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Abstract
Efficient protocols based on Cu(I)-catalyzed azide–alkyne cycloaddition were developed for the synthesis of conjugates of

pyrrole–imidazole polyamide minor groove binders (MGB) with fluorophores and with triplex-forming oligonucleotides (TFOs).

Diverse bifunctional linkers were synthesized and used for the insertion of terminal azides or alkynes into TFOs and MGBs. The

formation of stable triple helices by TFO-MGB conjugates was evaluated by gel-shift experiments. The presence of MGB in these

conjugates did not affect the binding parameters (affinity and triplex stability) of the parent TFOs.
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Introduction
The recognition and detection of specific sequences in native

genomic double-stranded DNA (dsDNA) is of significant

importance for the development of efficient gene therapies and

in vivo gene labeling [1-3]. Besides natural and engineered

peptides or proteins, two synthetic substances are known to

recognize and bind dsDNA in a sequence-specific manner:

t r iplex-forming ol igonucleot ides (TFOs) [4,5]  and

pyrrole–imidazole polyamide minor groove binders (MGBs)

[6,7]. TFOs recognize polypurine stretches in genomic DNA

and bind in the major groove of dsDNA. Cytosine-containing-

TFOs (CT-TFOs) form parallel triplexes with dsDNA

(Figure 1) but these complexes are not stable at neutral pH:

cytosine in the TFOs has to be protonated in order to form a

hydrogen bond with guanosine of the duplex. In contrast, G-rich

TFOs that can bind to dsDNA in a parallel and antiparallel

fashion are insensitive to pH, but the formation of exception-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:svetlana2001@gmail.com
http://dx.doi.org/10.3762%2Fbjoc.12.128


Beilstein J. Org. Chem. 2016, 12, 1348–1360.

1349

Figure 1: A) Formation of nucleotide triplets in parallel and antiparallel (relatively to polypurine strand) complexes. The relative orientations of DNA
backbones are shown by the symbols “ ” and “ ”. The duplex is in green, TFO is in black. B) Chemical structure of the TINA molecule inserted in the
TFO structure of the DNA triplex as a bulge.

ally stable internal structures (G-quadruplexes) can inhibit the

triplex assembly. The exploration of the triplex technology by

the scientific community would be possible if TFOs can be effi-

ciently delivered to the nucleus and bind to dsDNA with high

affinity and sequence-specificity.

MGBs recognize target sequences according to the well-estab-

lished rules [6] with high affinity and without pH or ionic

strength limitations. They penetrate into living cells and reach

genomic DNA, so they were successfully used for both gene

expression regulation and the synthesis of fluorescent probes for

DNA imaging in fixed and live cells [1-3,8,9]. However, the

length of the sequence recognized by the classical hairpin

polyamides (5–6 base pairs) is much shorter than that for

TFOs (>10–12 base pairs) that results in promiscuous binding

events.

To resolve the mentioned problems, a chemical conjugation of

several DNA-binding ligands (TFOs, MGBs) was used in order

to profit from useful properties of both components in the re-

sulting TFO-MGB conjugates [10,11] and MGB tandems [12-

15]. Recently a new class of TFOs containing covalently linked

intercalating pyrene moieties, so-called "twisted intercalating

nucleic acids" (TINA), has been described [16,17]. TINA-TFOs

form stable and specific triplexes with target dsDNA at physio-

logical conditions. It has been shown that the most stable com-

plexes are formed by antiparallel G-rich TINA-TFOs [17,18]

(Figure 1).

The conjugation of TINA-TFOs to MGBs should allow for

recognition of longer sequences in dsDNA than for the parent

components thus providing improved affinity and sequence

specificity [11]. Using carbodiimide activation or Mukayama

reagents [19-21], TFO-MGB conjugates have been synthesized

[11,22-24]. However, this method is not universal because it

requires solubility of all reagents in organic solvents, which is

incompatible with in vivo and in situ applications. In addition,

according to our experience, these reactions are not suitable

for TINA-TFO derivatives due to excessive formation of side

products.
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Figure 2: Synthesis of MGB-fluorophore (A) and MGB-TFO (B) conjugates using CuACC. Linker length and composition can be varied.

Copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) as a

variation of the Huisgen 1,3-dipolar cycloaddition has become a

widely used conjugation method in which the stereoselective

formation of 1,2,3-triazoles can connect several components in

one molecule [25,26]. CuAAC belongs to the class of chemical

processes called “click-chemistry” and it is also a biorthogonal

reaction because functional groups of natural biopolymers are

not affected and do not participate in chemical transformations.

So, this reaction is suitable for the synthesis of different biologi-

cally important conjugates including polyamide-TFO conju-

gates and fluorescent probes based on these components.

Several methods avoiding the presence of cytotoxic copper ions

have been also described [27-29]. Baskin et al. demonstrated

the fluorescent labeling of proteins directly in living cells by

copper-free "click chemistry" [29]. Alkyne or azide groups can

be inserted into both TFO and MGB using enzymatic or chemi-

cal methods during matrix or solid-phase synthesis [2,30,31] or

post-synthetically using described conjugation methods [32]. In

order to achieve a perfect fit between MGB-conjugates and

dsDNA target sequences, the length and the flexibility of the

linker that connects two components (polyamide and TFO or

fluorophore) in the conjugates should be optimized. It becomes

vital for TFO-MGB conjugates because individual components,

TFO and MGBs, bind in the major and minor groove of

dsDNA, respectively. The linker length optimization can be

achieved by combination of "classic" methods of conjugation

with "click chemistry". Preliminary results of this work were

presented as a poster paper at a conference [33]. In the first part

of the present article, we describe the synthesis of various

linkers bearing different functional groups for simple and acces-

sible introduction of azide and alkyne groups into biopolymers,

fluorophores and ligands. Then, these linkers were introduced

into the structure of MGBs and TFOs and used for the synthe-

sis of MGB-fluorophore and MGB-TFO conjugates via CuAAC

(Figure 2). Properties of the conjugates obtained are discussed.

Results and Discussion
Synthesis of bifunctional linkers
Two components in MGB-TFO conjugates must be connected

by a linker, which is at least 12 chemical bonds long [10,11,34].

Several different bifunctional linkers were designed and synthe-

sized (Figure 3). All of them contain, on one side, an alkyne or

azide group for "click chemistry” and, on the other side, either

an amino group for interaction with electrophiles (for example,

activated terminal phosphates of oligonucleotides) or an acti-

vated carboxylic ester for reactions with nucleophiles (for ex-

ample, terminal amino groups of MGBs). The linkers have

various lengths and chemical natures and can be coupled either

directly during a solid-phase synthesis or post-synthetically to

pre-synthesized or commercially purchased ligands.
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Figure 3: Bifunctional linkers for conjugation of oligonucleotides and polyamides using CuACC.

The first three linkers (1–3) are designed for functionalization

of commercial phosphorylated TFOs according to established

protocols [32]. They contain an amino group for coupling to an

activated terminal phosphate of oligonucleotides and an alkyne

group for CuAAC reactions. The linker 4 is designed for func-

tionalization of either commercial amino-modified oligonucleo-

tides or amine-bearing polyamides. It contains an alkyne group

for CuAAC and an activated ester for the acylation of amino

groups. The linkers 5–7 of different lengths contain an azide

group for CuAAC and a carboxyl group that can react after acti-

vation with the terminal amino groups of polyamides or of

amino-modified oligonucleotides (see Supporting Information

File 1 for full experimental data and physicochemical character-

istics of compounds). In addition, commercially available

reagents 9, with an oxygen atom in the chain, and 10 possessing

several ethylene glycol moieties were used to increase the solu-

bility of modified polyamides in water.

Selection of the target DNA and design of
TFOs and MGBs
The polypurine tract of the HIV-1 provirus is a valuable target

for MGB-TFO conjugates [35]. It has a 16-bp polypurine site

suitable for DNA triplex formation and overlaps with an A:T

tract which is an ideal target for easily synthesized MGB con-

taining only N-methylpyrrole moieties (Figure 4). For conve-

nience of our work, a fluorescently labeled T4 hairpin covalent

duplex containing the 29 base pair HIV polypurine sequence

was used.

Thus, two sequences for the design of TFOs were selected. The

first sequence is 5′-TTTTCTTTTCCCCCCT that forms parallel

Figure 4: The target duplex contains a 29 base pair fragment from HIV
proviral DNA [35] and a T4 hairpin is connecting two strands: a 16
base pair polypurine-polypyrimidine tract (TFO-binding site – is indicat-
ed by a red rectangle), an adjacent overlapping poly(dA:dT) tract
(MGB-binding site – by a blue rectangle). Fluo is a fluorescein label.

triplexes, and the second one is 5′-AGGGGGGTTTTGTTTT

that forms antiparallel triplexes on the target dsDNA. The last

sequence has six consecutive guanosines that promote the for-

mation of a G-quadruplex that hinders DNA triplex formation.

In order to destabilize the G-quadruplex and to form the DNA

triplexes, TINA modification can be introduced in the structure

of TFO (TINA-TFO) [17].

A simple hairpin pyrrole hexamer γPyPyPy-γ-PyPyPy-Dp

named MGB(3+3) (where γ is γ-aminobutyric acid, Py –

N-methylpyrrole carboxamide and Dp – N,N-dimethylamino-

propylamine residues) was synthesized in the laboratory by

solid-phase method [36,37] and used as a polyamide

component.

The first model is interesting for an anti-HIV strategy, but it is

not suitable for visualization of dsDNA because of the low con-

centration of integrated viral DNA in the genome. That is why

for the synthesis of the fluorescent probes by "click chemistry"
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Figure 5: A) Sequence derived from the murine pericentromere repeat fragment with only one target site for the polyamide F1-NH2 [2,3]. The target
sequence is underlined. B) Chemical formula of the polyamide F1-NH2.

Figure 6: Synthesis of azide- and alkyne-modified MGBs.

we decided to use a polyamide F1-NH2 that targets the tandem

repeats of murine pericentromeres abundant in the murine

genome [2,3]. The polyamide structure and its target dsDNA se-

quence fragment used in our previous work are shown on

Figure 5.

In addition to the terminal alkyne group, an amine group was

introduced into the α-position of the γ-aminobutyric acid linker

(Figure 5B). This provides versatility for labelling of MGBs.

For example, the terminal alkyne can be used for labelling of

MGB with a fluorophore using "click chemistry" and the amino

group can be used to conjugate the probe to TFO or to another

polyamide [15] and vice versa.

Synthesis of modified polyamides,
containing an azide or alkyne group
The following polyamides (11–14, Figure 6) bearing either

alkyne or azide groups were obtained via acylation of their

N-terminal amine by the activated esters method in DMF in the

presence of Hünig's base (see Supporting Information File 1 for

experimental details). We have pursued several goals: 1) to

synthesize a variety of modified MGBs with variable lengths of

linkers in order to adapt conjugate structures for optimal inter-

action with their target sequences and eventually for DNA-

templated coupling; 2) to synthesize both versions (azide and

alkyne) of MGBs and TFOs. In addition, alkyne modified

polyamides are suitable for an easy synthesis of fluorescent
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Figure 7: Structures of fluorescent probes synthesized by "click chemistry".

probes via their labeling by commercial and "home-made" fluo-

rescent dyes bearing azide groups.

It was noted that yields of alkyne-modified MGBs were higher

(50–83%) compared to those of azide modified MGBs (≈40%).

The other variant for insertion of terminal azide or alkyne

groups into the polyamides is a direct solid-phase synthesis

using terminal azide or alkyne-containing carboxyl synthons as

the last step of the MGB’s synthesis (see reference [2]).

Synthesis and fluorescent properties of
fluorescent probes based on polyamides
For fluorescent labeling of polyamides we used a polyamide

F1-NH2 and two fluorophores bearing an azide functional

group: one cyanine TO (derivative of thiazole orange [18]), and

one coumarine MM14 kindly provided by M. P. Teulade-

Fichou (Figure 7). The conjugation was conducted in a micro-

wave reactor as for the polyamide tandem synthesis [2]. The

details of the synthesis protocol and characteristics are de-

scribed in Supporting Information File 1, Table S1.

Fluorescence properties of the probes were studied in the exper-

iments on titration of the probes by the target DNA duplex

(presented on Figure 5A). As it is seen in Figure 8, the fluores-

cence of the probes increases upon titration and is saturated at

equimolar concentration of the target DNA. The total increase

of the fluorescence intensity reaches 4.3 times for the F1-NH2-

MM14 probe and 8 times for the F1-NH2-TO probe. In addi-

tion, a blue shift of the emission maximum of about 15–16 nm

is observed upon interaction of the F1-NH2-TO probe with the

target duplex. To test the specificity of these probes we titrated

them with a non-target duplex that resulted in a 1.5 times

increase in fluorescence emission for the MM14 probe and also

8 times increase for the F1-NH2-TO probe (Figure 8). The non-

specific increase of the probe fluorescence has been observed in

our previous work [2,3]. Thus, only F1-NH2-MM14 is se-

quence-specific. We ascribe this low specificity of F1-NH2-TO

to strong intercalation properties of the TO fluorophore that can

intercalate into DNA independently of the polyamide.

UV-visible absorption spectra in the interval 300–700 nm do

not change upon DNA titration (data not shown), which means

that increase in fluorescence emission is due to the increase of

the quantum yield of fluorescence. Studies of interaction of the

probes with fixed and live mouse cells are under investigation

in the Paris laboratory.

Synthesis of modified oligonucleotides
containing an alkyne group from
commercially available oligonucleotides
A series of parallel TFOs, bearing different alkyne linkers at the

terminal phosphate position (15–19, Figure 9) was prepared

from commercially available phosphorylated oligonucleotides

by activation of the terminal phosphate in oligonucleotides

[11,22]. Two TFOs were purchased; one of them contained a

long hexa(ethyleneglycol) linker that permits to connect two

components of TFO-MGB conjugates located in major and

minor grooves of dsDNA. In our previous work this linker

permitted to obtain the most stable complexes of target DNA

with TFO-MGB conjugates [11].

The resulting products were analyzed by 20% denaturing gel

electrophoresis (PAGE) as described in [11]. For oligonucleo-

tide HIVP products, we observed the formation of one slower

migrating band on the PAGE gel with various yields of reac-

tions (several examples are shown in Figure 10A). For oligo-

nucleotides with a long linker HIVLP, except of the starting

oligonucleotide, two barely resolved bands of products were ob-

served. After purification by reversed-phase HPLC, three major

peaks have been obtained; the first one was identified as a

starting oligonucleotide, the second one – as a product 15 with

only one linker 1 and the third one – as a product 16 with two
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Figure 8: Titration of the probes F1-NH2-MM14 (12 µM, A, C) and F1-NH2-TO (10 µM, B, D) by the target DNA duplex (left) and non-cognate duplex
(right) in 0.025 M tris-HCl, pH 7.5, at room temperature. The sequence of the target duplex is depicted in Figure 5A, the sequence of the non-cognate
duplex is 5'-GGGTGAGGAGGAGGGAGATCGGTC-3'/3’-CCCACTCCTCCTCCCTCTAGCCAGT-5'. DNA concentration after each addition is indicat-
ed on the right panel of each picture.

linkers 1 connected to the same terminal phosphate of the hexa-

ethylene phosphate moiety. This distribution of products has

been previously observed [11,23].

Mass spectrometry identification of the resulting product gave

quite surprising results. The molecular masses of mono-alkyne-

modified oligonucleotides showed an additional mass equal to

260–262 Da. The molecular mass of the bis-modified HIVLP

16 corresponded well to the calculated one (Table S2 in Sup-

porting Information File 1). This phenomenon has been already

observed [24], though with quite low yields of products. These

DNA derivatives were identified as products of incomplete

departure of the oxidized triphenylphosphine moiety with the

formation of the residue X covalently attached to the phos-

phorus of the terminal phosphate (Figure 9, insert). Attempts to

eliminate this residue by treatment with aqueous 25% ammonia

have not been successful. However, it was shown later that this

residue does not prevent the subsequent CuAAC reactions with

the azido-containing molecules.

In view of these results, we decided to synthesize TFOs directly

by solid-phase synthesis using a 3'-terminal synthon possessing

an alkyne group [30] in order to avoid additional post-synthetic

reactions and formation of side products. Also we decided to

profit from pH-independent triplex formation by antiparallel

TINA-TFOs [17] and from fluorescent properties of TINA,

which facilitate the electrophoretic analysis of reaction mix-

tures. Thus, we inserted two TINA moieties into antiparallel

TFO according to our previous results.

Three TINA-containing TFOs 20–22 possessing 3'-terminal

alkyne groups (Figure 11) that differ in the length and nature of

the 3'-linker were synthesized and used for further conjugations

[17,30].

Synthesis of polyamide-TFO conjugates by
CuAAC reaction
To establish conditions for the synthesis of TFO-MGB conju-

gates we used 5'-alkyne modified parallel TFOs (15–17) in
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Figure 9: Synthesis of modified oligonucleotides containing an alkyne group.

Figure 10: Gel electrophoresis of oligonucleotides modified by alkyne
linkers: A – oligonucleotide HIVP (detection by UV-shadowing). Line 1
– control, starting oligonucleotide, lines 2 and 3 – reaction mixtures
after its interaction with linker 1 (product 18) and linker 2 (product 19),
respectively. B – oligonucleotide HIVLP modified by linker 1. Line 4 –
control, starting oligonucleotide, lines 5–7 – electrophoresis of indi-
vidual products obtained after purification of reaction mixture by HPLC.
5 – initial oligonucleotide, 6 – first peak (product 15), 7 – second peak
(product 16).

combination with the N-terminal azide-modified MGBs 12 and

14 (see Figure 12, Figure 2B for the synthesis and Supporting

Information File 1 for experimental details).

Three combinations of the components were tried: TFO 15 and

MGB 14 resulting in conjugate 23, TFO 16 (bifunctional) + two

MGBs 12 (conjugate 24) and TFO 17 + MGB 14 (conjugate

25). The “click” reaction proceeded smoothly with complete

conversion of the starting TFO at room temperature and the for-

mation of only one product (see 20% denaturing PAGE,

Figure 13). In case of bifunctional TFO 16 the bis-polyamide

product is mainly formed (Figure 13B, line 6, f) with barely

visible traces of mono-polyamide conjugate (line 6, e). Lines 5d

and 6d are visible by UV-shadowing bands of electrophoresis

migration marker xylene cyanol that is absent in other gels.
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Figure 11: TINA-TFOs bearing a 3'-alkyne group for antiparallel triplex formation with the target HIV proviral DNA (Figure 4).

Figure 12: Structures of polyamide-TFO conjugates.
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Figure 13: Electrophoresis analysis of samples from reaction mixtures
after click reactions between alkyne-TFO and azide-polyamide in
denaturing 20% polyacrylamide gel, visualization by UV-shadowing.
A) conjugates 23 and 25: lane 1 – control oligonucleotide 15, lane 2 –
conjugate 23, lane 3 – control oligonucleotide 17, lane 4 – conjugate
25. B, conjugate 24: lane 5 is control oligonucleotide 16, lane 6 –
conjugate 24. The arrows indicate positions: a and c – initial alkyne-
modified oligonucleotides, b and e – 1:1 conjugates TFO:polyamide,
f – 1:2 conjugate TFO-polyamide, d – visible migration marker xylene
cyanol.

Mass-spectrometry analysis confirmed the identity of the prod-

ucts obtained (Table S3 in Supporting Information File 1).

Inspired by these results, we applied the same conjugation pro-

cedure to TINA-containing TFOs 20–22. [17] Conjugation of

these TFOs with MGB 12 and 14 (26: 20 + 14; 27: 21 + 14; 28:

21 + 12 and 29: 22 + 14) proceeded with quite good yields and

purity of the products (Figure 14).

Figure 14: Electrophoresis analysis of reaction mixtures in 20% dena-
turing polyacrylamide gel after TINA-TFO-MGB conjugation (visualiza-
tion by TINA fluorescence). A) Conjugates 26 (lanes 2 and 3), 27 (lane
5), 29 (lane 7). Lanes 1, 4 and 6 are control oligonucleotides 20, 21
and 22, respectively B) Conjugate 28 (lane 9); lane 8 – control oligo-
nucleotide 21. Arrows indicate: a, control oligonucleotides, b, conju-
gates.

Purification of TINA oligonucleotides by reversed phase HPLC

was quite difficult. Due to the high hydrophobicity of the

pyrene moiety the retention time of the parent oligonucleotide

and the conjugate were very close to each other and their peaks

were overlapped. Thus preparative denaturing gel electrophore-

sis was used for their final purification.

DNA-templated synthesis of TFO-MGB
conjugates
It has been shown that the presence of copper ions does not

prevent duplex and triplex formation and the DNA-directed

cycloaddition reaction proceed smoothly on these templates

[38]. In 2003, the team of P. Dervan succeeded to obtain a

conjugate of two polyamides by template-directed synthesis on

the adjacent sequences of a target DNA fragment using the

Huisgen 1,3-cycloaddition reaction even without copper cataly-

sis [39]. The rational for this type of synthesis was to find an

optimal orientation of two DNA-binding ligands for the synthe-

sis of highly affine conjugates and to provide a favorable

approaching and orientation of the two components in order to

facilitate the reaction. However, after this publication the use of

a Huisgen reaction without copper catalysis in the template-

directed synthesis was never reproduced.

In the present work, we tried to approach and correctly orient

two components (TFO and polyamide) by their binding on the

target dsDNA sequence as a template. Linkers of different

lengths and configurations were used in order to select one that

fits better the DNA architecture.

Only TINA-TFOs that form stable triplexes at neutral pH and

relatively high temperatures [40,41] are suitable for these trials.

Oligonucleotides 20–22 and azido-modified polyamide 14

(soluble in water) were chosen for DNA-template experiments.

Reactions were performed with equal concentrations (10 µM)

of TINA-TFO, polyamide and the target duplex (Figure 4), first

at room temperature during 6–24 h and then at 37 °C for six or

more hours (see Supporting Information File 1). Experiments

were carried out with each TINA-TFO in the conditions used

for triplex formation in four variants: 1) TFO + polyamide, no

Cu(I) and template, 2) Template duplex + TFO + polyamide

without copper catalysys, 3) TFO + MGB, no template, with

copper catalysis, 4) Template duplex + TFO + polyamide with

copper catalysis. Initially, a triplex was formed by mixing and

incubation of the duplex with the TINA-TFO, then polyamide

and Cu(I) with necessary reagents were added. Standard 20%

denaturing PAGE analysis (Figure 15) demonstrated that the

conjugation occurs only in the presence of copper ions, howev-

er, with quite low yields, possibly due to low concentration of

components. The effect of the DNA template on the formation

of conjugates was negligible.

Interaction between MGB-TFO conjugates
and the target duplex
Our previous studies with parallel TFO-polyamide conjugates

demonstrated that conjugated polyamides poorly stabilized both

DNA and 2'-O-methyl-RNA parallel triplexes, and there were

independent interactions between polyamide or TFO compo-

nent and the target duplex. Sufficient stabilization of triple com-

plexes at neutral pH occurs only in case of TFO-bis-polyamide

conjugates in the form of antiparallel tandem [11,14,34]. No

stabilization of complexes between mono-conjugates (TFO:1

polyamide) and target duplexes at neutral pH (7.2–7.5) was ob-

served in gel-shift and thermal denaturation experiments [11].

The same results were obtained with conjugates 15–19 (data not



Beilstein J. Org. Chem. 2016, 12, 1348–1360.

1358

Figure 15: Electrophoretic analysis of reaction mixtures in standard 20% denaturing PAGE after DNA-templated synthesis. All reaction mixtures in the
0.1 M TEA-acetate buffer, pH 7.0 contained 10 µM polyamide 14 and components, indicated in the table. The concentrations of the DNA template
(target duplex shown in Figure 3) and TINA-TFOs (shown in Figure 10) were 10 µM. Cu(I) was added as a mixture of components up to the final con-
centrations of CuSO4 and THPTA 5 mM and sodium ascorbate 10 mM.

shown). It was more interesting to study the interaction be-

tween conjugates of TINA-modified TFOs and target duplexes.

Thermal denaturation studies are not suitable for experiments

with TINA oligonucleotides because the melting of the triplex

is not visible on their melting curves due to the low hyper-

chromic effect of G-C:G triplets and the high stability of

antiparallel triplexes that dissociate together with target

duplexes [17]. We used gel-shift experiments in order to

measure apparent dissociation constants between conjugates

and target duplexes [42]. A gel mobility assay has been per-

formed in neutral buffer (pH 7.2) and at room temperature in

order to approach the physiological conditions. For antiparallel

TINA-TFO-MGB conjugates 26–29, the triplex formation has

been observed by the gel-shift method both for initial TINA-

TFOs and for TINA-TFO-polyamide conjugates, but no

improvement on affinity was detected. The best results were ob-

tained for the conjugate 28. The gel image is shown on

Figure 16.

Figure 16: Non-denaturing gel electrophoresis analysis of conjugate
28 with fluorescein-labeled target HIV duplex (concentration 120 nM),
polyamide concentrations: 0, 0.45, 0.75, 1.13, 1.5, 2.25, 3, 0 μM (lines
1 to 8, respectively) in 0.05 M HEPES, 50 mM NaCl, 5 mM MgCl2,
pH 7.2. Visualization of the gel was performed by monitoring fluores-
cence of the fluorescein-labeled duplex depicted in Figure 4.

The dissociation constants were calculated after quantification

of the gel by graphical method [42]. In the case of conjugate 28,

this constant was 1.15 ± 0.01 µM that is even higher than that

for the triplex formed by the parent TINA-TFO without any

linkers attached (0.16 ± 0.02 µM), parent TINA-TFO with at-

tached 3'-hexaethyleneglycol phosphate linker (EG)6p

(0.45 ± 0.06 µM) and the conjugate of the latter with polyamide

([TFO]-(EG)6p-γ-MGB) obtained via Mukaiyama reaction, as

in [11] (0.30 ± 0.03 µM) [43]. Other three conjugates (26, 27

and 29) demonstrated even lower affinity and appearance of the

smear between bands in the gel (data not shown). These results

indicate that the presence of the triazole moiety in the linker

slightly perturbs the triplex formation.

Conclusion
Diverse bifunctional linkers of different length, hydrophobicity

and flexibility for insertion of terminal azide or alkyne groups

into biomolecules were synthesized and applied for oligo-

nucleotides and polyamide MGBs. A simple and effective

method of bioorthogonal conjugation using CuAAC was

applied to the synthesis of conjugates between various TFOs

and MGBs. Synthesized products were purified, isolated and

characterized. Functionalized polyamides were applied for the

synthesis of fluorescently labeled probes for detection of native

dsDNA using fluorophores bearing azide groups.

Attempts to apply template-directed coupling between TINA-

modified TFOs and polyamides were unsuccessful. No effect

of the DNA template was observed on the yield of oligo-

nucleotide-polyamide conjugates. Copper(I) catalysis is

absolutely necessary for a successful Huisgen 1,3-cycloaddi-

tion reaction.

Physicochemical studies of the interaction between the ob-

tained conjugates and target dsDNA confirmed our previous
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results with the conjugates of DNA and 2'-O-methyl-RNA that

one molecule of the polyamide attached to oligonucleotide does

not improve the DNA triplex formation. Even in the case of

TINA-TFOs with improved triplex-forming properties at physi-

ological pH, there was no improvement of the probe affinity.

This can be explained by a destabilizing effect of the linker-

polyamide construction on the DNA-conjugate interaction or

the non-optimal structure of linkers that connect two compo-

nents. Additional studies aiming to optimize the structure of the

linker using molecular modeling are necessary.

Supporting Information
Synthesis and characteristics of the linkers; conditions of

azide- and alkyne-modified MGBs synthesis and mass

spectral characteristics of the obtained products (11–14);

synthesis of fluorescent probes based on polyamides and

their characteristics (Table S1); synthesis of modified

oligonucleotides containing alkyne group (15–19) and

mass spectrometry identification (Table S2); details of

synthesis of Polyamide-TFO conjugates by CuAAC

reaction and mass-spectrometry characteristics (Tables S3

and S4, Figure S1) are provided in Supporting Information

File 1.

Supporting Information File 1
Experimenal and analytical data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-12-128-S1.pdf]

Acknowledgements
This work was financed by INSERM, CNRS and National

Museum of Natural History in Paris. Special thanks to Scien-

tific Council of the Ville de Paris for a scholarship for

S.V.Vasilyeva that permitted her to accomplish this work in

Paris. We would like to thank the French Ministry of Foreign

Affairs and the New Zealand Ministry of Research, Science and

Technology for their support with the Dumont d’Urville

network grant (EGIDE No 18961YF). We thank Prof. Tom

Brown for a gift of THPTA, Dr. Marie-Paule Teulade-Fichou

for coumarine M14, Drs. Alain Blond, Arul Marie and Mr.

Lionel Dubost for NMR and mass spectra.

References
1. Boutorine, A. S.; Novopashina, D. S.; Krasheninina, O. A.; Nozeret, K.;

Venyaminova, A. G. Molecules 2013, 18, 15357–15397.
doi:10.3390/molecules181215357

2. Nozeret, K.; Bonan, M.; Yarmoluk, S. M.; Novopashina, D. S.;
Boutorine, A. S. Bioorg. Med. Chem. 2015, 23, 5932–5945.
doi:10.1016/j.bmc.2015.06.062

3. Nozeret, K.; Loll, F.; Escudé, C.; Boutorine, A. S. ChemBioChem 2015,
16, 549–554. doi:10.1002/cbic.201402676

4. Escudé, C.; Sun, J.-S. DNA Major Groove Binders: Triple
Helix-Forming Oligonucleotides, Triple Helix-Specific DNA Ligands and
Cleaving Agents. In DNA Binders and Related Subjects; Waring, M. J.;
Chaires, J. B., Eds.; Topics in Current Chemistry, Vol. 253; Springer:
Berlin, Germany, 2005; pp 109–148. doi:10.1007/b100445

5. Praseuth, D.; Guieysse, A. L.; Hélène, C.
Biochim. Biophys. Acta, Gene Struct. Expression 1999, 1489,
181–206. doi:10.1016/S0167-4781(99)00149-9

6. Dervan, P. B.; Edelson, B. S. Curr. Opin. Struct. Biol. 2003, 13,
284–299. doi:10.1016/S0959-440X(03)00081-2

7. Blackledge, M. S.; Melander, C. Bioorg. Med. Chem. 2013, 21,
6101–6114. doi:10.1016/j.bmc.2013.04.023

8. Melander, C.; Burnett, R.; Gottesfeld, J. M. J. Biotechnol. 2004, 112,
195–220. doi:10.1016/j.jbiotec.2004.03.018

9. Vaijayanthi, T.; Bando, T.; Pandian, G. N.; Sugiyama, H.
ChemBioChem 2012, 13, 2170–2185. doi:10.1002/cbic.201200451

10. Szewczyk, J. W.; Baird, E. E.; Dervan, P. B.
Angew. Chem., Int. Ed. Engl. 1996, 35, 1487–1489.
doi:10.1002/anie.199614871

11. Novopashina, D. S.; Sinyakov, A. N.; Ryabinin, V. A.;
Venyaminova, A. G.; Halby, L.; Sun, J.-S.; Boutorine, A. S.
Chem. Biodiversity 2005, 2, 936–952. doi:10.1002/cbdv.200590071

12. Trauger, J. W.; Baird, E. E.; Dervan, P. B. J. Am. Chem. Soc. 1998,
120, 3534–3535. doi:10.1021/ja9800378

13. Kers, I.; Dervan, P. B. Bioorg. Med. Chem. 2002, 10, 3339–3349.
doi:10.1016/S0968-0896(02)00221-3

14. Halby, L.; Ryabinin, V. A.; Sinyakov, A. N.; Boutorine, A. S.
Bioorg. Med. Chem. Lett. 2005, 15, 3720–3724.
doi:10.1016/j.bmcl.2005.05.106

15. Kawamoto, Y.; Sasaki, A.; Hashiya, K.; Ide, S.; Bando, T.;
Maeshima, K.; Sugiyama, H. Chem. Sci. 2015, 6, 2307–2312.
doi:10.1039/C4SC03755C

16. Filichev, V. V.; Pedersen, E. B. J. Am. Chem. Soc. 2005, 127,
14849–14858. doi:10.1021/ja053645d

17. Doluca, O.; Boutorine, A. S.; Filichev, V. V. ChemBioChem 2011, 12,
2365–2374. doi:10.1002/cbic.201100354

18. Doluca, O.; Hale, T. K.; Edwards, P. J. B.; González, C.; Filichev, V. V.
ChemPlusChem 2014, 79, 58–66. doi:10.1002/cplu.201300310

19. Mukaiyama, T.; Matsueda, R.; Suzuki, M. Tetrahedron Lett. 1970,
1901–1904. doi:10.1016/S0040-4039(01)98113-4

20. Hashimoto, M.; Ueki, M.; Mukaiyama, T. Chem. Lett. 1976, 5, 157–160.
doi:10.1246/cl.1976.157

21. Knorre, D. G.; Alekseyev, P. V.; Gerassimova, Y. V.; Silnikov, V. N.;
Maksakova, G. A.; Godovikova, T. S. Nucleosides Nucleotides 1998,
17, 397–410. doi:10.1080/07328319808005186

22. Sinyakov, A. N.; Ryabinin, V. A.; Grimm, G. N.; Boutorine, A. S.
Mol. Biol. 2001, 35, 251–260. doi:10.1023/A:1010495619277

23. Ryabinin, V. A.; Boutorine, A. S.; Hélène, C.; Denisov, A. Yu.;
Pyshnyi, D. V.; Sinyakov, A. N. Nucleosides, Nucleotides Nucleic Acids
2004, 23, 953–968. doi:10.1081/NCN-200026046

24. Ryabinin, V. A.; Boutorine, A. S.; Hélène, K.; Denisov, A. Yu.;
Pyshnyi, D. V.; Sinyakov, A. N. Russ. J. Bioorg. Chem. 2005, 31,
146–152. doi:10.1007/s11171-005-0020-x

25. Meldal, M.; Tornøe, C. W. Chem. Rev. 2008, 108, 2952–3015.
doi:10.1021/cr0783479

26. Lutz, J.-F. Angew. Chem., Int. Ed. 2007, 46, 1018–1025.
doi:10.1002/anie.200604050

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-128-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-128-S1.pdf
http://dx.doi.org/10.3390%2Fmolecules181215357
http://dx.doi.org/10.1016%2Fj.bmc.2015.06.062
http://dx.doi.org/10.1002%2Fcbic.201402676
http://dx.doi.org/10.1007%2Fb100445
http://dx.doi.org/10.1016%2FS0167-4781%2899%2900149-9
http://dx.doi.org/10.1016%2FS0959-440X%2803%2900081-2
http://dx.doi.org/10.1016%2Fj.bmc.2013.04.023
http://dx.doi.org/10.1016%2Fj.jbiotec.2004.03.018
http://dx.doi.org/10.1002%2Fcbic.201200451
http://dx.doi.org/10.1002%2Fanie.199614871
http://dx.doi.org/10.1002%2Fcbdv.200590071
http://dx.doi.org/10.1021%2Fja9800378
http://dx.doi.org/10.1016%2FS0968-0896%2802%2900221-3
http://dx.doi.org/10.1016%2Fj.bmcl.2005.05.106
http://dx.doi.org/10.1039%2FC4SC03755C
http://dx.doi.org/10.1021%2Fja053645d
http://dx.doi.org/10.1002%2Fcbic.201100354
http://dx.doi.org/10.1002%2Fcplu.201300310
http://dx.doi.org/10.1016%2FS0040-4039%2801%2998113-4
http://dx.doi.org/10.1246%2Fcl.1976.157
http://dx.doi.org/10.1080%2F07328319808005186
http://dx.doi.org/10.1023%2FA%3A1010495619277
http://dx.doi.org/10.1081%2FNCN-200026046
http://dx.doi.org/10.1007%2Fs11171-005-0020-x
http://dx.doi.org/10.1021%2Fcr0783479
http://dx.doi.org/10.1002%2Fanie.200604050


Beilstein J. Org. Chem. 2016, 12, 1348–1360.

1360

27. Gutsmiedl, K.; Wirges, C. T.; Ehmke, V.; Carell, T. Org. Lett. 2009, 11,
2405–2408. doi:10.1021/ol9005322

28. Bernardin, A.; Cazet, A.; Guyon, L.; Delannoy, P.; Vinet, F.;
Bonnaffé, D.; Texier, I. Bioconjugate Chem. 2010, 21, 583–588.
doi:10.1021/bc900564w

29. Baskin, J. M.; Prescher, J. A.; Laughlin, S. T.; Agard, N. J.;
Chang, P. V.; Miller, I. A.; Lo, A.; Codelli, J. A.; Bertozzi, C. R.
Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 16793–16797.
doi:10.1073/pnas.0707090104

30. Géci, I.; Filichev, V. V.; Pedersen, E. B. Chem. – Eur. J. 2007, 13,
6379–6386. doi:10.1002/chem.200700053

31. Kupryushkin, M. S.; Konevetz, D. A.; Vasilyeva, S. V.;
Kuznetsova, A. S.; Stetsenko, D. A.; Pyshnyi, D. V.
Nucleosides, Nucleotides Nucleic Acids 2013, 32, 306–319.
doi:10.1080/15257770.2013.787147

32. Grimm, G. N.; Boutorine, A. S.; Helene, C.
Nucleosides, Nucleotides Nucleic Acids 2000, 19, 1943–1965.
doi:10.1080/15257770008045470

33. Vasilyeva, S.; Filichev, V.; Silnikov, V.; Boutorine, A. Application of
"click chemistry" for design and sythesis of sequence-specific ligands
and probes targeting double-stranded DNA. In Proceedings of XX
IS3NA IRT, Montreal, Canada, Aug 5–9, 2012; p 101.
http://www.is3na.org/assets/events/Category%202-Medicinal%20Chem
istry%20of%20Oligonucleotides%20%2864-108%29.pdf

34. Halby, L.; Ryabinin, V. A.; Sinyakov, A. N.; Novopashina, D. S.;
Venyaminova, A. G.; Grokhovsky, S. L.; Surovaya, A. N.;
Gursky, G. V.; Boutorine, A. S. J. Biomol. Struct. Dyn. 2007, 25, 61–76.
doi:10.1080/07391102.2007.10507156

35. Giovannangeli, C.; Diviacco, S.; Labrousse, V.; Gryaznov, S.;
Charneau, P.; Helene, C. Proc. Natl. Acad. Sci. U. S. A. 1997, 94,
79–84.

36. Krutzik, P. O.; Chamberlin, A. R. Synthesis of DNA-Binding
Polyamides. In Combinatorial Library, Methods and Protocols;
English, L. B., Ed.; Methods in Molecular Biology, Vol. 201; Humana
Press: Totowa, NJ, U.S.A., 2002; pp 77–92.
doi:10.1385/1-59259-285-6:77

37. Krutzik, P. O.; Chamberlin, A. R. Bioorg. Med. Chem. Lett. 2002, 12,
2129–2132. doi:10.1016/S0960-894X(02)00359-1

38. Jacobsen, M. F.; Ravnsbæk, J. B.; Gothelf, K. V. Org. Biomol. Chem.
2010, 8, 50–52. doi:10.1039/b919387a

39. Poulin-Kerstien, A. T.; Dervan, P. B. J. Am. Chem. Soc. 2003, 125,
15811–15821. doi:10.1021/ja030494a

40. Paramasivam, M.; Cogoi, S.; Filichev, V. V.; Bomholt, N.;
Pedersen, E. B.; Xodo, L. E. Nucleic Acids Res. 2008, 36, 3494–3507.
doi:10.1093/nar/gkn242

41. Globisch, D.; Bomholt, N.; Filichev, V. V.; Pedersen, E. B.
Helv. Chim. Acta 2008, 91, 805–818. doi:10.1002/hlca.200890082

42. Boutorine, A. S.; Escudé, C. UNIT 7.12 Biophysical Analysis of
Triple-Helix Formation. In Current Protocols in Nucleic Acid Chemistry;
Jones, R.; Herdewijn, P., Eds.; John Wiley & Sons, Inc.: Chichester,
United Kingdom, 2007; 7.12.1–7.12.16.
doi:10.1002/0471142700.nc0712s29

43. Doluca, O. Twisted Intercalating Nucleic Acids (TINA) in
Guanosine-rich Oligonucleotides. Ph.D. Thesis, Massey University,
Palmerston North, New Zealand, 2013.

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.12.128

http://dx.doi.org/10.1021%2Fol9005322
http://dx.doi.org/10.1021%2Fbc900564w
http://dx.doi.org/10.1073%2Fpnas.0707090104
http://dx.doi.org/10.1002%2Fchem.200700053
http://dx.doi.org/10.1080%2F15257770.2013.787147
http://dx.doi.org/10.1080%2F15257770008045470
http://www.is3na.org/assets/events/Category%202-Medicinal%20Chemistry%20of%20Oligonucleotides%20%2864-108%29.pdf
http://www.is3na.org/assets/events/Category%202-Medicinal%20Chemistry%20of%20Oligonucleotides%20%2864-108%29.pdf
http://dx.doi.org/10.1080%2F07391102.2007.10507156
http://dx.doi.org/10.1385%2F1-59259-285-6%3A77
http://dx.doi.org/10.1016%2FS0960-894X%2802%2900359-1
http://dx.doi.org/10.1039%2Fb919387a
http://dx.doi.org/10.1021%2Fja030494a
http://dx.doi.org/10.1093%2Fnar%2Fgkn242
http://dx.doi.org/10.1002%2Fhlca.200890082
http://dx.doi.org/10.1002%2F0471142700.nc0712s29
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.12.128

	Abstract
	Introduction
	Results and Discussion
	Synthesis of bifunctional linkers
	Selection of the target DNA and design of TFOs and MGBs
	Synthesis of modified polyamides, containing an azide or alkyne group
	Synthesis and fluorescent properties of fluorescent probes based on polyamides
	Synthesis of modified oligonucleotides containing an alkyne group from commercially available oligonucleotides
	Synthesis of polyamide-TFO conjugates by CuAAC reaction
	DNA-templated synthesis of TFO-MGB conjugates
	Interaction between MGB-TFO conjugates and the target duplex

	Conclusion
	Supporting Information
	Acknowledgements
	References

