Open Access Article. Published on 27 October 2022. Downloaded on 3/8/2026 11:35:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic &
Biomolecular Chemistry

) Check for updates

Cite this: Org. Biomol. Chem., 2022,
20, 8618

Received 17th October 2022,
Accepted 24th October 2022

DOI: 10.1039/d20b01899¢

Chunsen Bai,
rsc.li/obc

Oligonucleotides labelled with thiazole orange intercalator and a
reporter dye on the same thymine base have been synthesized.
The key phosphoramidite (AP-C3 dT) contains an alkyne and
amine, enabling dual orthogonal labelling of the nucleobase.
Multiple monomers can be added to produce heavily functiona-
lised oligonucleotides. In their DNA and 2’'-OMe RNA formats these
combination probes display high duplex stability and fluorescence
when bound to complementary DNA and RNA.

Fluorogenic oligonucleotide probes are nucleic acid-based bio-
sensors that respond to targets by a change in fluorescence. In
general, such probes consist of a modified synthetic DNA or
RNA strand for sequence-specific target recognition and a
signal transduction element to report on the interaction with
their target.”> Various fluorogenic oligonucleotide probe
designs have been used to detect and image bioanalytes
including mRNA, with excellent specificity and sensitivity.**
Molecular Beacons (MBs) and HyBeacon probes are typical
examples; MBs are hairpin-shaped single-stranded oligonu-
cleotides with a fluorophore at one end and a quencher at the
other.” Due to the intramolecular quenching of the fluoro-
phore, MBs have weak or negligible fluorescence emission in
their hairpin-state. However, upon hybridization with their
targets, MBs switch from a hairpin to a rigid linear structure
which separates the fluorophore from the quencher, producing
strong fluorescence emission. HyBeacon probes are single-
stranded oligonucleotides that contain two or more fluoro-
phores attached covalently to internal nucleotides. High fluo-
rescence is observed when these probes are hybridised to
complementary DNA targets, in contrast to low fluorescence
when they are in their unstructured single-stranded state, due
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to collisional quenching.®” Both have been used in diagnostic
PCR applications.

Thiazole orange (TO) is a fluorescent DNA binding mole-
cule that has been used for the detection of nucleic acids.®’
Its utility is based on an increase in fluorescence upon
binding to double-stranded DNA or RNA, caused by restricted
rotation about the methine bridge of TO.'® The applications of
thiazole orange in fluorescent sensing of biomolecules have
recently been reviewed.'! Covalent attachment of thiazole
orange to oligonucleotide probes has been well studied'*>*
and recently we reported combination probes composed of TO
and a reporter dye attached to the same thymidine base for
RNA detection.”® The fluorescence of the single-stranded
probe is switched off by collisional quenching between TO and
the adjacent reporter dye and upon binding to the target
strand fluorescence is switched on by two mechanisms; TO
intercalation via the major groove of the duplex separates the
probe from the reporter fluorophore, and rotation about the
methine bridge is restricted due to stacking with the bases in
the duplex. As a consequence, the probe emits a strong fluo-
rescent signal due to excitation of TO and fluorescence reso-
nance energy transfer (FRET) to the reporter fluorophore. The
combination of TO and a bright reporter dye provides a low
single-stranded fluorescence background and strong double-
stranded signal. A particular advantage of these combination
probes is stabilisation of the probe-target duplex by TO-inter-
calation. In this work, we develop a much-improved synthesis
of combination probes involving chemospecific functionali-
zation with TO and fluorescent dyes such as ROX. To achieve
this, we have developed a new AP-C3 dT phosphoramidite (5)
containing an alkyne and a trifluoroacetyl (TFA)-protected
amine (Fig. 1). Multiple incorporations of the modified nucleo-
tide in combination probes leads to excellent fluorescence on
hybridization with the complementary target, while TO
reverses the detrimental effect on duplex stability caused by
the reporter dye. We also show that combination probes com-
posed of 2'-O-methyl ribosyl nucleotides for use in cellular
environments have good duplex stability and high fluorescence
when bound to RNA targets.
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Fig. 1 (a) Mechanism of action of oligonucleotide combination probes
for fluorescence detection of target nucleic acids. (b) Chemical struc-
tures of combination probes developed in this work, the thiazole orange
anchor dye (TO) and FRET reporter dye (ROX).

To site-selectively label oligonucleotides with TO azide and
ROX NHS ester, AP-C3 dT phosphoramidite was synthesized
according to Fig. 2. The reactions between alkyne and azide
groups and NHS-protected carboxylic acids and primary
amines are orthogonal and both proceed in aqueous solution
with high yield and selectivity. To synthesise the required
monomer 3-aminopropan-1-ol was reacted with ethyl trifluor-
oacetate to protect the amine with TFA in 97% yield,** and the
alcohol of compound 1 was oxidized to aldehyde using Dess—
Martin periodinane reagent in 51% yield.>® Then, compound 2
was reacted with dipropargylamine and NaBH(OAc); to provide
compound 3 with two alkyne groups in 95% yield. Compound
3 was coupled with 5-iodo-5-DMT-deoxythymidine to give

o o
c
HN""OH > FiC H/\/\OH - FgC)LuMO —
U] 2
o
|
Y O HN™) o

o o
& i T
HN
0 OJ\N| A
O AP-C3dT
N i O~
Y YET " e
Fig. 2 Synthesis of AP-C3 dT phosphoramidite (5). Reagents and con-
ditions: (a) neat ethyl trifluoroacetate, 3 h, 0 °C to RT, 97%; (b) CH,Cly,
Dess—Martin periodinane, 2 h, 0 °C to RT, 51%; (c) CH,Cl,, dipropargyla-
mine, NaBH(OAc)s;, 2 h, RT, 95%; (d) N,N-dimethylformamide, com-
pound 3, PdCly(PPhs),, Cul, triethylamine, 12 h, RT, 59%; (e) CH,Cl,,
2-cyanoethyl N,N-diisopropylchlorophosphoramidite, N,N-diisopropyl-
ethylamine, 1.5 h, RT, 72%.
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compound 4 (59% yield) which was converted to AP-C3 dT
phosphoramidite monomer (compound 5) in 72% yield using
a standard phosphitylation protocol.

We assembled oligonucleotides containing single, double
and triple incorporations of AP-C3 dT on an ABI 394 DNA
synthesizer and deprotected them in concentrated aqueous
ammonia at 55 °C for 5 hours (standard conditions). After
purification by high-performance liquid chromatography
(HPLC), the oligonucleotides were characterized by electro-
spray mass spectrometry (ES-). The data in Table S1 demon-
strates the successful incorporation of AP-C3 dT into DNA.
Next, we labelled the AP-C3 dT-modified oligonucleotides with
TO azide and separately with ROX NHS ester. For TO-labelling,
AP-C3 dT-modified oligonucleotides were coupled with TO
azide in triethylammonium acetate (TEAA) buffer with catalysis
by CuL:THPTA (tris(3-hydroxypropyltriazolylmethyl)-amine) to
produce 1,4-substituted 1,2,3-triazole linkages. For labelling
the amino function with ROX (amide formation), AP-C3 dT-
modified DNA was reacted with ROX NHS ester in bicarbonate
buffer at 37 °C for 3 hours. ROX-labelled oligonucleotides were
further incubated with TO azide to produce TO/RX-dual-
labelled oligonucleotides (Fig. 3a). Both labelling steps pro-
ceeded in near quantitative yield as monitored by HPLC
(Fig. S17). When the reactions were completed, the unreacted
dyes were removed by NAP gel-filtration and the labelled oligo-
nucleotides were purified by reversed-phase HPLC. The post-
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Fig. 3 Characterization after site-selective labelling of oligonucleotides
with TO and ROX dyes. (a) Labelling of oligonucleotides with TO and
ROX dyes. (b) HPLC chromatograms and (c) mass spectra of the oligonu-
cleotides containing TO and ROX dyes. Oligonucleotide sequences: di:
5'-CGCTTCXGTATCTATATTCATC; d2: 5'-CGCTTCXGTATCTAXATTCATC;
d3: 5'-CGCTXCTGTAXCTATAXTCATC, where X = labelled AP-C3 dT.
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purification analytical HPLC chromatograms and mass spectra
of the dye-labelled oligonucleotides indicate high purity as a
consequence of efficient site-selective labelling with TO or
ROX dyes at the AP-C3 dT sites (Fig. 3b and c). Our new
monomer is superior to our previous TO-combination probe
monomer which has high polarity,”® making it difficult to
purify by chromatography, and requires ultra-mild protective
groups on the standard A, G, C monomers in oligonucleotide
synthesis due to the sensitivity of thiazole orange to ammonia.

Having confirmed the efficient site-selective labelling of
AP-C3 dT-modified oligonucleotides with TO and ROX dyes,
we studied the fluorescence response of TO/RX-labelled probes
when bound to complementary DNA and RNA oligonucleo-
tides. As described above, TO is a DNA binding molecule that
shows bright fluorescence emission after intercalating into
duplexes®® due to restricted rotation at its methine bridge.
Consistent with this, single TO-labelled DNA (d1-TO/A) shows
enhanced fluorescence emission after hybridization with its
complementary DNA target (Fig. 4a, black lines). However, no
significant change in the fluorescence emission of ROX-
labelled probe (d1-Y/RX) was observed upon hybridization with
the DNA target (Fig. 4a, blue lines). For the TO/RX combi-
nation probes, weak fluorescence emission was observed in
the single strand, but upon hybridization with target DNA, the
single labelled probe showed a slight increase in fluorescence
at the maximum emission wavelength of ROX (red line in
Fig. 4a). Comparing d1-TO/RX, d2-TO/RX and d3-TO/RX, triple
incorporation of TO/RX (d3-TO/RX) shows far greater fluo-
rescence enhancement after hybridization to complementary
DNA with a ratio of >16.7-fold in ds/ss ROX fluorescence. This
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Fig. 4 Fluorescence spectra of TO, RX or TO/RX probes bound to DNA
target. (a) Fluorescence spectra of 0.25 pM single TO, RX or TO/RX-
labelled DNA probes to 0.275 pM DNA target. (b) Fluorescence spectra
of 0.25 pM double TO, RX or TO/RX-labelled DNA probes to 0.275 pM
DNA target. (c) Fluorescence spectra of 0.25 uM triple TO, RX or TO/RX-
labelled DNA probes to 0.275 uM DNA target. Solid red curve shows sat-
uration of detector (Table S47). (d) Fold-change in fluorescence intensity
of TO/RX-labelled DNA probes before and after hybridization with
complementary DNA (blue columns) or RNA (orange columns). ss:
single strand. ds: double strand. Conditions: 10 mM phosphate buffer,
200 mM NaCl, pH 7.0. Oligonucleotide sequences are shown in
Table S1.7
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is an interesting and useful observation, suggesting possible
uses in real-time PCR. The d3-TO/RX probe is also effective in
detecting a complementary RNA target (Fig. 4d and Fig. S27).
These results demonstrate that DNA combination probes with
multiple additions of the labelled AP C3-dT monomer (e.g
probes d2-TO/RX and d3-TO/RX) are highly effective in the
fluorescence detection of complementary nucleic acids.

Thermal stability (melting temperature), as measured by
the temperature of dissociation of nucleic acid duplexes, is an
important factor when designing oligonucleotide probes. We
studied the thermal stability of DNA combination probes con-
taining TO, RX and TO/RX modifications against DNA and
RNA targets to determine the effects of the labels on duplex
stability (Table S8, left). The duplexes labelled with TO show
improved stability which can be attributed to the intercalation
of TO. In principle, the greater number of TO moieties, the
greater should be the thermal stability of the duplexes, and
this is indeed found to be the case, with an increase of around
8.9 °C for three TO-incorporations against its DNA comp-
lement. Labelling of ROX decreases the melting temperature of
the duplexes, whether or not they contain TO, probably
because in the single strand the ROX dye can bury itself in the
hydrophobic environment of the coiled DNA strand created by
the aromatic nucleobases, whereas in the rigid duplex it is
exposed to the aqueous environment, making duplex for-
mation entropically unfavourable. As a result, ROX-only
labelled duplexes show low thermal stability compared to TO/
RX dual-labelled duplexes (drop of 3.5 °C for three ROX-incor-
porations). We also investigated the duplex stability of d1-TO/A
and d1-TO/RX probes against targets containing a single-
nucleotide mismatch. All DNA duplexes and DNA/RNA targets
with a G:T mismatch opposite to TO, or with an A:C mismatch
five-bases away from TO, gave lower melting temperatures than
the fully complementary double strands (Table S91). For
example, the Tm of the duplex between d1-TO/RX and its DNA
target is 60.5 °C, compared to 55 °C for its G:T mismatch, and
48.5 °C for its A:C mismatch DNA target. These results indicate
that combination probes can discriminate clearly between
matched and mismatched targets.

Given that the biomedical applications of fluorogenic oligo-
nucleotides probes require high fluorescence as well as stabi-
lity against enzymatic degradation in biological fluids, we con-
structed combination probes containing nucleotides that
stabilise oligonucleotides against degradation in vivo. Probes
composed of 2'- modifications are known to possess this prop-
erty, and have been employed in the clinical development of
therapeutic oligonucleotides.”””*® We synthesised 2’-OMe RNA
probes containing AP-C3 dT (1, 2 and 3 additions), labelled
them with TO and ROX and investigated the properties of the
resulting 2-OMe RNA combination probes (Fig. 5). The 2-OMe
RNA probes with single (r1-TO/RX), double (r2-TO/RX) and
triple (r3-TO/RX) incorporations of TO and ROX (Table S27) all
displayed good duplex stability when hybridized with an RNA
target, 65 °C for r1-TO/RX, 63 °C for r2-TO/RX and 50 °C for r3-
TO/RX (Fig. 5a and Table S8,} right). However, in the case of
r3-TO/A and r3-TO/RX, the presence of three TO moieties did

This journal is © The Royal Society of Chemistry 2022
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OMe RNA probes before and after hybridization with 0.275 pM DNA or
RNA targets when the excitation wavelength is 510 nm. Conditions:
10 mM phosphate buffer, 200 mM NaCl, pH 7.0. Oligonucleotides
sequences are shown in Table S2.}

not improve duplex stability against DNA or RNA compared to
two TO moieties (r2-TO/A). This indicates that there should be
a minimum separation between the TO intercalators for them
to produce the optimum increase in duplex stability and
emphasises the extreme duplex destabilisation due to the pres-
ence of the ROX dye which is evident from the low melting
temperature of r3-Y/RX. The very low stability of the 2'-O-
methyl RNA probes against a DNA target is striking, and
suggests that careful sequence design could lead to TO/RX
probes that are highly selective for RNA over DNA. Both r2-TO/
RX and r3-TO/RX showed clear enhancement of fluorescence
emission after hybridization with their RNA target (Fig. 5b and
Fig. S41). However, only a 1.5-fold increase of fluorescence
intensity of r3-TO/RX after hybridization with its complemen-
tary DNA target was observed (Fig. 5b and Fig. S31). This
suggests that in the DNA-RNA hybrid structure, the
AP-C3 modifications in the triply modified case are too close,
allowing fluorescence quenching to occur.

We have demonstrated that combination probes can be
used in real time-PCR-based applications. (Fig. 6). This will
enable target analyte concentrations to be determined, and the
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Fig. 6 RT-PCR (left) of TO/RX probe and fluorescence melting curve
(right) of PCR product. A represents 0.15 uM of probe and B represents
0.30 pM of probe. 1-3 represent 1.5 nM, 0.15 nM and 0.015 nM of tem-
plate. 4 indicates no template (negative control). Oligonucleotide
sequence information and details of target DNA are in Table S3.+
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post-PCR melting temperature of the probe-amplicon duplex
to be analysed for point mutation detection.”® The TO-interca-
lator increases the stability of the probe-target duplex allowing
shorter PCR probes to be used with consequently superior mis-
match/mutation detection. In support of this we have shown
that mismatch discrimination with the new combination
probes is excellent (Table S97).

Fluorescence lifetime studies support the steady state fluo-
rescence results (Fig. S5 and Table S10%). Lifetimes of all
APC3-TO probes with one, two, and three incorporation of TO
are bi-exponential with one long (z,) and one short lifetime
(z4). The short lifetimes are due to relatively unrestricted
rotation of TO around the methine bridge and the long life-
times are attributed to TO in a more constrained environment
due to hybridisation with target DNA or RNA. The average life-
times of the constructs are enhanced in the duplexes because
the relative contribution of the short lifetime is diminished.
The ratios of lifetimes in the double strands compared to
single strands are generally slightly higher for RNA than DNA
targets, suggesting that TO is more constrained/planar in an
A-like helix than a B-form helix.

In conclusion, this work describes a method to efficiently
label single thymidine sites in oligonucleotides with two
different fluorophores, one of which is also a duplex-stabiliser.
To achieve this, a new AP-C3 dT phosphoramidite monomer
containing a terminal alkyne and a TFA-protected primary
amine has been developed for the labelling of oligonucleotides
with a thiazole orange anchor dye and a ROX reporter dye. The
approach takes advantage of the orthogonality of the CuAAC
click and amide bond formation reactions which enables mul-
tiple TO and ROX labelled oligonucleotides to be produced,
and a high density of labels to be introduced into short oligo-
nucleotides. Thermal duplex stability and fluorescence studies
demonstrate that TO/RX combination probes can detect
nucleic acid targets with highly favourable signal-background-
ratios. To enhance resistance against the enzymatic degra-
dation that is encountered in a cellular environment, 2’-OMe
RNA combination probes were synthesised and showed good
duplex stability and excellent fluorescence properties on
binding to complementary RNA targets. Future work will
involve optimisation of the length and nature of the linkers
between the nucleobase and the fluorescent labels, and attach-
ing thiazole orange to AP-C3 by the quinoline moiety rather
than benzthiazole to determine if this offers any advantages in
terms of fluorescence or duplex stability. Finally, the use of
AP-C3 dT to introduce multiple alkyne and amine moieties
into oligonucleotides will be advantageous in other appli-
cations where densely-labelled oligonucleotides are required.
For such applications many small molecule azides and NHS
esters are commercially available, including affinity ligands, as
well as alternative intercalators and reporter dyes.
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