 2–
10 �C (Table 3 and Fig. 4) and this increase may be attributed to
the stabilizing effect of the LNA nucleosides.

More interesting results were obtained for the complexes
formed with hR9. The complex formed with SG4 (hR9&SG4{3} or
(im)SG4:hR9) was 25 �C less stable than hR9&RG4{3}. Also, a Tm
RSC Adv., 2020, 10, 22370–22376 | 22373



Table 3 Melting temperatures [�C] for the complexes formed with
WCp and/or Hp 9-nt mRNAs. Roman numerals in parentheses refer to
the proposed structures of complexes. The samples were prepared in
10 mM Tris–HCl, 100 mM NaCl, 10 mM MgCl2 buffer (pH 5.4)

Homopurine
oligomer wR9 hR9 hR9 + wR9

1 G4 65 63 (IX) 68
2 RB0 47 54 (III) 77 (V)
3 RG2 54 67 (III or X) >80 (V)
4 RA4{3} 50 75 (III or X) >80 (V)
5 RG4{3} 49 75 (III or X) >80 (V)
6 sG4 57 50 (IX) 57

Fig. 4 Normalized melting profiles recorded for RA4, RG2, RG4, or SG4
mixed with wR9 at a 1 : 1 molar ratio in pH 5.4 buffer. A profile for RB0
([RP-PS]-DNA, no LNA units) is given as a reference.

RSC Advances Paper
value found for the putative hR9&SG4{3}:wR9 was equal to that for
SG4:wR9, so the SP internucleotide bonds present in SG4 did not
promote the parallel hybridization, neither hR9 interacted with
remarkably stable SG4{3}:wR9 to a measurable extent. The puta-
tive complexes hR9&G4{3} (no PS units) and hR9&SG4{3} (Fig. 5)
were less stable (Tm ¼ 63 �C and 50 �C, respectively) than the
corresponding G4:wR9 (Tm ¼ 65 �C) and SG4:wR9 (Tm ¼ 57 �C)
indicating the formation of the imperfect WCp duplexes (IX).
Fig. 5 Normalized melting profiles recorded for RA4, RG2, RG4, or SG4
mixed with hR9 at a 1 : 1 molar ratio in pH 5.4 buffer. A profile for RB0
([RP-PS]-DNA, no LNA units) is given as a reference.

22374 | RSC Adv., 2020, 10, 22370–22376
The proles shown in Fig. 5 indicate that hR9&RG2, hR9&RA4
{3}, and hR9&RG4{3} were remarkably more stable than hR9&RB0
(DTm ¼ 13 �C, 21 �C, and 21 �C respectively) with an average
increase DTm ¼ 7 �C per the “active” LNA unit. But one cannot
exclude partial formation of imperfect triplexes X, where a 7 nt
part of hR9 acts as a WCp strand.

Of course, complexes analogous to X may be formed with
participation of any fully or partially WCp RNA. This non-
specic binding may be avoided using already mentioned RDL
oligomers with the hampered Watson–Crick base pairings.

Despite very short 9 nt mRNAs used, the Tm values for the
investigated triplexes hR9&RDL:wR9 exceeded 80 �C and could not
be more precisely determined (data not shown). This phenom-
enon indicates that the C20-endo/ C30-endo conformational shi
caused by the LNA units is of great importance for the thermal
stability of investigated parallel duplexes and triplexes, whichmay
be benecial in in vitro experiments with precisely selected RNA
oligomers, but in cellular experiments may lead to unspecic
hybridization with non-target oligomers present in the RNA pool.
Conclusions

The CD spectra recorded for single-stranded P-stereodened
phosphorothioate [RP-PS]-(DNA#LNA) chimeras (RDL) indicate
that 2-4 LNA units distributed along 12 nt oligomer changed the
C20-endo conformation (typical for PS-DNA) into the C30-endo
conformation. The results of melting experiments suggest that
this change reduced an energetic toll for the C20-endo / C30-
endo transition of the RDL strand giving rise to an increase in
thermal stability of the parallel complexes with (20-OMe)-RNAs
compared to those formed by LNA-free [RP-PS]-DNA oligomers
(DTm ¼ 7 �C per the LNA unit at pH 5.4). Thermally more stable
complexes are formed upon addition of the corresponding
Watson–Crick-paired (20-OMe)-RNA strands due to the forma-
tion of highly stable parallel triplexes. The LNA nucleotides
enhance hybridization at the WC interface and may promote
the formation of imperfect triplexes VIII. This hybridization
may result in the binding of non-target RNAs. This loss of
specicity may be avoided using RDL oligomers with the Wat-
son–Crick base pairing hampered due to the presence of N6–
Me-20-deoxyadenosine (m6dA) units.40 Work on such modied
oligonucleotides is in progress.
Experimental section

MALDI-TOF MS analyses of oligonucleotides were performed
with the detection of negative ions, using a Voyager-Elite
This journal is © The Royal Society of Chemistry 2020
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instrument (PerSeptive Biosystems Inc., Framingham, MA)
operating in the reector mode, or a Shimadzu Biotech Axima
Performance instrument operating in the linear mode.

Routine UV spectra were recorded on a CINTRA 10e spectro-
photometer (GBC, Dandenong, Australia), using a quartz cuvette
of 1 cm path length. UV monitored melting experiments were
carried out in 1 cm path length cells, using a spectrophotometer
CINTRA 4040 (GBC), equipped with a 6 � 1 Peltier thermocell.

For the UV-monitored (at 260 nm) thermal dissociation
experiments the oligonucleotide samples were dissolved in pH
7.2 or pH 5.4 buffer containing 10 mM Tris–HCl, 100 mM NaCl,
and 10 mMMgCl2. The annealing was done from 85 �C to 15 �C
with a temperature gradient of 1 �C min�1. The melting proles
were recorded over a 15 / 85 �C range (0.5 �C min�1). The
temperatures of association (Ta) and melting (Tm) were calcu-
lated using the rst order derivative method.

CDmeasurements were done on a Jasco J-815 dichrograph at
room temperature, using a 0.5 cm path-length quartz cell
(Hellma). The spectra were recorded over a 210–320 nm range
with a 1.0 nm bandwidth, a scanning speed 50 nm min�1, and
a data pitch of 1 nm. Aer 3 spectra were accumulated, the
baseline was subtracted and the resultant spectrum was
smoothed with a Savitzky–Golay algorithm (the convolution
width 7).

P-stereodened oligonucleotides of the PS-DNA and PS-
(DNA#LNA) series were synthesized manually at a 1 mmol scale,
according to the previously published protocols.29,38 The rst
nucleoside unit was anchored to the solid support by a sarcosinyl
linker.41 Routine coupling steps were performed using 20 mg of
the OTP monomers. In the cycles where LNA-OTPL monomers 2
were incorporated, double coupling was executed (20 mg + 20
mg) and in both steps the coupling time was extended to 20
minutes. All synthesized oligomers were routinely puried by
two-step reverse phase HPLC (DMT-on and DMT-off). Relevant
chromatograms for RDL and SG4 are shown in Fig. S8–S12, ESI†),
and their identity was assessed by MALDI-TOF MS and purity by
polyacrylamide gel electrophoresis (PAGE).

Unmodied DNA and RNA oligonucleotides were synthe-
sized on a Gene-World synthesizer (K&A Laborgeraete GbR,
Schaaeim, Germany).
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40 A. Maciaszek, K. Jastrzębska and P. Guga, Org. Biomol.
Chem., 2019, 17, 4611.

41 T. Brown, C. E. Pritchard, G. Turner and S. A. Salisbury, J.
Chem. Soc., Chem. Commun., 1989, 891.

42 Y. Zhou, E. Kierzek, Z. P. Loo, M. Antonio, Y. H. Yau,
Y. W. Chuah, S. Geifman-Shochat, R. Kierzek and G. Chen,
Nucleic Acids Res., 2013, 41, 6664.

43 L. A. H. van Bergen, M. Alonso, A. Palló, L. Nilsson, F. De
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