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Abstract

G-triplex nucleic acid structures (G3) have been conjectured to form in vivo but little is known
about their physiological functions. The identification of ligands capable of specific binding to
G3 structures is therefore highly appealing but remains elusive. Here we report on the assembly
of a DNA conjugate which fold into a stable G3 structure. The structural mimic was used to
probe the interactions between a G3 and first-in-class G4 ligands, revealing signification binding

promiscuity.
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Introduction

DNA and RNA G-rich sequences have been shown to form G-quadruplex (G4) structures within
human cells.' The cellular folding and unfolding of those peculiar nucleic acid structures are now
believed to be at the core of a myriad of biological processes.” To unveil the regulatory roles of
G4 in biology, significant efforts have been made to identify antibodies and small molecule
ligands capable of specifically interacting with G4 structures.” A large number of diseases have
also been associated with the improper regulation of those structures and the development of
molecules able of either downregulating or upregulating G4 related pathways, by stabilizing or
destabilizing those structures, is now considered a worthy approach to treat human pathologies.”
While G4 structures were rightly the focus of significant attention, other secondary structures
susceptible to emerge from G-rich sequences, such as G-triplex (G3) and G-hairpin structures,
have received much less consideration.

Three guanine repeats may lead to the formation of G3 through the stacking of G-G-G triad
planes stabilized by Hoogsteen hydrogen bonds (as in Fig. 1a) whereas G-hairpin duplex may
form through the formation of G-G base pairs via Hoogsteen or reverse Watson-Crick hydrogen
bonds. While initially thought to be short lived intermediates in the folding pathway of G4, the
formation of stable G3 and G-hairpin structures has recently been demonstrated. A now
significant body of in silico and in vitro experiments have concurred toward the lasting existence
of both structures under physiological conditions as exemplified by thermodynamics and
spectroscopic studies,” molecular dynamics,® real-time NMR,’ single-molecule FRET,® single-
molecule visualization’ and structural studies.' Remarkably, while studying the repetitive
unfolding of G4 by Pifl helicase, Hou et al revealed that G3 plays an essential role as the
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structure was found to be a stable intermediate whose binding affinity to Pifl was superior to that
of the parental G4 structure. The strong unfolding activity of Pifl toward G3 along with the
reported ability of G3 to stall a polymerase further support the idea that G3 structures could have
important physiological functions."'

In this context, the identification of molecules capable of interacting and stabilizing G3 structures
is highly appealing to clarify their biological functions and to gage their therapeutic importance.
So far, only two studies report on the interaction of small molecule ligand with G3 structures. In
2015, the group of H. Sugiyama reported the solution state-structures of complexes between a
small molecule ligand and both a G-hairpin and a G3 structure.'” The small molecule was a
bisquinolinium derivative (PDC) known to bind G4 structures with high affinity. Therefore, this
study suggests that G4 binding ligand may not merely be quadruplex binders but could also bind
to alternative intermediate structures. More recently, Randazzo and Coll. have developed novel
ligands capable of specifically interacting with a G3 structure and identified promising hits for
preferential binding to G3." Yet the best ligands were also shown to stabilize parallel-stranded
G4 structures thereby acting as dual G3/G4 stabilizers.

Those studies suggest that G4 binding ligands of therapeutic significance might not be as specific
as initially thought and their interactions with G3 structures should stimulate further
investigations. Those studies also emphasize that the identification of structure-specific G3
binding agents remains elusive. The lesser stability of G3 structures, whose stacking surfaces are
smaller to those of the G4 structure, makes it difficult to isolate the folded structures and
contributes to hamper the development of dedicated targeting ligands.

In the past, our group have dedicated efforts to study the interactions between small-molecule
ligands and various G4 structures stabilized into controlled topologies using the TASQ

(Template-Assembled Synthetic G-quadruplex) concept.'* To do so, we have assembled DNA
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and RNA conjugates capable of mimic naturally occurring G4 structures from the telomeric
region of the human genome'® and from the HIV genome.'® Those conjugates are formed by the
covalent association of G4 forming DNA or RNA strands with a rigid and addressable
cyclopeptide platform.

In the current study we have assembled two novel DNA-peptide conjugates meant to fold into a
stable G3 structure (1) and a parental G4 structure (2) both derived from the human telomeric
sequence (Fig. 1). Spectroscopic analyses suggest that both conjugates do fold into their expected
conformation and bio-layer interferometry (BLI) was used to investigate the interactions between

four prominent G4 binding ligands and both the G4 and G3 mimic structures.
Results and discussion

Synthesis of conjugates

To assemble conjugates 1 and 2, oligonucleotides 4 d(>’X-AGGGTTAGGGT-Y*), 5
d(’TAGGGT-Z") or 6 d(’AGGGTTAGGGT-Z’), in which X represents a 5’-alkynyl linker, ¥ a
3’-aldehyde linker and Z a 3’-thiol linker, were attached through stepwise oxime ligation,
CuAAC and thiol-SN2 coupling onto cyclopeptide 3 (Scheme 1). Cyclopeptide scaffold 3 was
assembled using standard Fmoc/7Bu solid phase peptide synthesis (SPPS) on a 2-chlorotrityl resin
and cyclized in solution according to reported procedures as described in Scheme S1.'° Briefly, a
biotin was anchored onto the lower domain of the peptide using a biotin-functionalized lysine
building block during SPPS. The azido and aminooxy moieties were introduced during SPPS
using a L-azidonorleucine building block and a previously reported lysine building block
modified with a protected aminooxyacetic acid (Scheme S1).!” The chloroacetamide function was

anchored on a lysine side chain after DDE protecting group removal using chloroacetic



anhydride. To synthesize oligonucleotides 4, 5 and 6, solid phase oligonucleotide synthesis
(SPOS), using phosphoramidite chemistry, were performed on commercially available glyceryl
solid support and disulfide solid support, respectively (Scheme S2 and S3). The alkynyl
functional group was introduced at the 5’-terminus of oligonucleotide 4 using commercially
available hexynyl phosphoramidite. Following cleavage from the solid support and deprotection
steps, oligonucleotide 4 was obtained after oxidative cleavage of the 3’-diol group.

Toward 1 and 2, oligonucleotide 4 and cyclopeptide 3 were first coupled through an oxime bond
formation (Scheme 1 and Scheme S4). The synthesis was carried out in ammonium acetate buffer
(pH 4.5) at 55°C using a slight excess of aminooxy-containing peptide 3. The reaction proceeded
to completion with 45 min, as evidenced by RP-HPLC, and the crude mixture was purified using
RP-HPLC to provide the synthetic intermediate with an isolated yield of 60%. From this
intermediate, conjugate 7 was obtained using CuAAC conditions. The intramolecular cyclisation
was performed in HEPES buffer, in presence of copper sulfate (CuSO.),
tris(benzyltriazolylmethyl)amine (THPTA) ligand and sodium ascorbate. The reaction proceeded
to completion in 2h at room temperature as evidenced by RP-HPLC monitoring. Conjugate 7 was
purified using RP-HPLC and the identity and purity of the product were confirmed by RP-HPLC
and ESI MS analyses. Toward 1, conjugate 7 bearing a chloroacetamide was reacted with two
equivalent of thiol-functionalized oligonucleotide 5 for 5h at pH 8.5 in presence of TCEP, to
prevent the formation of disulfide species, potassium iodide (KI), N,N-diisopropylethylamine
(DIEA) and 500 mM of KCI as neutralizing cations to minimize repulsions between the
negatively charged oligonucleotides. After RP-HPLC purification, conjugate 1 was characterized
by RP-HPLC and ESI MS analysis, which showed high purity and excellent agreement between
the experimentally determined molecular weight and the calculated value. Toward 2, conjugate 7

was reacted with two equivalent of thiol-functionalized oligonucleotide 6 under identical
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conditions as for the synthesis of 1. Purification using RP-HPLC followed by desalting using
SEC afforded pure conjugate 2, with an isolated yield of 60 %, according to RP-HPLC and ESI

MS analysis (Supporting Information).
Characterization of folded topologies

Circular dichroism analyses were performed to confirm the formation of a G-triplex
structure within conjugate 1 and to assess the formation of a G-quadruplex from conjugate 2. CD
analyses were performed in the presence of monovalent or divalent cations reported to stabilized
G-triplex structures,g’ 18 either 100 mM KCl, 100 mM NacCl, 100 mM CaCl, or 100 mM MgCl,
and in the absence of added cations. The CD spectrum of 1 recorded in presence of K' is
characterized by two positive peaks at 260 nm and 290 nm and one negative peak at 235 nm (Fig.
2A, purple line). Those values are consistent with previously reported CD spectra of G-triplex
DNA stabilized by potassium cations.* '**

CD spectrum of 1 in presence of Na' show two weak positive peaks at 255 nm and 290 nm, and
two valley at 235 nm and 275 nm (Fig. 2A, green line), again consistent with previous reports
showing the weak stabilization of G-triplex by Na cations.® !

The CD spectra of 1 in Ca®" and Mg*" show a strong positive peak at around 256 nm and a
negative peak at around 236 nm, again as observed in previous studies reporting CD data for G-
triplex forming sequences in the presence of those two divalent cations.'® It has been argued that
this spectral signature may in fact indicate the formation of a G-hairpin.® This hypothesis is
consistent with the CD profiles that we obtained during annealing and melting experiments

performed with conjugate 1 (vide supra, Fig. S22). As expected, no define peaks could be

observed in the absence of stabilizing cations.



On the other hand, the CD spectra of 2 were characteristics of G4 architectures.”® As anticipated,
2 appears to fold into an antiparallel G4 structure in presence of Na' (as drawn in Fig. S21), as
evidenced by the typical positives peaks at 240 nm and 290 nm and by the negative peak at 260
nm (Fig. 2B). Also as expected, the CD spectrum of 2 recorded in presence of K™ suggests the
formation of a hybrid-type G4 structure (as drawn in Fig. 1B). The same CD pattern was found in
the presence of the divalent cations Ca®" and Mg”". Weak signals were observed in the absence of
added cations suggesting that the template assembled G4 forming structure is not folded under
those destabilizing conditions.

1 and 2 appear to display distinct signals and the concordance between their respective CD
signals and those recorded for G3 and G4 in multiple previous reports support the formation of a
G3 structure from conjugate 1 and G4 from 2.

To obtain further information about the topological structures within conjugates 1 and 2, we also
collected their thermal absorbance difference spectra (TDS) according to reported procedure®’ in
the presence of 100 mM of either K*, Na®, Ca*", or Mg®". Conjugate 2 showed typical G4
features in the presence of all four metal cations with two positive peaks, one at around 245 nm
and the other at 271 nm, as well as one negative peak at 295 nm (Fig. 3). On the other hand, 1 did
not show those features as we observed a positive broad peak from 260 nm to 270 nm in all
experimental conditions (Fig. 3). Those spectra differ in their global shape which, again, suggest
the formation of distinct structures.

1 and 2 may constitute good model systems to study and compare the interactions of small
molecule ligands with G-triplex and G-quadruplex, respectively. Before investigating such
interactions using BLI technique, we first wanted to define the thermal stabilities of the folded

structures within buffer conditions that would be BLI-compatible and relevant to physiological



conditions. The melting and annealing of the DNA structures formed by 1 and 2 were thus
recorded in presence of 100 mM potassium cations.

CD denaturation studies showed that the melting temperature of the G4 formed by the conjugate
2 was 70°C (Fig. S23). On the other hand, while monitoring the thermal unfolding of the G-
triplex formed by 1 we uncovered two distinct transitions suggesting the formation of an
intermediate structure. A first structural modification is evidenced at 290 nm with a Tm of 50°C
followed by the complete unfolding evidenced at 260 nm with a Tm of 70°C (Fig. S22). We
hypothesized that partial unfolding of the G-triplex lead to the formation of a transient
antiparallel G-hairpin structure. This hypothesis is consistent with the predicted unfolding
process of the G-triplex.® Furthermore, the CD spectrum obtained between the two melting
temperatures (positive peak at 260 nm) is comparable to those obtained for G-hairpin structures
reported in the literature. ' Those spectra are also comparable to those obtained for the
conjugate 1 in presence of Ca®” and Mg®" which might suggest the prevalent stabilization of the
G-hairpin structure in the presence of those two divalent cations, again as emphasized in previous
studies.” In addition, while there were no difference between the CD melting and folding profiles
at 260 nm at the heating rate of 0.5°C/min, the CD melting and annealing profiles of 1 showed a
considerable hysteresis at 290 nm (Fig. S22). This suggests slow kinetics for the folding of the G-
triplex within conjugate 1. Under CD monitoring we could indeed observe the slow rate of
reassociation as it takes nearly 7 hours for the CD signal the reverse to its initial profile (Fig. 4).
Lastly, and prior to performing binding studies, we also confirmed that the unfolding process was
independent of the molecular concentration (Fig. S24). This was evidenced by homogeneous
melting temperatures at various concentration (at both 260 nm and 290 nm) and endorsed the

formation of an intramolecular G3 triplex within conjugate 1.



Regardless of the folding process, the CD melting studies demonstrate that the G3 and G4
structures formed by 1 and 2 respectively are stable at and above room temperature in the
presence of 100 mM KCI opening the way to the use of those molecular objects to investigate the

interactions of G3 and G4 with small synthetic binding ligands.
BLI binding assays

As mentioned above there are only two reports of small molecules interacting with G3
structures. In both cases the putative G3 ligands were also shown to interact with distinct high
order DNA structures in the form of G4.

To better explore the propensity of broadly used G4 binding ligands to interact with the G3
structure formed by conjugate 1, we collected four compounds, and compared, by BLI, their
interactions with the G3 structure 1, the G4 structure 2 and a hairpin DNA control 8 (Fig. S25)
(Table 1). Template assembled G4 structures similar to 2 and hairpin DNA such as 8 have been
successfully used in our group to probe the interactions of G4 binding ligands with G4 and
duplex architectures using SPR.*> We have recently shown that similar studies could be
performed using BLL> In the present study, we investigated the interactions of TMPyP4,
BRACO-19, PDS, and PhenDC3 (Fig. 5) with conjugates 1, 2 and 8. TMPyP4 is a porphyrin
which has been repeatedly shown to interact with G4 structures but which is also known to
interact with duplex DNA.** BRACO-19 is an acridine derivative that has been shown to interact
with telomeric G4 within cells.”> PDS and PhenDC3 are strong stabilizer of G4 structures that
have been used to promote the formation of G4 in vitro and to probe the formation of G4
structures within cells.”® To perform the BLI binding analysis, streptravidin-coated biosensors
were dipped in solution of conjugates 1, 2 and 8 in HEPES buffer containing 150 mM KCI until

similar immobilization levels were obtained. The functionalized sensors were then dipped in



increasing concentrations of the G4 ligands in presence of 150 mM KCIl (Table S1). The
sensorgrams were recorded (Fig. S27-S30) and the thermodynamic dissociation constant values
(Kp) were calculated from the kinetic parameters of the interactions. The
association/dissociations rates (kon/kofr) and the dissociation constants are reported in Table 1. To
compare the kinetic nature of the interactions, the association/dissociation rates are plotted on a
logarithmic scale on Figure S26.

In agreement with previous reports, we found that TMPyP4 displays no selectivity for the G4
structure over the hairpin DNA. Remarkably, we found that the affinity of TMPyP4 for the G3
structure 1 is slightly higher (~2 folds) than for the telomeric G4 structure 2. The similar Kp
collected with TMPyP4 for the recognition of 1 and 2 could be explained by the binding mode of
TMPyP4 which possess a large surface which interact via n—n stacking with the external G-tetrad
but which could similarly interact with a G-triad. Although all three other ligands could better
discriminate between higher order structures (G3 and G4) versus DNA hairpin, again, none were
found to distinguish between the G3 and the G4 structures. The dissociation constants obtained
for the interactions of those three ligands with the G4 structure 2 were consistent with reported
values of three-digit nanomolar for BRACO-19, two-digit nanomolar for PDS and low nanomolar
for PhenDC3.'¢ Yet in all cases, the dissociation constant obtained for the interactions with the
G3 structure 1 were found to be similar or somewhat lower to that obtained with the G4 structure.
Furthermore, we found that all the ligands display comparable association and dissociation rates
while binding to the G3 or G4 structure (Table 1 and Figure S26). To further confirm that the
selective high affinity interactions of PDS and PhenDC3 toward the G3 and G4 structures were
the consequence of structural recognition, we also recorded the sensorgrams as those two ligands

were incubated with the conjugates 1 and 2 in absence of stabilizing potassium cations. As
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anticipated from the CD experiments which shows that the G3 and G4 are not folded within 1 and
2 in the absence of potassium, we did not observe any binding signals.

To further support the observed binding promiscuity, preliminary SPR experiments were also
carried out to assess the interactions between the highest affinity ligands PDS and PhenDC3 and
the DNA structures 1, 2 and 8 (Fig. S31, Table S3). As expected and in perfect accordance with
the BLI experiments, we observed identical binding affinities for each ligand toward the G3 and
G4 structure and we did not observe interactions with the hairpin structure. The thermodynamic
dissociation constant values obtained via SPR were on the order of one digit nanomolar for
PhenDC3 and two digits nanomolar for PDS, again in agreement with the Kp determined by BLI.
Although the promiscuity of G4 binding ligands toward G3 structures could be suspected from
previous reports, the current study indisputably shows that, despite differences in hydrophobic
surfaces and groove organization and accessibility, some of the most prominent G4 binding
ligands may bind to G3 structures with identical binding affinities. All four ligands have been
widely used to study G4 biology and PDS and PhenDC3 have been exploited to profile and
visualize DNA and RNA G4 structures in human cells. Regardless of the exact binding mode of
those ligands with the G3 structure, these data highlight remarkable aspects of the interactions of
G4 binding ligands with alternative nucleic acid structures that should encourage further

investigations.

Conclusion

In summary, we have designed and synthesized two peptide-DNA conjugates capable of
folding into stable G3 and G4 structures. Those structural mimics were used to probe the
interactions between G4 binding ligands and a G3 structure and confirm previously suspected
binding promiscuity. In the past years, G4 ligands have also been shown to interact with i-motif
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DNA structures.”” Our study, along with those previous reports, suggest that G4 targeting ligands
may also regulate gene expression via alternative molecular mechanisms. Putative G3 forming
sequences soundly outnumber putative G4 forming sequences and their dynamic regulation by
endogenous proteins could be significant for genome stability. If so, controlling the formation of
G3 structures via selective synthetic binding ligands could have therapeutic relevance. There has
been only few attempts to develop G3 selective ligands and those efforts resulted in the
identification of high affinity but nonspecific binders. This suggest that finding truly selective G-
triplex ligands is likely going to be a very challenging scientific objective. We anticipate that the
structural mimic reported in this study will enable the medium-throughput evaluation and/or
high-throughput selection of putative structure-specific G3 binding ligands. To provide further
insights into G3 regulation pathways, we are also planning to use the mimic to pull-down and
characterize G3 cellular protein partners. Efforts in those directions will be reported in due

course.
Experimental Section

General remark

ESI mass spectra were performed on an Esquire 3000 spectrometer from Bruker or on an Acquity
UPLC/MS system from Waters equipped with a SQ Detector 2. Peptides were analyzed in
positive mode and oligonucleotides and conjugates in negative mode. All solvents and reagents

used were of highest purity commercially available.
Peptide synthesis

General details
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The synthesis was performed on a Syro II synthesizer using Fmoc/tBu strategy on a 2-

Chlorotrityl resin.

The course of reactions were monitored by using UPLC system Waters, it includes reverse phase
chromatography using Nucleosil C18 column (130 A, 2.1 x 50 mm, 1.7 um) and detection by UV
at 214 nm and 250 nm. A ImL/min flow linear gradient from 95% solvent A (0.1% formic acid
in water) and 5% solvent B (0.1% formic acid in acetonitrile/water: 9/1) to 100% B for 3 minutes

was applied.

RP-HPLC purifications were performed on a Gilson system with Nucleosil C18 column (100 A,
250 x 21 mm, 7 pm) with UV monitoring at 214 nm and 250 nm. A 20 mL/min flow linear
gradient was applied from 95% solvent A (0.1% trifluoroacetic acid in water) and 5% solvent B

(0.1% trifluoroacetic acid in acetonitrile/water: 9/1) to 100% B for 20 minutes.
Synthesis of peptide 3

The synthesis is described in details in the supporting information (scheme S1). The linear
peptide was synthesized using commercially available 2-Chlorotrityl resin (loading of 0.83
mmol/g). Fmoc-Gly-OH (3 eq) was coupled on the resin in anhydrous DCM in a glass reaction
vessel fitted with a sintered glass. pH 8 was adjusted using DIEA. The mixture was stirred for 1h
at room temperature. A DCM/MeOH/DIEA solution (17:2:1, v:v:iv) was then added. Fmoc
protecting group was removed using three washes with 20% piperidine in DMF (40 mL). The
resin loading was monitored by quantification of free dibenzofulvene using UV absorbance at
299 nm (loading of 0.40 mmol/g, yield: 48%). The elongation was performed on a Syro II using
Fmoc/tBu strategy on the above-prepared resin, Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-

Lys(Alloc)-OH, Fmoc-Lys(Dde)-OH, Fmoc-Pro-OH and Fmoc-Lys(biotin)-OH were
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commercially available. Fmoc-azidononorleucine and Fmoc-Lys(-CO-CH,-O-N=Eei)-OH were
obtained using reported protocols. The linear peptide was cleaved from the resin using a
DCM/TFE/AcOH solution (70/20/10, v/v/v) (5 x 20 mL). The solution was evaporated under
vacuum and the peptide was precipitated in ether as a white powder. The crude product was used
without any further purification. The cyclisation of the linear peptide (365 mg) was performed in
DMF at 10° M concentration in presence of 1.2 eq of PyBOP (0.250 mmol, 130 mg). The pH
was adjusted to 8-9 using DIEA and the solution was stirred at room temperature until the
complete peptide cyclisation (UPLC monitoring). The solvent was evaporated under vacuum then
the crude peptide was precipitated in ether. The crude product was purified on RP-HPLC and
freeze-dried to obtain a white powder (0.15 mmol, 238 mg, yield: 66% for two steps). Rt = 1.86
min. ESI-MS (+): m/z caled for Cs7H;123N»0010S: 1663.8, m/z found: 1664.6 [M+H]+. The DDE
protecting group was then removed using a 2% hydrazine solution in DMF in presence of 20 eq.
of allylic alcohol. The solution was stirred at room temperature until the complete deprotection
(UPLC monitoring). The solvent was evaporated under vacuum then the crude peptide was
precipitated in ether as a white powder. The crude product was used without any further
purification. The peptide was next functionalized using 2 equiv of chloroacetic anhydride in
DMF (3.10° M) at pH 8-9. The reaction was stirred for 1h30 at room temperature. The solvent
was evaporated under vacuum then the crude peptide was precipitated in ether. The crude product
was purified on RP-HPLC and freeze-dried to obtain a white powder (0.09 mmol, 142 mg, yield:
60% for two steps). Rt = 1.74 min. ESI-MS (+): m/z calcd for CggH112CIN2oO18S: 1575.8, m/z
found: 1576.5 [M+H]'. Peptide 3 was obtained after oxyamine deprotection by using a
TFA/H,O/TIS (80/16/4, v/v/v) solution (4 mL) for 2h at room temperature. The solvent was
evaporated under vacuum then the crude peptide was precipitated in ether as a white powder. The

crude product was used without any further purification. The yield was considered as
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quantitative. Rt = 1.42 min. ESI-MS (+): m/z calcd for CgsH106CIN29O17S: 1507.1, m/z found:

1506.5 [M+H]".
Oligonucleotide synthesis

General details

Oligonucleotides were prepared using B-cyanoethylphosphoramidite chemistry on a 3400 DNA

synthesizer at 1 pmol scale.

RP-HPLC analyses were performed on a Waters HPLC system using C18 Nucleosil column
(Macherey-Nagel, 100 A, 250 x 4.6 mm, 5 pm) with UV-monitoring at 260 nm and 280 nm. A 1
mL/min flow linear gradient was applied. Solvent A (50 mM triethylammonium acetate buffer
with 5% acetonitrile) and solvent B (acetonitrile with 5% water) were used. A stepwise gradient
of 0-30% B in 20 min then from 30 to 100% B in 10 min was applied for the gradient. The RP-
HPLC purifications of oligonucleotides were performed on a Gilson system with Nucleosil C-18
colunm (Macherey-Nagel, 100 A, 250 x 10 mm, 7 um) with UV-monitoring at 260 nm and 280
nm using 4 mL/min flow linear gradient. A stepwise gradient of 0-30% B in 20 min then from 30

to 100% B in 10 min was applied.

Desalting of oligonucleotides was performed by SEC on NAP 25 cartridge using manufacturer’s

protocol.

Quantification of oligonucleotides was performed at 260 nm using Nanodrop apparatus (molar

extinction £260nm was estimated according to the nearest neighbor model).

Synthesis of oligonucleotide 4
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The oligonucleotide 4 was obtained from automated synthesis on a 3’-glyceryl CPG resin at 1
umol scale using a 3400 DNA synthesizer from Applied Biosystems (scheme S2). The last
coupling was carried using commercially available 5° hexynyl (B-cyanoethyl) phosphoramidite
(GlenReseach). After synthesis, cyanoethyl protecting groups were removed using 20%
piperidine in acetonitrile. Cleavage from the resin and deprotection was performed in 28%
NH4OH for 16h at 55°C. The product was purified on RP-HPLC and readily oxidized toward
oligonucleotide 4. Sodium metaperiodate (20 eq; 8 umol; 1.7 mg) was added to 1 eq (400 nmol)
of purified product in water (400 pL). The reaction was stirred for 1h at room temperature in dark
conditions. The product was then desalted on NAP 25 and the fractions were collected to obtain
the crude product (UV-monitored at 260 nm). The oxidation was considered quantitative and the
crude containing oligonucleotide 4 was used in the next step without further purification. The
purity of the crude material was assessed by ESI-MS and RP-HPLC. Rt = 14.8 min, ESI-MS (-)

m/z calcd for C118H147N46072P122 37334, m/z found: 3733.3 [M-H]

Synthesis of oligonucleotide 5

The oligonucleotide 5 was obtained from automated synthesis on a 3’-thiol-modifier C3 S-S CPG
resin at 1 pmol scale using a 3400 DNA synthesizer from Applied Biosystems (scheme S3). After
synthesis, cyanoethyl protecting groups were removed using 20% piperidine in acetonitrile.
Cleavage from the resin and deprotection was performed in 28% NH4OH for 16h at 55°C. The
product was purified on RP-HPLC and the DMT protecting groups was removed using in 80%
aqueous acetic acid solution for 20 min at room temperature. After concentration of the acetic
acid solution, dithiothreitol (100 eq) was added to a solution of the 3’SSOH oligonucleotide (500

nmoles) in Tris.HCI buffer 1 M, pH 8.5 (500 uL). The mixture was stirred for 1h at room
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temperature. The product was purified on RP-HPLC then desalted and freeze-dried. Rt = 15.9

min, ESI-MS (-) m/z calcd for C3HgiN24O33PsS: 2000.4, m/z found: 1999.9 [M-H]".
Synthesis of oligonucleotide 6

Oligonucleotide 6 was obtained from automated synthesis on a 3’-thiol-modifier C3 S-S CPG
resin at 1 umol scale using a 3400 DNA synthesizer from Applied Biosystems (scheme S3). After
synthesis, cyanoethyl protecting groups were removed using 20% piperidine in acetonitrile.
Cleavage from the resin and deprotection was performed in 28% NH4OH for 16h at 55°C. The
product was purified on RP-HPLC and the DMT protecting groups was removed using in 80%
aqueous acetic acid solution for 20 min at room temperature. After concentration of the acetic
acid solution, dithiothreitol (100 eq) was added to a solution of the 3’SSOH oligonucleotide (400
nmoles) in Tris.HCI buffer 1 M, pH 8.5 (400 uL). The mixture was stirred for 1h at room
temperature. The product was purified on RP-HPLC then desalted and freeze-dried. Rt = 15.9

min, ESI-MS (-) m/z calcd for C113H142N46068P1181 36054, m/z found: 3605.4 [M-H]-.
Conjugate synthesis
Synthesis of conjugate 7

The synthesis is described in details in the supporting information (scheme S4). Briefly, 3’
aldehyde containing oligonucleotide 4 (1 eq, 490 nmoles) was dissolved in 0.4 M ammonium
acetate buffer (pH 4.5, concentration 10~ M) and aminooxy peptide 3 (1.2 eq, 588 nmoles) was
added. The solution was stirred at 55°C for 45 min. The crude was purified using RP-HPLC,
desalted by SEC and freeze dried. Quantification was performed by UV-spectrometry (294
nmoles, yield 60%, €,onm = 114800 M'.cm™). Rt = 22.2 min. ESI-MS (-) m/z calcd for
Ci83H250Ng6033P12SCl: 5221.5, m/z found: 5221.4 [M-H]". The resulting conjugate (237 nmoles)
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was dissolved in 100 mM HEPES buffer (pH 7.4, concentration 10-4 M) in presence of 10%
DMF (v,v), CuSO4 (6 eq by azido function), THPTA (30 eq by azido function) and sodium
ascorbate (30 eq by azido function) were added. The reaction was stirred at 37°C for 2h and
quenched with 0.5 M EDTA solution (50 eq by azido function). The resulting mixture was
desalting by SEC. The crude was purified using RP-HPLC then conjugate 7 was desalted by SEC
and freeze dried. Quantification was performed by UV-spectrometry (156 nmoles, yield 66%,
€260nm = 114800 M-l.cm-1). Rt = 195 min. ESI-MS (-) m/z caled for

C183H250N66088P12SCl: 5221.5, m/z found: 5221.4 [M-H]-.
Synthesis of conjugate 1

Conjugate 7 (1 eq, 50 nmol) and oligonucleotide 5 (2 eq, 100 nmol) were dissolved in
H,O/CH;CN solution (9/1, v/v, concentration 5.10™ M) and TCEP (2 eq by thiol function), 500
mM KCIl, DIEA (45 eq by chloroacetamide function to obtain pH 8.5), KI (60 eq by
chloroacetamide function) were added. The reaction mixture was stirred at room temperature for
5h. The crude was purified using RP-HPLC then conjugate 1 was desalted by SEC and freeze
dried. Quantification was performed by UV-spectrometry (25 nmol, yield 50%, €260nm = 176500
M'l.cm'l). Rt = 17.8 min. ESI-MS (-) m/z calcd for Cy46H329N99O126P18S2: 7184.4, m/z found:

7186.7 [M-HJ".
Synthesis of conjugate 2

Conjugate 7 (1 eq, 50 nmol) and oligonucleotide 6 (2 eq, 100 nmol) were dissolved in
H,O/CH;CN solution (9/1, v/v, concentration 5.10™ M) and TCEP (2 eq by thiol function), 500
mM KCIl, DIEA (45 eq by chloroacetamide function to obtain pH 8.5), KI (60 eq by

chloroacetamide function) were added. The reaction mixture was stirred at room temperature for
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Sh. The crude was purified using RP-HPLC then conjugate 2 was desalted by SEC and freeze
dried. Quantification was performed by UV-spectrometry (30 nmol, yield 60%, €,60nm = 229600
M_I.Cm_l). Rt = 17.1 min. ESI-MS (-) m/z calcd for C296H390N1120156P23SQI 87894, m/z found:

8792.1 [M-HJ.
Circular dichroism and thermal denaturation studies

Circular dichroism studies were performed after thoroughly desalting the products by SEC on
NAP 25 cartridge. An annealing step was applied by heating the sample at 90°C for 5 min in
buffer (Tris 10 mM pH 7.4 with 100 mM KCl) and cooling it over 2h to room temperature.
Analyses were recorded on a Jasco J-810 spectropolarimeter using 1 cm length quartz cuvette.
Spectra were recorded at 20°C or every 5°C in a range from 5°C to 90°C with wavelengths range
from 220 to 330 nm. For each temperature, the spectrum was an average of three scans with a 0.5
s response time, a 1 nm data pitch, a 4 nm bandwidth and a 200 nm.min™' scanning speed.

Melting temperatures were obtained using Boltzmann fit on Origin software.
Thermal difference spectrum (TDS)

Thermal difference spectrum was obtained from the subtraction of UV spectrum performed at
5°C from UV spectrum performed at 90°C. UV spectra were recorded on a Varian Cary 400 UV-
visible spectrophotometer using 1 cm length quartz cuvette. Spectra were recorded at 5°C and
90°C with wavelengths range from 230 to 320 nm. The difference spectra were normalized by
dividing the raw data by its maximum value, so that the highest positive peak gets a Y-value of

+1 as recommended in reference 21 of the manuscript.

BLI experiments
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Bio-layer interferometry experiments were performed using sensors coated with streptavidin (SA
sensors) purchased from Forte Bio (PALL). Prior functionalization, they were washed for 10
minutes by incubation in “BLI-buffer” (HEPES buffer 10 mM, KCl 150 mM, pH 7.5 and 0.5%
v/v surfactant P20) to dissolve the sucrose layer. Then, the sensors were dipped for 15 minutes in
solutions containing the conjugates 1,2 or 8 (Figure S25) at 100 nM in the BLI-buffer and then by
dipping in the BLI-buffer for 10 minutes. The functionalized sensors were then dipped in G4-
ligand (TMPyP4, Braco-19, PDS and PhenDC3) containing solution at different concentrations
(Table S1) interspersed by a rinsing step in the buffer solution. The concentrations and
association and dissociation time were optimized for each ligand (Table S1). For TMPyP4 and
Braco-19 the same sensors were used for the 6 concentrations whereas for PDS and PhenDC3,
one sensor was used for each concentration as we couldn’t achieve full dissociation of those
ligands. A reference sensor without DNA was used to subtract the non-specific adsorption on the
SA layer. The sensorgrams were fitted using a 1:1 interaction model. The reported values are the
means of representative independent experiments, and the errors provided are standard deviations

from the mean. Each experiment was repeated at least two times.

SPR experiments

HS-(CH,),,-EG¢-Biotin was procured from Prochimia. All other chemical products were
purchased from Sigma-Aldrich. Cleaning procedure of the gold sensor chips included UV-ozone
treatment during 10 min followed by rinsing with MilliQ water and ethanol. The cleaned gold
surfaces were then functionalized according to the following procedure. Firstly, mixed self-
assembled monolayers (SAMs) were formed at room temperature by dipping overnight gold
sensors in the thiol mixture: 80% HS-(CH,),;-EG4-OH and 20% HS-(CH,);-EG¢-Biotin (1 mM

total thiol concentration in EtOH). After overnight adsorption, gold sensors were rinsed with
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ethanol and dried under nitrogen. The surface is then inserted in the BIAcore T200 device. All
measurements were performed at 25°C, using a running buffer (R.B.) composed of HEPES
buffered saline: (HEPES buffer 10 mM, KCI 150 mM, pH 7.5 and 0.5% v/v surfactant P20.
Streptavidin (100 ng/mL) was injected (10 pL/min) on the biotinylated SAM until saturation of
the surface (around 2400 R.U.). The different systems 1, 2 and 8 were injected at 2 uL/min on
streptavidin-coated SAM surfaces until surface saturation.

Binding experiments were conducted by injection at 80 pL.min" of PDS and Phend-DC3
dissolved in R.B at five different concentrations using a single cycle kinetic method (SCK). A
streptavidin surface, prepared as described below, was used as reference. Curves obtained on the
reference surface were deduced from the curves recorded on the recognition one, allowing
elimination of refractive index changes due to buffer effects. The binding rate constants of
DNA/ligands interactions were calculated by a non-linear analysis of the association and
dissociation curves using the SPR kinetic evaluation software BIAcore T200 evaluation
Software. The data were fitted using a heterogeneous ligand model taking into account the
possible heterogeneity of the ligand presentation. The association rate constants, Koy and Kono,
and the dissociation rate constants, kog; and koo as well as the theoretical maximal response
Rmax1 and Ryax of the two interactions were calculated. Finally, the equilibrium dissociation
constants were obtained from the binding rate constants as Kp; = kofri/kon1 and Kpy = koo / Kon2
We reported the thermodynamic dissociation constants that were consistent between independent
experiments and for which the theoretical maximum response (Rpax) 1s consistent with 1:1
interaction. We chose to not report the parameters for the second interaction that might involve

non-stoichiometric binding and/or non-specific interactions.
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Fig 1. A/ Schematic drawing of putative G3 and G4 structures formed by the human telomeric
DNA sequence (Tel-22) and corresponding G-tetrad arrangements (black box =(anti) guanine,

grey box = (syn) guanine B/ G3 forming DNA conjugate 1 and G4 forming DNA conjugate 2
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Scheme 1. A/ Oligonucleotide and peptide building blocks. B/ Assembly of conjugates 1 and 2.
a) oligonucleotide 4 (1 equiv), peptide 3 (1.2equiv), 0.4 M ammonium acetate buffer, pH 4.5, 45
min at 55°C; b) HEPES 100 mM, 10% DMF, CuSO4 (6 equiv), THPTA (30 equiv), sodium
ascorbate (30 equiv), pH 7.4, 2 h at 37°C; c) oligonucleotide 5 or 6 (2 equiv), TCEP (2 equiv),

DIEA (45 equiv), KI (60 equiv), KCI 500 mM, pH 8.5, under argon, 5h at rt.
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Fig. 2. CD spectra of G-triplex forming conjugate 1 (A) and G-quadruplex forming conjugate 2
(B) at 1.6 uM in 10 mM Tris-HCI, pH 7.4, 20°C in presence of 100 mM KCI (purple) or 100 mM

NaCl (green) or 100 mM MgCl, (blue) or 100 mM CacCl, (red) or in the absence of added cations

(grey).

27



—_
=

g
©

e
~

A Absorbance (normalized)
o
o

A Absorbance (normalzied)

03
02 -
0.1
230 250 270 290 310 01230 250 270 290 310
A (nm) A (nm)

Fig. 3. Normalized thermal difference spectrum of conjugate 1 (A) and 2 (B) at 1.6 uM in 10 mM
Tris-HCI, pH 7.4, 20°C in presence of 100 mM NaCl (red) or 100 mM KCI (blue) or 100 mM
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Fig. 4. CD spectra of conjugate 1 at 1.6 uM in 10 mM Tris-HCI, pH 7.4, 20°C after the addition

of KCI (100 mM) at 1 min (blue), 1h (teal), 2h (dark green), 3h (light green), 4h (red), Sh

(orange), 6h (purple), 7h (black), 8h (yellow).
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Fig. 5. Structure of the ligands subjected to BLI binding analysis
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G3 structure 1 G4 structure 2 Hairpin structure 8

Ligands
9 kon kolf KD kon koﬂ KD kon koff KD

(M's™) &M (nM) (M's™) Cp) (nM) (M1s™h) Cp) (nM)

TMPyP4 [1.9+0.1 .10°[2.6+0.2 .10~ 138+ 4 15+0.1 .10°(3.7+0.8 .10°| 247+42 |[1.7+0.1 .10°[1.9+0.0 .10°] 110+3

Braco |1.1+0.0 .10°[3.4+0.2 .10°| 318+10 [1.1+0.0 .10°(3.0+0.6 .10°| 288+43 [51+0.6 .10"[4.3+1.2 .10°| 823 * 140

PDS [29+1.2 .10°[9.4+05 .107 38+ 13 24+01 .10"[22+0.2 .10°] 96+ 16 nd nd nd

PhenDC3[1.4+0.3 .10°[7.2+ 1.5 .10" 5+0.2 1.2+0.3 .10°[1.6+0.1 .10° 14+2 nd nd nd

Table 1. Association kinetic constants (k,,), Dissociation kinetic constants (Kog), and
thermodynamic dissociation constants (Kp) for the interaction of ligands with G3 structure 1, G4
structure 2 and hairpin structure 8. nd: not determinable as no signals were observed in the range

of concentrations.
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