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Triplex DNA binders can effectively control copper-catalysed
alkyne–azide click reactions in DNA architecture, such that
either duplex or triplex DNA directed reactions of terminally
attached azides and alkynes occur, in the absence or presence
of triplex DNA binder, respectively.

Nature utilizes a multitude of macromolecular recognition ele-
ments to control chemical reactivity such as nucleic acids and
proteins.1 For example, it is well-known that the reactivity of
allosteric enzymes can be modulated by the recognition of small
molecule allosteric regulators through changes in conformation.2

A plethora of different small molecules bind to various nucleic
acid architectures inducing stabilization.3 This includes higher
order structures such as G-quadruplex and triplex DNA. Along
these lines, triplex DNA binders are small and usually cationic
molecules which stabilize triplex DNA and often possess highly
selective binding to triplex over duplex DNA.4,5

It has been demonstrated by Mao et al. how DNA-triplex
structures containing CGC triplets can be used in a pH regulated
triplex formation to control the formation of an amide bond.6

Here we have used triplex DNA as a model system to demonstrate
how the non-covalent interaction of a small molecule regulator,
in this case a triplex DNA binder, can be used to control the
covalent chemical reactions of conjugated functional groups. The
recent surge in the use of DNA-directed chemistry,7 e.g. in drug
discovery,8 may benefit from the development of reactions based
on novel and controllable higher-order DNA architectures.

The Huisgen–Sharpless–Meldal copper-catalyzed 1,3-dipolar
cycloaddition (CuAAC) has been used extensively for the
modification of nucleosides (e.g. conjugation of an fluo-
rophor/biomolecule) prior to or following their incorporation
into oligonucleotides.9,10 Contrarily, only very few examples of
DNA-directed CuAAC reactions have been reported, in which an
alkyne–DNA conjugate and an azide–DNA conjugate, in low
concentrations are brought in close proximity either by direct
hybridization or by hybridization of the two conjugates to a
template strand.7 In two papers Liu et al. performed DNA-
directed CuAAC reactions, and in both cases moderate yields
were obtained in part due to DNA degradation in the presence of
Cu(I).11 More recently Brown et al. described a chemical ligation
type DNA-directed CuAAC reaction which proceeded almost
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quantitatively,12,13 and notably DNA degradation was avoided by
including a ligand for copper.

To demonstrate the small-molecule-induced control of the
CuAAC reaction we have applied a dialkyne–DNA conjugate,
an azide–DNA conjugate and a triplex forming oligonucleotide
(TFO) azide conjugate (Scheme 1). The depicted triplex DNA is
unstable at room temperature in the absence of a triplex DNA
binder and duplex control prevails leading to only one click
reaction.

In the presence of a triplex DNA binder triplex control takes
over forming the parallel pyrimidine–purine–pyrimidine triplex
with Hoogsteen base pairing to the triplex-forming oligonu-
cleotide (TFO), leading to two click reactions. Thereby, the central
dialkyne-modified oligonucleotide becomes ligated to the two
azide-modified oligonucleotides in one step via 1,2,3-triazole head
groups formed in the double click reaction resulting in non-
symmetrical three-way branched oligonucleotides.

A selection of azide and dialkyne-modified oligonucleotides was
synthesized (Fig. 1, Supporting Information). Both azide (X1,
X2) and dialkyne modifications (conjugated and non-conjugated
dialkyne, Y1, Y2 and Z1, Z2, respectively) were investigated with
two different lengths of linkers (C6 or C6+C12) (O1–O8). Since
the degradation of DNA in the presence of Cu(I) and oxygen can
seriously affect the outcome of any CuAAC reaction,14 ligands for
Cu(I) were employed to protect it from oxidation and partly shield
the DNA. Two different ligands, BPDS (1)15 and THTA (2)16 were
tested. For binding and stabilization of triplex DNA two triplex

Fig. 1 Oligonucleotides, ligands, and triplex DNA binders prepared
and/or applied in this study.
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Scheme 1 Controlling nucleic acid-directed chemical reactions with triplex DNA binders.

DNA binders, coralyne chloride (3)4c and the more potent triplex
DNA binder 44d were employed.

Triplex formation is a kinetically slow process compared to
duplex formation. Therefore, preformed duplexes were subjected
to annealing for an extended period (overnight) at 5 ◦C with the
TFO strand (and any triplex DNA binder), and subsequently
warmed slowly to 22 ◦C before adding the copper-catalyst mixture
and allowing the conjugates to react for 2 h. Longer reaction times
were not beneficial for the yield of the reactions, due to degradation
of DNA.

The triplex and duplex-directed reactions were analyzed by
denaturing PAGE (Fig. 2). Most prominent is the complete
change in chemical reactivity in the presence (lane 1 and 2)
and absence (lane 3) of triplex DNA binder 4, and the high
selectivity of the reactions. On the other hand, the weaker triplex
DNA binder coralyne (3) led to a less clean reaction with the
contaminant formation of both duplex product and the product

Fig. 2 Analysis of the CuAAC reactions by denaturing PAGE (reaction
conditions, unless otherwise noted: 1 : 1 : 1 strand ratio; triplex DNA
binder, ligand, CuSO4 and sodium ascorbate in PBS buffer. T1–T3:
intramolecular triplexes).

which corresponds to the ligation of the TFO strand and one of
the duplex strands (Hoogsteen product, lane 4). Thus, the strength
of stabilization with the triplex DNA binders is reflected in the
reaction outcome.

High reaction yields for the formation of the triplex products
from the three strands were obtained in the reaction of both
non-conjugated and conjugated dialkyne-ODNs by employing the
ligand 2 and triplex DNA binder 4 (lane 1 and 2) as indicated by
denaturing PAGE and RP-HPLC. Yields of 90% and 80% for
the duplex (lane 3) and triplex directed reaction (lane 1), respec-
tively, were obtained as estimated by image analysis (GeneTools
software) and corroborated by RP-HPLC analysis.16,17 In the case
of dialkyne-oligonucleotide O6 weak higher bands besides the
triplex product were observed which we assign to oligomerization
reactions (homocouplings) of the dialkyne catalyzed by Cu(I)
(lane 2). Similar faint bands were not observed with the non-
conjugated dialkyne-oligonucleotides O3 and O7.18

As controls the exclusive formation of duplex product from O5
and O7 was carried out (lane 5), as was the ligation of the TFO
strand O8 with O7 by employing the non-azide-modified duplex
strand O9 (lane 6). As expected the absence of copper catalyst
resulted in no reaction (lane 11).

Optimization of the reaction conditions revealed that subtle
differences in the efficiency of C6 linkers compared to C6+C12
linkers existed, which demonstrates the distance dependence of
the reaction.19 Minor amounts of both Hoogsteen and duplex
product were seen in the case of short linkers (Fig. 2, lane 7), while
the combination of short linkers on the duplex strands and a long
linker on the TFO strand also gave a clean reaction (lane 8). The
use of BPDS ligand (1) led to considerably reduced yields due
to degradation of DNA (lane 9), as indicated by the faint band
and confirmed by RP-HPLC, while the absence of ligand barely
provided any product (lane 10).
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Table 1 Thermal stability of inter and intramolecular triplexesa

Entry Triplex Triplex DNA binder Tm
3 → 2/◦C Tm

2 → 1/◦C

1 O5+O7+O8 3 29.6 45.6
2 O5+O7+O8 4 54.0
3 O5+O7+O8 — 11.0 41.3
4 T1a — 53.4 64.0

a Identical values were obtained for T2, T3 and T4 triplexes (T4 is formed
from O1+O2+O4).

The identity of the formed intramolecular triplexes was con-
firmed by MALDI-TOF MS, and they could readily be iso-
lated by RP-HPLC, and characterized by thermal denaturation
experiments. The intramolecular triplexes T1–T4 exhibit similar
melting behavior characterized by a weak Hoogsteen transition at
53 ◦C, much higher than their intermolecular counterparts (in the
absence of triplex binder), and a duplex/random coil transition at
64 ◦C (Fig. 3 and Table 1). Notably, no hysteresis was observed
due to fast hybridization kinetics.

Fig. 3 Thermal denaturation profiles of inter and intramolecular triplexes
at 260 nm (different absorbance scale for T1 and O5+O7+O8 triplexes).

These results are supported by the thermal denaturation profiles
of the triplex O5+O7+O8 (Fig. 3 and Table 1). Hence, the
Tm

3 → 2 value for the weak Hoogsteen transition (triplex/duplex
transition) in the absence of triplex binder is 11.0 ◦C, well below
room temperature, and only the duplex-directed reaction occurs.
On the other hand, in the presence of 4 it raises to 54.0 ◦C,
where stabilization is so pronounced that the Hoogsteen and
duplex/random coil transitions coincide,4d the triplex-directed
reaction is highly favored. Coralyne (3) provides less stabilization
(29.6 ◦C) with a broad Hoogsteen transition closer to room
temperature, and a less selective reaction ensues. Considerable
hysteresis of the melting curves was observed due to the slow
kinetics involved in the formation of intermolecular triplexes.4e

In summary, we have demonstrated the use of triplex DNA
binders as external stimuli for controlling chemical reactivity in
higher-order DNA-directed reactions. Thus, the efficient double
click reactions reported here could be controlled by simply adding
a strong triplex DNA binder such as naphthylquinoline (4), while
selectivity decreased with the weaker binder coralyne (3). Given
the huge number of small molecules available for binding and
stabilization of almost any DNA architecture, the methodology

may be expanded considerably in scope, which is desirable in
other complex DNA-based reaction systems where precise control
of reactivity is required. Furthermore, the method provides a
new high-yielding method for the formation three-way branched
nonsymmetrical DNA sequences that each in principle may be
extended in a unique sequence, and could be useful in the
construction of DNA nanostructures.
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