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The Use of a Peptidic Scaffold for the Formation of Stable Guanine Tetrads:
Control of a H-bonded Pattern in Water

Pierre Murat, Béatrice Gennaro, Julian Garcia, Nicolas Spinelli, Pascal Dumy, and
Eric Defrancq*!®!

Controlling the formation of hydrogen bonds is crucial for
the development of supramolecular architectures. In this
context, biological systems are the source of inspiration of
supramolecular research for designing two- and three-di-
mensional nanostructures of increasing complexity. Among
all biological macromolecules, DNA is certainly the most
promising candidate. Indeed, DNA-based materials are rele-
vant examples of structures for which the self-assembly of
hydrogen-bonded nucleobases is used to create highly or-
dered and complex architectures.!'! In particular, guanine de-
rivatives are known to self-assemble through hydrogen
bonding into various discrete architectures, including dimers,
ribbons, and quartets.”) The G-quartet formed by the copla-
nar arrangement of four Hoogsteen-paired guanine bases
represents a relevant model for studies of molecular self-as-
sembly and noncovalent synthesis. Stacked guanine tetrads
are found in particular DNA secondary structures, such as
G-quadruplex DNA, which is hypothesized to have conse-
quences in several biological processes.’! Furthermore, gua-
nine-based structures are of interest for applications in mo-
lecular electronics.!

One challenging goal is to organize small molecules, such
as the guanine building blocks, into well-defined assemblies.
Self-assembly of guanines has been mainly exploited by
using lipophilic systems to create smart supramolecular ar-
chitectures in organic solvents. Indeed, water is a highly
competitive solvent that disfavors hydrogen bonds between
small molecules. Cations also play an important role in the
structuring of assemblies based on the G-quartet motif.l”
For these reasons, self-assembly of guanines in water are
mainly carried out in high concentrations of guanines and
salts. Rivera and co-workers have recently studied the self-
assembly of a 2'-deoxyguanosine derivative, which was
modified at the C8 position by a m-acetylphenyl group and
at the 2'-position by a dimethylamino moiety. At neutral
pH, the positively charged ammonium groups render the
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molecule soluble in water. Interestingly, they demonstrated
that the molecule is able to self-assemble in water as a
result of the formation of a hexadecamer.!”! They attributed
the enhanced stability to a combination of factors, including
the formation of extra H bonds and increased n-stacking in-
teractions. Nevertheless, the studies were performed by
using 1M KCl, which emphasizes the difficulties of creating
hydrogen bonds between small molecules in water.

For stabilization of only one G-quartet tetrad, the use of a
scaffold has been proposed. Pioneered by Davis and co-
workers, guanosine moieties were anchored to a calixarene
to constrain the nucleobases in the assembled conforma-
tion.”! More recently Sherman and Nikan reported the use
of a cavitand scaffold and showed a higher and cation-inde-
pendent stability due to the pre-organization of the guanine
units.® However, due to the hydrophobic nature of the scaf-
fold, the studies were carried out in organic solvent.”]
Herein, we report on a new system that is able to form a
stable G-tetrad in water without the addition of any cations.
The method is based on the use of a cyclodecapeptide scaf-
fold introduced by Mutter for the design of template-assem-
bled synthetic proteins.'"” This scaffold has been used re-
cently for the efficient formation of G-quadruplexes.!)

Compounds 3 and 4 have been designed and synthesized
by Huisgen 1,3-dipolar cycloaddition (Scheme 1). Interest-
ingly, the resulting triazole linkers are shown to actively par-
ticipate in the structuring of the G-quartet, as described
below.'”) Compound 3 was prepared from the cyclodecapep-
tide scaffold 1, which was functionalized with alkyne moiet-
ies by incorporating propargylglycine-modified amino acids
during the solid-phase peptide synthesis. The coupling with
5'-azido-2',3'-O-isopropylideneguanosine (2)"* was achieved
by 1,3-dipolar cycloaddition, which was catalyzed by Cu', af-
fording the desired compound in 79% yield after purifica-
tion. The solubility of 3 in water was too low for NMR stud-
ies and the isopropylidene residues were therefore removed
under acidic conditions (TFA/H,0, 50:50, v/v) to obtain 4 in
69 % yield. Compound 4 was found to be fully soluble in
water (see the Supporting Information).

'HNMR analysis of starting-unit 2 was carried out in
DMSO (Figure 1a) and revealed a well-resolved spectrum
with the chemical shift of the imino proton (NH) at 6=
10.69 ppm, which is the classical value found for free gua-
nine in solution. 'H NMR analysis was also performed in
water with guanosine, because 2 is not soluble under these
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Scheme 1. Synthesis of compounds 3 and 4. 1) Cu’, phosphate-buffered
saline (PBS)/DMSO//BuOH (50:40:10; 10 mm PBS, 0.3m NaCl, pH 8.0),
55°C; 2) trifluoroacetic acid (TFA)/H,O (50:50). Pra is the L-propargyl-
glycine-modified amino acid.
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Figure 1. 500 MHz '"H NMR spectra of a) compound 2 in [D¢]DMSO at
RT; b) guanosine in H,0/D,0 (90:10 v/v) at 10°C; c) compound 3 in
H,0/CD;CN (50:50 v/v) at 10°C, and d) compound 4 in H,0/D,0 (90:10
v/v) at 10°C.

condition. As anticipated, the imino proton is not observed
(Figure 1b) due to the rapid exchange with the solvent, thus
demonstrating the absence of structuring of guanosine units
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in water. For compounds 3 and 4, NMR analyses were car-
ried out in a mixture of H,O/CD;CN and in water, respec-
tively. Prior to NMR-sample preparation, the compounds
were thoroughly desalted by size-exclusion chromatography
(see the Supporting Information). Interestingly, the imino
proton is detected and resonates at d=11.33 ppm for 3,
whereas a duplication of the imino proton signal, at d=
11.01 and 10.70 ppm, is observed for 4 (Figure 1d). The ob-
servation of imino signals in water as well as the higher
chemical-shift values in comparison with 2 indicate the exis-
tence of hydrogen bonds and suggest that the guanine bases
are organized. Furthermore, 'H NMR analysis was carried
out in H,O/CD;CN by varying the temperature from —10 to
50°C to access the stability of the structured system. The
disappearance of the signal corresponding to imino protons
was observed when the temperature reached 30°C (see also
thermal denaturation studies by CD analysis). All these data
demonstrates that the scaffold allows efficient formation of
a stable, structured guanosine motif in an aqueous solution.
A detailed NMR conformational study by using TOCSY,
double-quantum-filter (DQF)-COSY, and NOESY tech-
niques was then performed (see the Supporting Informa-
tion).

2D-NOESY experiments, which were used for the full as-
signment of protons chemical shifts of compound 3 (see
Figure 11-14 and Table 1 in the Supporting Information),
showed a number of correlations between the protons of the
guanosines moieties and the protons of the peptidic scaffold.
In particular, strong correlations between the H8 and H1’
for 3 are observed; this is indicative of a syn conformation
along the glycosidic bond (Figure 2)." This conformation is
known to prevent the formation of structures, such as gua-
nine ribbons,"” and thus validates the formation of the gua-
nine quartet under these conditions. Note that the imino
proton signal is slightly split. Two NOE correlations, be-
tween H8 and H4' for two guanosine residues and between
NH,,, (amido proton of the peptidic scaffold, see the Sup-
porting Information for the nomenclature) and H4' for two
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Figure 2. Parts of the NOESY spectra showing the correlations between
the H8 and H1’ protons for a) 3 in H,O/CD;CN (50:50 v/v) at —10°C
and b) 4 in H,0/D,0 (90:10 v/v) at 10°C.
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Formation of a Single Synthetic G-Tetrad

other guanosine residues, are observed. This evidences that
the four guanosines are nonequivalent; two of them are or-
ganized in the plan of the peptide (i.e., are close to the pep-
tidic backbone that produces the above-mentioned NOE
correlation) and two of them are outside of the peptidic
backbone structure. This causes the diastereotopy of the
imino protons of the G-quartet and thus explains the split of
the imino signal in the "H NMR spectrum.

Molecular modeling by using the different NOE con-
straints (see the Supporting Information) was therefore per-
formed and the so-obtained structure was found quite rigid
(Figure 3a,b). It is also remarkable that the triazole linkers

Figure 3. Molecular modeling using NOE constraints: a) Top view (the
peptidic scaffold is shown as a thinner structure to improve clarity),
b) side view of monomer 3, and c) side view of the proposed dimer 4, by
using NOE constraints from 3. The gray ribbon indicates the peptidic
backbone of the scaffold.

participate in the structuring of the compound; the aromatic
part of the guanosine is stacked on a tetrad formed by the
four triazole residues. Indeed, the distance between the G-
quartet and the triazole tetrad has been estimated to 3.6 A,
which is similar to the distance between two G-quartets in
DNA quadruplexes.['®!

Cations, such as K* or NH,*, are known to contribute to
the stability of G-quadruplex structures.’! Thus, 'H NMR
studies were also carried out in presence of these cations.
No significant changes of the spectra could be observed
upon addition of NH,CI. In particular, imino protons reso-
nate at the same chemical shift as in the absence of cations
(see the Supporting Information). Upon addition of KCl, a
slightly different chemical shift is observed for the imino
protons; this indicates an interaction of K* cations with the
guanines tetrads. Such behavior can be also observed for G-
quartets stabilized in long G-wire tracks!'’? and for G-quad-
ruplex motifs prepared in 40 % polyethyleneglycol-crowding
medium.!!

Compound 4 displays a more complex 'H NMR spectrum
in which most of the signals are split (Figure 1d). 2D experi-
ments suggest a mixture of two products, as evidenced by
the NOE correlations between NH and Ha of the peptidic
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scaffold (data not shown). In particular, the appearance of
four signals corresponding to the H8 and H1’ correlations in
comparison with 3 is consistent with the co-existence of two
products (Figure 2b). This latter observation is also indica-
tive of a syn conformation along the glycosidic bond for
both products. To differentiate the two co-existing products
in solution, diffusion experiments (DOSY) were performed
(see the Supporting Information). This method has been
used recently for determining the molecular weight of unim-
olecular quadruplexes and the stoichiometry of nucleic-acid
quadruplex folds."®

Two main products were distinguished and their hydrody-
namic radii (R,) were estimated (see the Supporting Infor-
mation)."” The ratio R,/R,, was around 1.7, which indicates
the co-existence of two products in solution, one being ap-
proximately twice as big as the other one. Thus compound 4
was proposed to form a dimer in solution. The imino region
of the '"H NMR spectrum of compound 4 can be assigned as
follows: the two peaks at d=11.01 ppm correspond to the
imino protons of the monomer and the two peaks at 6=
10.70 ppm to the imino protons of the dimer. The small dif-
ference should result from the shielding of the imino proton
by the two stacked G-tetrads in the dimer. Because a single
set of signals is observed for the dimer, the two G-quartets
are homotopic and the dimer displays a D, symmetry.

Molecular modeling of dimer 4 was thus performed using
the observations described above. NOE correlations be-
tween H8 and H4', and between NH,, and H4 are no
longer observed in the NOESY spectrum of compound 4
(data not shown), suggesting a more flexible structure.
These constraints were thus removed from molecular-model-
ing study. A head-to-head dimer was proposed and the so-
obtained, minimized structure is depicted in Figure 3c.”"
The G-quartet motifs are stabilized by the formation of the
dimer through the stacking of two tetrads. The distance be-
tween the two G-quartets is similar to stacked tetrads found
in G-quadruplexes (around 3.5 A). However, we were
unable to observe NOE correlations between the two moiet-
ies.

To verify the structure and evaluate the stability of the
different architectures, circular-dichroism (CD) analyses
were performed. This technique has been widely employed
to study biological structures, notably DNA G-quadruplex-
es.”!l Spectra were recorded in the same conditions as for
the NMR studies. Note also that the additional peptidic
scaffold and triazole chromophores could contribute to the
observed CD bands.”” The spectrum of compound 3 dis-
plays a minimum at A =230 nm, corresponding mainly to the
B-sheet conformation adopted by the cyclodecapeptide, and
a maximum at 281 nm with a shoulder at 265 nm (Figure 4a,
solid line), which are in agreement with a guanine tetrad.
Compound 4 shows a rather different spectrum. At 10°C, in
pure water, the CD spectrum of 4 displays a minimum at
240 nm and two maxima at 260 and 288.5 nm, respectively
(Figure 4D, solid line). The global shape of the CD spectrum
is consistent with stacked tetrads.”!! Thermal denaturation
was then carried out to investigate the stability of both ar-
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Figure 4. CD spectra of a) compound 3 in H,O/CH;CN (50:50 v/v) and
b) compound 4 in H,O. The spectra were recorded at 10 (solid line) and
90°C (dashed line).

chitectures. The CD spectra were found to be quite similar
for compound 3 at the different temperatures (Figure 4a de-
picts the CD spectra at 10 and 90°C). A transition could be
observed during a melting experiment and the thermal de-
naturation of the so-formed tetrad was evaluated at 29°C.
These results are consistent with the different NMR obser-
vations (see above). On the contrary, dramatic changes were
observed for compound 4. Indeed, the intensity of the signal
at 260 nm strongly decreases upon heating to 90°C. At high
temperatures the spectrum becomes quite similar to the one
of compound 3.2 This is again in agreement with the for-
mation of a dimer for compound 4, which on heating disso-
ciates to the monomer. Note that the head-to-head dimer
structure is proposed although CD data is more consistent
with a head-to-tail dimer.”? However, in this case, the pres-
ence of the triazole moiety might contribute to the CD
signal.[?>24

In summary, we have designed and synthesized two origi-
nal architectures based on a scaffold assistance to form G-
quartets in water without the addition of cations.’™ In addi-
tion to the entropically driven formation of the G-quartet,
the strategy takes advantage of the triazole linkers for fur-
ther stabilization of the G-quartet motif. We are currently
interested in studying the behavior of such architectures in
presence of monovalent and divalent cations. Moreover,
preliminary studies have shown that the use of compound 3
in the presence of free guanosine monophosphate (GMP)
allows the nucleation of G-quartet aggregates. The designed
architectures display a free amino moiety on the lower face
of the cyclodecapeptide scaffold; this moiety can be used for
the functionalization of a surface and the growth control of
quartet fibers on surfaces. These approaches may allow stud-
ies and understanding of complex phenomena, such as the
self-assembly of nucleobases in aqueous media.
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COMMUNICATION

Further discussions on additional chromophores can be found in
Sherman‘s works (see ref. [8]).

The slight differences could be attributed to the ribose moiety. In
fact, in compound 3 the ribose pucker is constrained due to the iso-
propylidene on the 2',3'-hydroxyl groups, whereas in compound 4,
the sugar ring is more flexible.

The example of the head-to-head dimer shown by A. Randazzo and
co-workers (see ref. [22]) displays, in CD spectroscopy, two minima
at 240 and 290 nm, respectively, and a maximum at 260 nm. In our
case we observed a minimum at 240 nm and a maximum at 260 nm.
The absence of minimum at 290 nm can be attributed to the pres-
ence of the triazole moiety, which absorbs light in this wavelength
range.

Note that during synthesis of the compounds, cations-containing
buffers were used. Thus, it is reasonable to think that one cation is
still present in the centre of the G-quartet, as previously reported.
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