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An Acyclic Oligoheteroaryle That Discriminates Strongly between
Diverse G-Quadruplex Topologies**

Florian Hamon, Eric Largy, Aurore Guédin-Beaurepaire, Myriam Rouchon-Dagois,
Assitan Sidibe, David Monchaud, Jean-Louis Mergny, Jean-Francois Riou, Chi-Hung Nguyen,

and Marie-Paule Teulade-Fichou*

Quadruplex nucleic acids are secondary structures that may
form in sequences containing guanine repeats.!! These
structures are strongly suspected to interfere with the transfer
and the maintenance of the genetic information and therefore
are the focus of considerable attention.”’ Quadruplexes may
accommodate small synthetic compounds that could be used
as probes to decipher their functions or as pharmacological
agents to block various vital functions at the level of DNA or
RNA.P! These synthetic ligands should fulfill an essential
requirement to enable correlating their in cellulo biological
effects to their quadruplex recognition ability, namely strong
specificity for the targeted quadruplex combined with poor
association to duplex DNA (ideally a difference of two orders
of magnitude or more between the affinity constants is
desired).! Among the large number of quadruplex binders
reported to date, the first one having met these criteria is
telomestatin, a natural oxazole-based macrocycle
(Scheme 1).P! Telomestatin is neutral, thus differentiating it
from the vast majority of G-quadruplex binders that display
fused aromatic skeletons with cationic charges.*! Overall the
macrocyclic shape of telomestatin is recognized to dominate
the interaction with quadruplex structures and to be respon-
sible for its absence of affinity for duplex DNA.[! However,
two recent studies have shown that cations may be involved in
the binding of telomestatin with quadruplex DNA, thus
suggesting the existence of a multivalent interaction that is
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Scheme 1. Structure of telomestatin and of the new heteroaryles
TOxaPy and BOxaPy (the new compounds have large conformational
freedom and the bended shape represented above is only one possible
conformation).

more complex than anticipated.” Up to recently, telomestatin
remained accessible by an arduous multistep synthetic path-
way.®l Although this method has been significantly opti-
mized,”) the impressive antitumor activity of this natural
product™ has prompted efforts to develop oxazole-based
macrocyclic analogues.!"!! These synthetic macrocycles elicit
quadruplex-interacting properties, but most of them require
derivatization with cationic linkers to be active, which
demonstrates that the macrocyclic shape is the essential
determinant of selectivity.

To address this question of importance in the establish-
ment of G-quadruplex recognition rules, we were keen to
develop further the class of neutral oxazole-based quadruplex
binders with a new family that features a nonmacrocyclic
oligomeric scaffold with alternate oxazole and pyridine motifs
(Scheme 1). In this series, the heptacyclic derivative TOxaPy
was found to be totally devoid of affinity for duplex DNA
while exhibiting an unprecedented binding preference for
certain quadruplex topologies over others. In particular and
remarkably, the new compound recognizes exclusively the
human telomeric quadruplex in Na*-rich buffer and is not
active in K*-rich buffer (see Figure S1 in the Supporting
Information). This unique quadruplex binding profile is
strongly dependent on the size of the oligomer, as the
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pentacyclic analogue BOxaPy does not associate to quad-
ruplexes, and may result from groove interactions.

To achieve the synthesis of oligo-heteroaryles, we adopted
a convergent procedure based on the cross-coupling of 2,6-
bis(oxazol-5-yl)pyridine (1) with 2-bromopyridine derivatives
by the double C—H activation of the oxazole rings
(Scheme 2).1"! Precursor 1 was obtained in two steps by the
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Scheme 2. First approach affording BOxaPy and TOxaPy as a mixture
of isomers. a) TosMIC, K,COs;, MeOH, 50°C, 16 h (50%); b) Cul,
Pd(OAc),, Cs,COs, PCy;-HBF,, dioxane, 130°C, 24 h (45%); Tos-

MIC = p-toluenesulfonylmethyl isocyanide; Cy =cyclohexyl.

oxidation of 2,6-lutidine with selenium dioxide to afford
pyridine-2,6-dicarbaldehyde,!® which was submitted to Van
Leusen conditions (see Scheme S1 in the Supporting Infor-
mation). The coupling of 1 under classical conditions with two
molar equivalents of 2-bromopyridine led to the penta-
heteroaryle BOxaPy (bisoxazoletrispyridine). The same cou-
pling reaction was carried out using 2-bromo-5-(pyridine-2-
yl)oxazole to prepare the heptaaryle homologue TOxaPy
(tetraoxazoletrispyridine; structure shown in Scheme 3).

However, in this case the reaction product was found to be
a mixture of TOxaPy and a geometric isomer differing only by
one pyridine—-oxazole junction (ca. 50:50 from HPLC analy-
sis, Scheme S2 and Figure S2). This mixture results from two
equivalent positions available for the second condensation as
demonstrated by a deuteration experiment (see Scheme S3
and Figure S3). To obtain TOxaPy unambiguously, a new
route was devised in which terminal oxazole moieties were
synthesized from the corresponding pentacyclic bisformyl
intermediate 4 (Scheme 3). In this approach, 1 was coupled
with 2-bromo-6-(1,3-dioxolan-2-yl)pyridine 2 to afford the
bisacetal precursor 3, which, after deprotection, afforded
compound 4. The latter was converted into TOxaPy under
treatment with TosMIC (overall yield 19%; TosMIC =p-
toluenesulfonylmethyl isocyanide).

The ability of the obtained oligomeric compounds to
interact with the human telomeric quadruplex was first
investigated by a FRET-melting assay (FRET = fluorescence
resonance energy transfer) using the doubly labeled sequence
F21T [FAM-G5(T,AG;);-Tamra].™ Remarkably, TOxaPy
induces a large stabilization of F21T in Na* conditions with
AT,,=10.8°C (Figure 1a), whereas, in stark contrast, no
significant stabilization was observed in K* conditions (AT,
<1.0°C). A concentration-dependent FRET-melting experi-
ment confirmed both the strong stabilizing ability of TOxaPy
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Scheme 3. Regiospecific synthesis of TOxaPy a) Cul, Pd(OAc),,
Cs,CO;, PCy;-HBF,, dioxane, 130°C, 24 h (45%); b) HCl (2m), 110°C,
2 h, (84%); c) TosMIC, K,CO;, MeOH, 50°C, 16 h (50%).

TOxaPy / uym

Figure 1. a) Left: Stabilization of F21T (0.2 um) by TOxaPy (1 um)
alone (black bar) and in presence of ds26 (3 and 10 um, dark and light
gray bars) in Na*- or K*-rich buffer. Right: stabilization of F21T by
BOxaPy (1 uMm) in the indicated cationic conditions. b) Stabilization of
F21T as a function of TOxaPy concentration in Na*- (@) and K"-rich
(o) buffer (composition of the Na*- and K*-rich buffers is specified in
the Supporting Information). The y axis label in (a) also corresponds
to (b).

in Na* (Figure 1b) and the poor effect in K* (around + 7°C at
10 pm). This behavior is remarkable as all known quadruplex
binders exhibit no marked cation-dependence or, if so, show a
stronger association in K*-rich buffer (see Figure S4).'4l
Finally, melting experiments indicate that the heptacyclic
compound exhibits a very poor ability to associate to duplex
DNA, since the stabilization of F21T is only marginally
affected by the presence of the 26 base pair duplex competitor
ds26 (Figure 1a left panel and Table S1). In addition, the
shorter pentacyclic analogue BOxaPy appears unable to
stabilize F21T irrespective of the cationic conditions (Fig-
ure 1a, right panel).

Taken together, these results suggest that the neutral
compound TOxaPy binds exclusively the telomeric quadru-
plex architecture(s) in sodium conditions and that this
unprecedented behavior is strongly dependent on the size of
the oligomeric scaffold, which plays a key role in the strength
of the interaction.

We next conducted several experiments with TOxaPy to
have a deeper insight into this unprecedented binding
behavior. Interestingly, TOxaPy is characterized by an intense
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blue fluorescence in water (fluorescence quantum yield @ =
0.5) that is strongly quenched in the presence of DNA. Hence,
fluorimetric titrations were conducted with the quadruplex-
forming oligonucleotide 22AG [5'-AG;(T,AGs;);5-3'] and the
resulting curves fully confirmed the much stronger binding of
TOxaPy in Na* as compared to K* conditions (Figure 2 and
Figure S5). Fitting of the titration curve in Na* indicates 1:1
binding stoichiometry with a K, value in the submicromolar
range (K;=2x10""m!), whereas, in the case of K", the flat
shape of the curve is clearly indicative of a low-binding
interaction.
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Figure 2. Fluorimetric titration of TOxaPy (0.5 puM, A.: 340 nm) with
22AG. Plot of the fluorescence area enhancement F/F; (350650 nm)
as a function of added DNA concentration in Na*- (@) or K*-rich (0)
buffer conditions.

Since oxazoles may in principle coordinate to alkali metal
cations, it was tempting to attribute the observed effect to the
formation of a TOxaPy/Na* complex prone to interact with
the quadruplex, or conversely to a TOxaPy/K™ complex
unfavorable to the interaction. However, direct coordination
could not be observed by standard spectroscopic measure-
ments as neither the absorption nor the fluorescence of the
ligand was affected by large excess of both cations (data not
shown). Therefore, fluorimetric titrations were conducted
with two quadruplexes whose conformation is not dependent
on the bound cation, namely the tetramolecular quadruplex
[5'-TG5T-3],, which has a parallel stranded conformation with
five G-quartet layers, and the thrombin binding aptamer TBA
[5-G,T,G,TGTG,T,G,-3'], which has an antiparallel confor-
mation with two G-quartet layers. Interestingly, strong bind-
ing of TOxaPy to the tetramolecular quadruplex was
observed irrespective of the cation present in the medium,
whereas, in contrast, no binding was detected with TBA again
regardless of the cation (Figure S6).

These data clearly rule out the possibility that the Na*-
dependent stabilization is the result of a direct interference
between TOxaPy and the cation and moreover points to the
unusual behavior of TOxaPy that is actually able to recognize
the antiparallel form of 22AG but not the antiparallel form of
TBA both differing by the number of G-quartets layers (three
and two, respectively) and loop arrangement.

To gain understanding into the surprising structural
preferences of TOxaPy, G4-FID titrations were performed
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© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0
A" International Edition

using the same DNA sequences. This assay is based on the
competitive displacement of the fluorescent light-up probe
thiazole orange (TO) by a putative ligand.' The ligand
association to a given DNA matrix results in fluorescence
quenching of TO that reflects the binding affinity, the latter
being quantified by the ligand concentration inducing 50 %
probe displacement (¢“DCs).

The results of the G4-FID assay are shown in Figure 3.
Clearly, the probe is strongly displaced in Na® conditions,
whereas it is not in K* conditions or when the assay is carried
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Figure 3. Plot of TO displacement vs. TOxaPy concentration with
quadruplex DNA (22AG) in Na*- (@) or in K*-rich (0) buffer; TBA in
Na*- (m) and in K*-rich (O) buffer, duplex ds26 () in K*-rich buffer;
[DNA]=0.25 pm, TO=0.5 um with 22AG and TBA, and 0.75 um with
ds26.

out with TBA or the control duplex ds26. However, TOxaPy
is not able to displace completely the fluorescent marker,
since the fluorescence decrease levels off at 60%, thus
preventing determination of ““DCs,, which has poor signifi-
cance in such case. Conversely, the partial displacement of TO
strongly suggests that the competition might be indirect as a
result of binding of TOxaPy to a site different from that of TO
(loop, groove), thereby indicating a binding mode rather
different from the classical m-stacking on external quartets.
Since TO is poorly fluorescent in the tetramolecular quad-
ruplex matrix, the latter was not evaluated by the same assay,
but instead other well-known quadruplexes, that is, c-myc!'®!
and c-kit2!'"! were tested. Very interestingly, once again, we
found that TOxaPy hardly displaces TO from these matrices
(Figure S7). The poor binding ability of the ligand for these
two quadruplexes was confirmed by very moderate stabiliza-
tion measured by FRET-melting studies (AT}, ~5°C in both
cases; see Table S2).

On the whole, the results of the three assays are fully
consistent, indicating the strong recognition of the Na*
conformation of the telomeric sequence and the inability of
TOxaPy to bind the K* forms of the human telomeric
quadruplex, the antiparallel TBA, and duplex DNA and the
moderate recognition of c-myc and c-kit2.

Owing to its oligomeric structure TOxaPy has a high
degree of flexibility and thus has the potential to adopt very
diverse conformations, enabling adaptation to the geometric
constraints of its DNA target. It cannot be excluded that this
compound adopts a planar cyclic shape suitable for w-stacking
on quartets (represented in Scheme 1) and that this structural
organization may occur inside the quadruplex and be
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mediated by Na*, as was recently shown for telomestatin.
However, this would not be consistent with the strong binding
of [TG;T], and the absence of binding of TBA, that both offer
accessible external quartets prone to accommodate planar
quadruplex binders. It is thus more likely that TOxaPy
displays a more or less extended conformation that will favor
a nontypical binding mode, presumably through interaction in
grooves. Indeed, the latter provide hydrophobic pockets for
ribbon-like oligomeric molecules, as shown recently.'®! This
hypothetic binding mode (represented in Figure S8) would
explain the absence of binding to TBA that display short
grooves.”! As well, the absence of binding to the K* telomeric
forms could reflect the predominance of G4 folds with
inaccessible grooves, as is the case of the propeller parallel
structure™ or with too short grooves as featured by the
basket-type two-quartet structure® (Figure S1).

With these results in hand, we decided to evaluate the two
oligoheteroaryles for their activity on the growth of several
cancer cell lines. Remarkably, TOxaPy was found to inhibit
strongly the proliferation of the cell lines with ICs, values
(concentration required to inhibit 50 % of the growth) lying
down to the nanomolar range (Tables S3 and S4). Conversely,
the pentacyclic analogue BOxaPy was poorly efficient even at
high concentration (Table S3). This difference in activity is
fully consistent with that observed in the FRET-melting assay,
thereby underlying the crucial importance of the size of the
oligomeric scaffold for both the quadruplex affinity in vitro
and the cellular effects. Finally, these results indicate the
efficient cellular uptake of TOxaPy and demonstrate its
pharmacological potential, which may represent a basis for
further developments in anticancer drug discovery.

In summary, using a straightforward and readily scalable
synthetic pathway, we expanded the class of oxazole-based
quadruplex ligands and showed the potential of acyclic
derivatives for binding quadruplexes with a high and unpre-
cedented specificity. Our findings evidence that a macrocyclic
shape is not the only determinant to abolish duplex binding
and that acyclic flexible oligomeric scaffolds may adapt
specifically to quadruplexes. Importantly, the inability of
certain quadruplexes (the K* telomeric form, TBA) to
accommodate TOxaPy is highly indicative of differences in
site accessibility, thereby suggesting the existence of hydro-
phobic pockets that could be used to anchor ligands
specifically. The quadruplex recognition properties of
TOxaPy will be further evaluated with the aim of under-
standing more in depth its interaction with quadruplexes.
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