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The synthesis of a 2’-deoxyuridine nucleoside linked to an anthraquinone moiety, and its incorporation
into oligonucleotides are described, including a facile oxidative demethylation with phenyliodine(11r)
bis(trifluoroacetate) to reveal the anthraquinone motif. Furthermore, some useful physical and
electrochemical properties of the obtained oligonucleotide are also reported, which allow its principal

use in electrochemical DNA assays.

Anthraquinone-modified oligonucleotides have proven to be ver-
satile tools in stabilization of duplex DNA by intercalation,'
electrochemical detection of single-base mismatches (SNPs),? and
as photoexcitable probes for the study of DNA hole transport.®
Charge-transfer phenomena in DNA either through oxidative
or reductive pathways have received considerable attention in
recent years due to their importance in biological environments
such protein-DNA complexes, DNA damage, mutations and
cancer.* As previously employed for pyrene-* and phenothiazine-
linked nucleosides,® we aimed for the synthesis of an AQ-dU
nucleoside 1 with conjugation between the anthraquinone and
the uridine moiety that could be employed in studies of charge-
transfer processes in DNA (Fig. 1).” Here we disclose the synthesis
of an AQ-dU nucleoside, its incorporation into oligonucleotides,
and electrochemical studies of their use for detection of comple-
mentary oligonucleotides.
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Fig. 1

For the construction of the C-C bond between the nucle-
obase and the anthraquinone moiety we aimed for the use
of a Suzuki coupling employing an appropriate boronic ester
derivative of anthraquinone and 2’-deoxy-5-iodouridine. As out-
lined in Scheme 1 two different boronic ester derivatives of an-
thraquinone were investigated. Starting from commercially avail-
able 2-bromoanthraquinone 2 the modified Miyaura procedure®
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T Electronic supplementary information (ESI) available: Experimental
procedures and spectroscopic data for compounds 1, 4, 5, 7, 8 and 9,
cyclic voltammogram of AQ-dU (1) and differential pulse voltammogram
of Ol and O1+03 duplex. See DOI: 10.1039/b816820b
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Scheme 1

furnished the anthraquinone boronic ester 3 in reasonable yield.
The synthesis of the analogous pinacol ester of 3 by the Miyaura
procedure® was unsuccessful.

Unfortunately, the subsequent Suzuki coupling with 2’-deoxy-5-
iodouridine derivatives was unsuccessful, and led to extensive de-
composition. Instead, the synthesis of dimethylated hydroquinone
boronic ester 5 was carried out, that subsequent to any Suzuki
reaction requires both demethylation and oxidation in order to
reveal the anthraquinone motif. Hence, one-pot reduction and
dimethylation of 2 yielded 4. The organolithium species of 4
was subjected to borate trapping and further converted to the
pinacolate 5 in good yield. Nucleoside 6 is rather insoluble in
organic solvents, but it reacted well with 5 using a THF-MeOH-
H,O solvent mixture to afford 7 in 52% yield.

An efficient oxidative demethylation of 7 employing hypervalent
iodine reagent PIFA? smoothly afforded pure 1 in 98% yield, which
could be isolated by simple filtration (Scheme 2). The structure
of 1 was confirmed by spectroscopic measurements, including
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Scheme 2 Synthesis of phosphoramidite 10 for oligonucleotide synthesis.

ESI-mass spectrometry and 2D-NMR experiments, while NOE
experiments confirmed the presence of a preferred anti glycosidic
torsion angle in solution. The UV-Vis spectrum of a yellow EtOH-
solution of 1 indicates a strong electronic interaction between
the uridine moiety and the covalently attached anthraquinone as
evident from the bathochromic shift of absorbance between 1 and
pure anthraquinone (e.g. A,.. (anthraquinone) = 324 nm — A,
(1) = 365 nm) (Fig. 2). Subsequently, protection of the 5’-hydroxyl
group with DMTrCl gave 8 which could easily be converted into
the phosphoramidites 9 required for oligonucleotide synthesis.
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Fig.2 UV-Vis spectrum of 1 and anthraquinone (both 50 uM in EtOH).

The incorporation of 9 into the oligonucleotide sequences O1*°,
02 and 06" was carried out by standard automated solid-
phase synthesis for phosphoramidite nucleosides on a DNA-
synthesizer, which gave high coupling yields for 9. Following
standard deblocking and deprotection with aq. NH;-solution, the
oligonucleotide was purified by semi-preparative RP-HPLC and
quantified by UV-Vis absorption spectroscopy. The identity of O1,
02 and 06 was confirmed by MALDI-TOF mass spectrometry
(see ESIY).

Thermal denaturation experiments were performed in PBS-
solution (Fig. 3 and Table 1). These duplexes exhibit cooperative,
monophasic melting transitions. No hysteresis was observed
for sequential heating—cooling cycles which demonstrate rapid
hybridization kinetics.

01: 5-Y-CGA TCG AXC GAC TAG

02: 5-CGATCG AXC GAC TAG

03: 5-CTAGTC GAT CGA TCG

04: 5-CGATCG ATC GAC TAG

05: 5-CTAGTC GCTCGATCG

06: 5-Y-TGG TCC TGT TCG CTC AAT CGT XCG GCT CGC
07: 5'- GCG AGC CGA ACG ATT GAG CGA ACA GGA CCA

X =AQ-dU
Y = 5'-C6-disulphide modification:
HO AN s s S0 O
o° O-5-oligo

Fig. 3 Oligonucleotides for thermal denaturation and electrochemical
studies.

Table 1 Thermal denaturation of duplexes®

Entry Duplex T,./°Che
1 01/03 52.7
2 02/03 52.3
3 03/04 60.7
4 02/05 53.0
5 04/05 47.7

“ Thermal denaturation was performed in PBS solution (1 M NaCl, 10 mM
phosphate buffer, pH 7.0) on a Cary 100 UV-Vis spectrophotometer
(Varian Inc.), and monitored at 260 nm with 1.0 °C min™ in the range 15—
90 °C using three cycles. 2 uM strand conc. ®* All T',, values are reproducible
within £1°C. ¢ Melting temperatures were determined as the average of
three heating—cooling cycles (six measurements).
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The presence of 5'-disulfide modification in O1 has virtually
no influence on duplex stability compared to oligonucleotide 02
(entries 1 and 2, Table 1). Evidently, the inclusion of AQ-dU into
the oligonucleotide decreases the duplex stability compared to
the unmodified duplex (entries 2 and 3). Furthermore, there is
an absence of discrimination between matched and mismatched
nucleotides for AQ-dU (entries 2 and 4), although AQ-dU
stabilizes the duplex compared to a CT mismatch (entries 2
and 5). The melting transition of duplex O1/03 observed in
the region 330-380 nm, where only AQ-dU absorbs, also shows
significant hypochromicity which demonstrates the hydrophobic
interactions of AQ-dU with adjacent bases (Fig. 4). Interestingly,
these findings suggest that AQ-dU is mainly stabilizing the duplex
by an intercalation mode of binding despite its hydrogen-bonding
capacity."
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Fig.4 Melting transition of AQ-dU in O1/03 duplex (10 mM phosphate
buffer, 1.0 M NaCl, pH 7.0; 20 uM strand conc.).

We explored principal applicability of AQ-dU for electrochemi-
cal DNA assays. Cyclic voltammetry (CV) of an O1-modified gold
electrode revealed a pair of redox peaks with a mean potential of
—414+3mV (Fig. 5). These values are in a good agreement with the
potential data obtained from the solution electrochemistry of AQ-
dU, —422 £ 3 mV (see ESIT), which suggests that electrochemical
features of the built-in DNA AQ-dU are close to those of the
free AQ-dU base. The peak currents linearly depended on the
potential scan rate, which is characteristic of surface-confined
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Fig. 5 Background-corrected cyclic voltammogram of a gold electrode
modified with O1. Potential scan rate is 50 mV s™.

redox chemistry,? and the amount of the immobilized AQ-DNA,
estimated from the redox peak area, was 8.4 £+ 1.6 pmol cm™ (data
are averaged for 5 individual electrodes). This surface coverage
corresponds to a loosely packed surface monolayer,”® which
is advantageous for surface hybridization assays. The electron
transfer (ET) constant k,, determined from the cathodic and
anodic peak separation,™ was 1.1 £ 0.2 s™. Considering negligible
conductivity of a single-stranded (ss) DNA,' we assume that the
observed ET phenomenon is due to the direct, i.e. non-mediated
by DNA, ET reaction between the electrode and AQ moiety.

Upon hybridization of O1 with a complementary strand O3,
the AQ redox peak separation increased slightly, signifying that
the kinetics of ET between AQ-dU and the electrode have not
essentially changed. The k, decreased to 0.8 + 0.2 s7!, and the
redox potential for AQ-dU shifted only slightly to the less negative
—411 = 2 mV. These very minor variations in the ET kinetics
may be ascribed to structural rearrangement of DNA due to
hybridization, enabling, (a) directional ET through the dsDNA
strands and, (b) less favorable “back-side” redox chemistry of
AQ-dU. The persistence length of double-stranded (ds) DNA is
around 50 nm, while that of ssDNA is around 1 nm.' Thus, with
more flexible ssDNA, the redox probe can approach the electrode
surface closer than with a more rigid dsDNA structure, where AQ-
dU, fixed at a sequence predetermined position, should actually be
removed from the electrode surface when O1 hybridizes with O3.
The presence of a one-point mutation (hybridization of O1 with
05) did not produce any additional effects on the ET efficiency,
which could be expected from thermal denaturation data. The
matched O1-03 duplex has melting point characteristics close to
those of the one-mismatch O1(02)-0O5 duplex (Table 1).

In DNA assaying, one aims for clear discrimination between
ssDNA and dsDNA states. As seen from the data above, it
is difficult to achieve when AQ-dU is placed too close to the
electrode surface. Therefore we extended this to investigate the
electrochemistry of a 30 nts long AQ-dU DNA 06, which had
AQ-dU modification in its 21 nt position relative the electrode
surface (Fig. 3). For such ET distances, any ET in dsDNA is
expected to be low, while non-directional ET reactions of a more
flexible ssDNA are expected to proceed.

The CV of O6 showed well-resolved AQ redox chemistry,
though efficiency of ET was lower than that for O1: separation be-
tween AQ peaks corresponded to k; < 0.1 s7!. At scan rates higher
than 20 mV s™', the cathodic peak shifted to the potentials of thiol
desorption; thus for estimations of hybridization—dehybridization
phenomena, we used the anodic peak clearly detectable in CVs
(Fig. 6, inset). Upon hybridization of O6 with complementary
07, the peak totally disappeared (Fig. 6), which is consistent
with the removal of AQ-dU from the electrode surface upon the
formation of a more rigid dsDNA structure. Hence, the efficiency
of ET through the dsDNA appeared also to be very low at this
distance. After subsequent dehybridization, the AQ oxidation
peak reversibly appeared in the CV, and further disappeared
upon the next hybridization process. This on-off redox process
enabled us to electrochemically distinguish between ss and ds
DNA surface states. It is worth mentioning that addition of a
non-complementary DNA strand did not produce any changes in
electrochemistry of O6.

In summary, we have devised an efficient synthesis of an AQ-
derivatized nucleoside which is easily incorporated into
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Fig. 6 Cyclic voltammetry for a gold electrode modified with O6, before
(solid line) and after hybridization with a complementary O7 (dashed line).
Scan rate is 20 mV s™'. Inset: background-subtracted peak for oxidation
of AQ-dU, derived from the CV of O6 in the main figure.

oligonucleotides. Electrochemical studies demonstrated principal
applicability of the synthesized AQ-dU base for DNA assays.
Future work will focus on the implementation of such oligonu-
cleotides as photoexcitable probes for studies of DNA hole trans-
port and the further development of the electrochemical DNA
assays exploiting electrochemical and photochemical properties
of the designed artificial nucleotide, i.e. estimations of effects of
sequence positions of AQ-dU on selectivity and sensitivity of the
DNA assay.
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