
HAL Id: tel-03986045
https://theses.hal.science/tel-03986045

Submitted on 13 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Des outils moléculaires toujours plus multifonctionnels
pour l’étude de structures alternatives d’acides

nucléiques.
Francesco Rota Sperti

To cite this version:
Francesco Rota Sperti. Des outils moléculaires toujours plus multifonctionnels pour l’étude de struc-
tures alternatives d’acides nucléiques.. Organic chemistry. Université Bourgogne Franche-Comté,
2022. English. �NNT : 2022UBFCK064�. �tel-03986045�

https://theses.hal.science/tel-03986045
https://hal.archives-ouvertes.fr




Abstract 

 1 

Title : Ever smarter molecular tools for studying alternative nucleic acid structures in 
human cells.  

Keywords : alternative structures, nucleic acid, molecular tools. 

Abstract: G-quadruplexes (G4s) are non-
canonical secondary structures found 
throughout the human genome and 
transcriptome in guanine (G)-rich 
sequences. Accumulating evidence now 
points towards a strong involvement of G4s 
in many biological processes (e.g., 
transcription and translation) but their 
roles are still not fully elucidated. To 
investigate this, we focused on the 
development of biomimetic G4-ligands 
that could be used as tools to either isolate 
G4s by affinity precipitation prior to their 
identification by sequencing or visualize 
them directly in cells by optical imaging. 
These tools referred to as TASQs (for 
Template-Assembled Synthetic G-
Quartets) are composed of four G moieties 
linked to a central template thanks to 
spacers of different chemical nature. In the 
presence of G4s, the four Gs assemble in a 
synthetic G-quartet that, by stacking atop 
the native G4, stabilize its structure. This 
bioinspired interaction ensures an 
exquisite level of selectivity. The central 
template can be either functionalized (i.e., 
by addition of a useful appendage) or 
selected on the basis of its properties (e.g., 
a fluorescent template), thus allowing for a 
high level of versatility. In this Ph.D. work, 
we aimed at improving the chemical 
accessibility to these unique molecular 
tools and developing new TASQs. We first 
focused on the development of TASQ 
bearing a biotin appendage designed for 
G4-capture purposes. We improved the 
chemical accessibility of BioTASQ, used in 
the G4-RNA precipitation and sequencing 
(G4RP-seq) protocol, and developed two 
closely related TASQs, BioCyTASQ and 

BioTriazoTASQ. 

With excellent in vitro G4-interacting 
properties, BioCyTASQ soon became the 
gold standard for biotinylated TASQs, while 
the bulkier BioTriazoTASQ showed a 
certain level of preference towards G4-RNA 
isolation. To further improve the TASQ 
versatility we then replaced the biotin 
moiety by fully orthogonal appendages: 
MultiTASQ and AzMultiTASQ, bearing an 
alkyne and azide appendages, respectively, 
were used to isolate and visualize G4s in 
cells, using click chemistry (CuAAC and 
SPAAC); photoMultiTASQ, functionalized 
with both an alkyne and a diazirine 
appendage, was successfully synthesized in 
the aim of being used to covalently trap 
G4s and its surrounding cellular partners 
(i.e., G4-binding proteins) upon 
photoactivation. We then shifted our focus 
on fluorescent TASQs designed for cellular 
imaging. We first focus on twice-as-smart 
naphthalene-based probes, whose 
emission is governed by G4-interaction. We 
revisited the N-TASQ synthesis and 
developed a new derivative, referred to as 
TzN-TASQ, comprising triazole linkers, 
which displayed an interesting bias 
towards the fluorescent detection of RNA 
G4s. We finally focused on near infrared 
(NIR) emitting probes based on a squaraine 
template. Preliminary results show how 
the resulting Square-TASQ exhibited 
strong G4-binding along with desirable 
spectroscopic properties (with an emission 
centered at 640 nm), which makes it a 
promising NIR G4 probe.  
By expanding the TASQ portfolio with new 
molecular tools to better isolate, visualize 
G4s, or both, we provide new tools that 
could shed a bright light on the role(s) that 
G4s play in cells.  
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Titre : Des outils moléculaires toujours plus multifonctionnels pour l’étude de structures 
alternatives d’acides nucléiques. 

Mots clés : structures alternatives, acides nucléiques, outils moléculaires. 

Résumé : Les quadruplexes d’ADN et 
d’ARN, ou G-quadruplexes (ou G4s), sont 
des structures secondaires d’acides 
nucléiques qui se forment au sein de 
séquences riches en guanines (Gs) de notre 
génome et transcriptome. Les rôles 
biologiques des G4s sont actuellement au 
cœur d’un engouement scientifique 
intense, mais ils ne sont pas encore 
compris avec exactitude. Pour gagner des 
informations précieuses quant à ces rôles, 
l’utilisation des petites molécules (ou 
ligands) est cruciale car elle permet 
d’étudier la biologie des G4s en milieu 
cellulaire. Notre recherche s’inscrit dans 
cette dynamique et tend à développer une 
classe d’outils originaux appelés TASQ 
(pour template-assembled synthetic G-

quartets). Les TASQs sont composés de 
quatre Gs assemblées autour d’un gabarit 
(template) central, qui peuvent donc 
former un G-quartet intramoléculaire. Ce 
faisant, les TASQs interagissent avec les 
G4s selon un processus bioinspiré, 
reposant sur la forte interaction entre deux 
G-quartets, l’un synthétique (TASQ) et 
l’autre natif (G4). Dans le cadre de ce 
travail de thèse, nous avons développé une 
série de nouveaux TASQs, répondant à des 
besoins chémobiologiques précis.  
Nous avons tout d’abord amélioré la 
synthèse du BioTASQ, une des molécules 
phare de notre laboratoire, utilisée comme 
hameçon moléculaire pour l’isolation et 
l’identification des G4s in vitro et in vivo. 
Nous avons ensuite développé des dérivés 
plus facile d’accès et plus performants, les 
BioCyTASQ et BioTriazoTASQ. Grâce à ses 
propriétés de reconnaissance de G4s 
optimisées, le BioCyTASQ est devenu la 
molécule de choix pour nos études.  

Le BioTriazoTASQ, assemblé par chimie 
click a, quant à lui, montré une affinité 
particulière pour les G4s d’ARN, qui 
méritera d’être exploitée plus avant. Nous 
avons ensuite développé des outils plus 
versatiles, disposant d’une fonction 
supplémentaire permettant des 
manipulations bioorthogonales en cellules. 
Les MultiTASQ et azMultiTASQ sont en 
effet équipés de chaine alcyne et azide leur 
permettant d’être fonctionnalisés par 
chimie click (avec ou sans catalyseur, i.e., 
CuAAC ou SPAAC) in situ. Cela peut être 
exploité pour la visualisation de G4s en 
cellules humaines (in situ click imaging) et 
leur isolation/identification (click-seq). Un 
composé encore plus versatile, le 
photoMultiTASQ, a été synthétisé dans le 
but de conduire de concert des études 
génomiques et protéomiques.  
Nous avons ensuite retravaillé la synthèse 
d’une sonde fluorescente TASQ nommée 
N-TASQ, et développé un nouvel analogue, 
le tzN-TASQ. Cette molécule est plus 
facilement accessible car son assemblage 
repose sur la chimie click. A nouveau, ce 
TASQ assemblé par chimie click a montré 
une affinité particulière pour les G4s 
d’ARN, qui méritera également d’être 
exploitée plus avant. Nous avons aussi 
conçu puis synthétisé une nouvelle sonde, 
le Square-TASQ, dont les propriétés 
photophysiques font d’elles une sonde NIR 
(near infrared) prometteuse. Nous avons 
donc, au cours de cette thèse, étendu le 
portefeuille d’outils TASQs qui permettent 
de voir, d’isoler et d’identifier les G4s dans 
un contexte cellulaire, dans le but final de 
gagner des informations précieuses quant 
à leur biologie. 

 

 



  



 

 

Acknowledgments:  

I would first like to thank my two supervisors David Monchaud and Ibai Valverde for guiding 

and helping me during these three years, trusting my work and making me a better scientist.  

 

I am extremely grateful to each member of the jury, Daniela Verga and Filippo Doria for 

accepting to review this manuscript, to Frank Denat and Frédérick Boscetti to have taken the 

time to evaluate my work.  

 

I also would like to thank the whole GATTACA teams past and present; Jérémie for the 

incredible help with the biophysical and cellular assays, Angie for the great work with the cells 

and Marc to endure my tortures and each one of my crazy requests.  

 

I am extremely grateful to Baptiste and Jiri for always listening, challenging me and pushing 

me to improve.   

 

I also would like to thank Claire Bernard for the help with the patent, Marie-Jo Penouilh and 

Quentin Bonnin for the high-resolution mass analysis, Antony Romieu, Victor Goncalves, 

Michael Claron and all the people that spent time helping me. I finally would like to thank all 

the other student for the support, especially Thibaud for sharing the office with me.  

 

Vorrei infine ringraziare la mia famiglia, i miei genitori, i miei nonni, i miei fratelli per il 

supporto dimostratomi, Morgane per essere sempre stata al mio fianco, i miei amici per 

avermi sempre sostento.  

 

  



 

 

 

 



Table of Content 

 

Table of Contents 

G-Quadruplexes (G4s) and their biological roles: state of the art ....................................... 4 

I. Putative roles of G4s: ............................................................................................................... 6 
1. G4-DNA at telomeres: ........................................................................................................................ 6 
2. G4-DNA in intragenomic regions: ...................................................................................................... 8 
3. G4s in RNA: ......................................................................................................................................... 9 

II. G4 and G4-ligands. ................................................................................................................ 10 
1. G4-ligands as therapeutic agents ..................................................................................................... 10 
2. G4-ligands as chemical biology tools ............................................................................................... 11 
3. The structures of classical G4-ligands: ............................................................................................. 11 
4. Biomimetic Ligands .......................................................................................................................... 13 

Aim of this PhD thesis: .............................................................................................................. 17 

Revisiting the synthesis of AMC ....................................................................................... 19 

I.1. The original synthesis of AMC. ............................................................................................ 20 

I.2. The optimized synthesis of AMC. ........................................................................................ 20 

BioTASQ, CyTASQ & BioCyTASQ ....................................................................................... 22 

II.1. The original synthesis of BioTASQ. ..................................................................................... 22 

II.2. The optimized synthesis of BioTASQ. ................................................................................. 23 

II.3. The synthesis of CyTASQ. ................................................................................................... 24 

II.4. The synthesis of BioCyTASQ. .............................................................................................. 25 

II.5. Evaluation of the G4-interacting properties of CyTASQ and BioCyTASQ. ............................ 26 
II.5.a. Comparative FRET-melting experiments. ....................................................................................... 28 
II.5.b. Competitive FRET-melting experiments. ........................................................................................ 31 
II.5.c. Fluorescence G4-pull-down assay: .................................................................................................. 32 
II.5.d. G4-pull-down assay in cells: ............................................................................................................ 33 
II.5.e. Pre-targeted G4 imaging: ................................................................................................................ 39 

II.6. Conclusion: ........................................................................................................................ 42 

TriazoTASQ & BioTriazoTASQ .......................................................................................... 43 

III.1. Click Chemistry: CuAAC ..................................................................................................... 43 

III.2. TriazoTASQ synthetic pathway: ........................................................................................ 45 

III.3. BioTriazoTASQ synthetic pathway: ................................................................................... 47 

III.4. The G4-interacting properties of TriazoTASQ and BioTriazoTASQ. ..................................... 48 
III.4.a. Comparative & competitive FRET-melting experiments ............................................................... 48 
III.4.b. Fluorescent G4-pull-down assay .................................................................................................... 49 
III.4.c. Molecular dynamics: ....................................................................................................................... 51 
III.4.d. G4 chemo-precipitation monitored by qPCR: ................................................................................ 52 
III.4.e. Pre-targeted G4 imaging ................................................................................................................ 54 

III.5. Conclusion: ....................................................................................................................... 57 

 
 



 

 1 

MultiTASQ & azidoMultiTASQ (AzMultiTASQ) ................................................................... 58 

IV.1. The synthesis of MultiTASQ .............................................................................................. 59 

IV.2. The synthesis of azidoMultiTASQ ...................................................................................... 60 

IV.3. The G4-interacting properties of MultiTASQ and AzMultiTASQ. ......................................... 61 
IV.3.a. Comparative & competitive FRET Melting experiments ............................................................... 61 
IV.3.b. Apparent KD measurements ........................................................................................................... 62 
IV.3.c. Fluorescence G4-pull-down experiments ...................................................................................... 64 
IV.3.d. G4-chemo-precipitation monitored by qPCR ................................................................................ 66 
IV.3.e. In situ G4 click imaging ................................................................................................................... 69 

IV.4. Conclusion: ....................................................................................................................... 73 

photoMultiTASQ: ............................................................................................................ 74 

IV.5. PhotoMultiTASQ synthetic pathway: ................................................................................ 75 

IV.6. The G4-interacting properties of photoMultiTASQ: ........................................................... 75 
IV.6. a. FRET Melting: ................................................................................................................................. 75 
IV.6.b. Diazirine activation: ....................................................................................................................... 77 

IV.7. Conclusion: ....................................................................................................................... 79 

NaphtoTASQ (N-TASQ) and TzN-TASQ .............................................................................. 80 

V.1. N-TASQ synthetic pathway: ............................................................................................... 81 
V.1.a. Sonogashira-Heck-Cassar coupling : ............................................................................................... 82 

V.2. TzN-TASQ synthetic pathway: ............................................................................................. 85 

V.3. The G4-interacting properties of N-TASQ, TzN-TASQ and H16N-TASQ: ................................. 86 
V.3.a FRET Melting: .................................................................................................................................... 86 
V.3.b Fluorescence titration: ..................................................................................................................... 88 

V.4. Cellular imaging N-TASQ vs TzN-TASQ: ................................................................................ 91 

V.5. Conclusions: ...................................................................................................................... 93 

SquareTASQs ................................................................................................................... 94 

VI.1. Square-TASQ v.1 synthetic pathway: ................................................................................ 95 

VI.2. The G4-interacting properties of Square-TASQ v.1: ........................................................... 95 

VII.3. Square-TASQ v.2 synthetic pathway: ............................................................................... 96 

VI.4. The G4-interacting properties of Square-TASQ v.2: ........................................................... 97 
VI.4.a FRET Melting: ................................................................................................................................... 97 
VI.4.b Fluoresce titration: .......................................................................................................................... 99 
VI.4.c Aggregation studies: ...................................................................................................................... 102 
VI.4.d Quantum yield calculation: ........................................................................................................... 103 

VI.5. Cell imaging: ................................................................................................................... 105 

VI.6. Conclusions: ................................................................................................................... 106 

Conclusion and Perspective: .......................................................................................... 107 

Bibliography .................................................................................................................. 113 

 
 



Annex 1 : oligonucleotide list    

 2 

Annex 1 : Oligonucleotide list 

 
Status Nature Name Sequence 

Double 
Labeled 

DNA F21T FAM-d[5’GGGTTAGGGTTAGGGTTAGGG3’]-TAMRA  
F-Myc-T FAM-d[5’GAGGGTGGGGAGGGTGGGGAAG3’]-TAMRA  

F-kit-T FAM-d[5’CGGGCGGGCGCGAGGGAGGGG3’]-TAMRA  
F-duplex-T FAM-d[5’TATAGCTATATTTTTTTATAGCTATA3’]-TAMRA 

RNA  F-TERRA-T FAM-r[5’GGGUUAGGGUUAGGGUUAGGG3’]-TAMRA 
F-NRAS-T FAM-r[5’GGGAGGGGCGGGUCUGGG3’]-TAMRA 
F-VEGF-T FAM-r[5’GGAGGAGGGGAGGAGGA3’]-TAMRA 

Single 
Labeled 

DNA F-Myc FAM-d[5’GAGGGTGGGGAGGGTGGGGAAG3’] 
Cy5-Myc  Cy5-d[5’GAGGGTGGGGAGGGTGGGGAAG3’] 
F-22AG FAM-d[5’GGGTTAGGGTTAGGGTTAGGG3’] 
F-SRC FAM-d[5’GGGAGGGAGGGCTGGGGG3’] 
F-duplex FAM-d[5’TATAGCTATATTTTTTTATAGCTATA3’] 

RNA F-TERRA FAM-r[5’GGGUUAGGGUUAGGGUUAGGG3’] 
F-VEGF FAM-r[5’GGAGGAGGGGAGGAGGA3’] 
F-NRAS FAM-r[5’GGGAGGGGCGGGUCUGGG3’] 

Unlabeled  DNA ds17 strand 1: d[5’CCAGTTCGTAGTAACCC3’] 
strand 2: d[5’GGGTTACTACGAACTGG3’] 

SRC d[5’GGGAGGGAGGGCTGGGGG3’] 
22AG d[5’GGGTTAGGGTTAGGGTTAGGG3’] 
97nt seq d[5’TTAGATACCATCAAACACCATTAGGTTCTACTGTAC-

TGCCCTGCCCTGCCCTGCCCTGTCTGTCTCTCTTCCACT-
GCCTGTTACGGCTGAATGGCTA3’] 

Primer d[5TTAGATACCATCAAACACCATTAGG3’] 
RNA VEGF r[5’GGAGGAGGGGAGGAGGA3’] 

TERRA r[5’GGGUUAGGGUUAGGGUUAGGG3’] 
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Annex 2: List of abbreviations 

  

AMC  Aminomethylcyclen 

Az  Azide 

BCN  bicyclo[6.1.0]non-4-yne 

Boc  tert-butyloxycarbonyl 

BG4-IP-Seq  BG4-immunoprecipitation 

sequencing  

CacoK   potassium-rich cacodylate buffer  

Cbz  benzyloxycarbonyl 

Chip-Seq chromatin immunoprecipitation 

and sequencing 

Cy  Cyclen 

CT-DNA calf thymus DNA 

CuAAC  copper(I)-catalyzed alkyne–azide 

cycloaddition 

DAPI  4ʹ,6-diamidino-2-phenylindole 

DBCO  Dibenzocyclooctyne 

DBU  1,8-diazabicyclo[5.4.0]undec-7-

ene 

DCM  dichloromethane 

DNA  Deoxyribonucleic Acid 

DIPEA  N,N-diisopropylethylamine 

DMAP  4-dimethylaminopyridine 

DMF  N,N-dimethylformamide 

DMSO  dimethylsulfoxide 

DPPA  diphenylphosphoryl azide 

dsDNA  double stranded DNA 

EDC  1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide 

Et  ethyl 

FAM  6-carboxyfluorescein 

FRET  Förster (or fluorescence) 

resonance energy transfer 

G  guanine 

G4  guanine quadruplex 

G4DP-seq  G4-DNA-specific precipitation 

sequencing 

G4RP-seq G4-RNA-specific precipitation 

sequencing 

HB  hydrogen bond 

HBTU  (2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate 

HOBt  hydroxybenzotriazole 

HPLC  high-performance liquid 

chromatography 

Me  methyl 

MD  molecular dynamics 

MS  mass spectrometry 

NMR  nuclear magnetic resonance 

Ph  phenyl 

PNA  peptide nucleic acid 

qPCR  quantitative polymerase chain 

reaction 

QFS  quadruplex forming sequences 

REE  red edge effect 

RNA  ribonucleic acid 

RP  reverse phase 

RPM  rotation per minute 

SA  streptavidin  

SPAAC  Strain-Promoted Azide-Alkyne 

Cycloaddition 

TAMRA  5-

carboxytetramethylrhodamine 

TASQ  template-assembled synthetic 

guanine quartet 

TBTA  tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine 

Tf  trifluoromethanesulfonyl 

TFA  trifluoroacetic acid 

THPTA  tris(3-

hydroxypropyltriazolylmethyl)amine 

Ts  p-toluenesulfonyl 

TSTU N,N,Nʹ,Nʹ-Tetramethyl-O-(N-

succinimidyl)uronium tetrafluoroborate 

Tz Triazole  

γH2AX phosphorylated H2A histone family 

member X
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G-Quadruplexes (G4s) and their biological roles: state of the art 

 

G-quadruplexes (or G4s) are non-canonical secondary structures adopted by single-stranded 

nucleic acid sequences with high guanine (G) content1-3. The ability of guanylic acid (a guanine 

derivative) to self-assemble into highly ordered suprastructures (a “semi-liquid jelly”) was 

firstly noticed in 19104-5, more than forty years prior to the discovery of the DNA double helix 

by Watson, Crick, Wilkins and Fraklin6-8. The exact nature of this supramolecular association 

was deciphered in 1962, when Gellert, Lipsett and Davies resolved the X-ray structure of a 

crystal formed from a highly concentrated solution of guanylic acid, which unambiguously 

demonstrated that Gs self-assembled into G-quartets, which stacked on top of each other9. 

The authors identified the 8 hydrogen bonds (HBs) responsible for the G-quartet assembly 

and stability, which are created from both the Watson-Crick face (both the nitrogen atoms 

N1 and N2, which interact with their cytosine partner) and the Hoogsteen10-11 face (in which 

the N1 and N2 of one G interact with the oxygen O6 and the nitrogen N7 of a second G) of 

the Gs (Figure 1). The interaction of four Gs creates an 8-HB network that results in the 

formation of a stable G-quartet. This molecular structure is further stabilized by the presence 

of cations such as potassium (K+) or sodium (Na+) that counterbalance the electrostatic 

repulsion of the 4 inwardly pointing carbonyl groups12-13. Two or more G-quartets can be 

further stabilized by p-stacking interactions between quartet layers, with cations either 

sandwiched in between planes (i.e., K+) or along the inner channel of the G-quartet stem (i.e., 

Na+), creating the very heart of a G4-architecture (Figure 1). The stability of a G4 is directly 

correlated to the number of its constitutive G-quartets: the more, the better14.  

 

 
Figure 1: i) Guanine Hoogsteen and Watson-Crick faces. ii) Formation of the G-quartet highlighting HBs and the central 

monovalent cation. iii) tridimensional structure of a quadruplex (G4) composed of three stacked quartets iv) c-Myc G4 

structure from Protein Data Bank (PDB ID: 2LBY). 

i) ii) iii) iv)

C-MycG-QuadruplexG-QuartetGuanine
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G4 can be formed either intermolecularly or intramolecularly, with different strand 

orientations (parallel, antiparallel or hybrid, determined by the formalized orientation of the 

nucleobases, i.e., 5’-> 3’, that is, from the 5’ OH group to the 3’ OH group), and nucleobase 

orientations15 (syn or anti, determined by glycosidic bond angle, that is, the angle between 

the guanine plane and the ribose sugar) resulting in highly polymorphic structures16-19. This 

polymorphism is encoded by the sequences the G4s fold from but is also dependent on the 

environmental conditions they are studied in20 (i.e., cations, pH, temperature, additional 

stabilizing elements, etc.). This is especially true for G4-DNA, not for G4-RNA which tend to 

adopt a parallel conformation only21. 

 

The study of biologically relevant G4s started by the end of the 1980’s, more than twenty 

years after their discovery, when their formation in naturally occurring G-rich sequences was 

postulated (at telomeres)22-24. G4s thus evolved from in vitro oddities to biological players 

which deserved to be further investigated to better understand their role(s) in living cells. The 

search for genomic G4s outside the telomeric regions started with in silico investigations25-26: 

the complete mapping of the human genome by ad hoc in silico tools (e.g., QuadParser, 

G4Hunter) led to the identification on hundreds of thousands G4-forming sequences (QFSs), 

using algorithms such as G3+N(1−7)G3+N(1−7)G3+N(1−7)G3+ where Gs are guanines and N any 

other possible nucleobases (forming the so-called ‘loops’ that connect G-quartets)27. More 

recently, a series of machine learning-based tools were developed for both tracking G4-

genome/transcriptome-wide and predicting their stability28. These investigations highlighted 

that the QFSs are not randomly distributed in the genome/transcriptome but particularly 

abundant in key regulatory regions such as telomeres and gene promoters for G4-DNA29, and 

untranslated regions (5’- and 3’-UTR) for G4-RNA30. These calculations were not only 

confirmed but also extended with sequencing-based techniques such as G4-seq31 and G4 

ChIP-seq32 (for G4-DNA) and rG4-seq33 and G4RP-seq34 (for G4 RNA); this will be further 

discussed in the following chapters. 
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I. Putative roles of G4s:  

1. G4-DNA at telomeres:  

The highest concentration of QFSs occurs at the telomeres, the terminal and capping part of 

the chromosomes35, which consist of 5 to 10 kilobase-pair (kbp) of the 5’TTAGGG3’/3’AATCCC5’ 

repeats. They are extended by a single-stranded G-rich protrusion (ca. 200-nucleotide (nt) 

long) comprising 5’TTAGGG3’ repeats only (known as the “G-overhang”), which is thus prone 

to fold into G4-structures. The very first evidence of the formation of G4s in cells was obtained 

using an antibody (Sty49) raised against the G-rich sequence found in the telomeres of S. 

Lemnae36. Since then, evidence of G4-formation in mammalian cells, at telomeres but also 

elsewhere, was obtain via a series of orthogonal techniques, ranging from sequencing-based 

techniques (e.g., G4 ChIP-seq)32 to the immunodetection of G4 with the specific antibodies37, 

and the direct detection of G4s with fluorescent small molecules in either fixed or living cells38-

39 (this will be also further discussed in the following chapters).  

 

Telomeric G4s were the first structures to be studied in detail due to their link with cancer 

development (vide infra)40. Telomeres are thus long double-stranded sequences that end with 

a G-overhang. The higher-order structure of telomeres is currently actively scrutinized: it is 

for example hypothesized that the telomeres fold upon themselves in order to allow for the 

overhang to invade upstream double-stranded DNA, a suprastructure referred to as the T-

loop (for telomeric loop)41. Telomeres do not encode genetic information but protect 

chromosome ends, and thus participate to the genomic stability. Telomeres are also 

considered as the “mitotic clock” of the cell, being shortened after every replication42 (due to 

the so-called “end replication problem”43, or “marginotomy”44-45), allowing for a precise 

countdown before cell death (the so-called “Hayflick limit”, discovered by Leonard Hayflick in 

the 1960’s)46. This process provides cell with a limited lifetime (normal conditions); it can be 

circumvented, however, by an enzyme, the telomerase47, which fight against the telomeric 

attrition and thus, effectively immortalize cells48. This enzyme is not active in normal somatic 

cells (residually active in stem cells) but highly upregulated in cancer cells (>80%), making it 

an invaluable cancer marker and an interesting anticancer target. This was attempted by 

direct targeting49 (e.g., GRN163 and GRN163L), with a modest success; an alternative 

approach is to target telomeric G4s, in the aim of sequestering the telomerase substrate 
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under a shape that is not recognized by the enzyme. This can be achieved using G4-ligands, 

which will be further discussed in the following chapters.  

 

The biology of telomeric G4s is interesting: the folded G4 conformation protects the overhang 

by disrupting the T-loop41 and modifies the its structure, which makes it unrecognizable by 

the telomerase enzyme50; therefore; promoting and/or stabilizing G4s with G4-ligands could 

modulate the telomerase processivity both in vitro and in vivo51. G4s can also participate to 

the formation of a higher-order structure known as the G-loop52, which was shown to be 

central to alternative lengthening of telomeres (ALT)53-54, another cancerogenic mechanism, 

non-dependent on telomerase upregulation. The assembly and disassembly of the telomeric 

structure is controlled by several nucleoproteins (shelterin complex) including POT1 and TPP1 

that act as regulatory agents for telomere homeostasis55. Telomeric sequences can also be 

transcribed to generate a long RNA sequence known as telomeric repeat-containing RNA 

(TERRA), which was also shown to fold into G4-structures56-57. Modulation of the interaction 

between TERRA and the basic N-terminal Gly/Arg-rich (GAR) domain of telomeric repeat-

binding factor 2 (TRF2), by the addition of G4-ligand for instance, disrupts the RNA/protein 

complex, which results in telomere shortening, aberration and instability, thus inferring roles 

for TERRA G4s in telomere biology58.  

 

These different involvements explain why telomeric G4s were soon studied as targets for 

anticancer treatment, with the hope of decreasing telomerase activity via the sequestration 

of its substrate under a secondary structure the enzyme cannot cope with51. It was indeed 

shown that G4 stabilization by ad hoc ligands induces selective cell senescence of tumor cells, 

thus deeming G4s as targets (and G4-ligands as tools) for anticancer therapy59. However, 

these studies were performed with first generation G4-ligands, not highly specific for 

telomeric G4s, thus raising questions about the actual origins of the cellular activity observed. 

Also, no G4-ligands have yet reached clinical use, which keeps on casting doubts as the actual 

relevance of these ligands as new therapeutic tools. 
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2. G4-DNA in intragenomic regions: 

Beyond telomeres60, G4s found in intragenomic regions were also suspected to control DNA 

replication initiation61, replication fork progression62, transcription63, translation64 and 

genome instability65 (Figure 2). To this end, QFS must escape from their duplex constraint to 

fold, making their formation linked to DNA transactions (replication, transcription and 

repair)66. Indeed, the polymerases in charge of these transactions must read the DNA code 

and thus, trigger local melting of the duplex, which offers a window of opportunity for G4s to 

fold. For instance, it was shown that QFS at replication origins might control replication 

firing61: two independent studies showed that mutations in these G-rich regions that affect 

the G4 stability result in a strong decrease in the origin activity61, 67. It was also demonstrated 

that exogenously added G4s could compete for replication factors, showing that G4s are likely 

to be docking sites for replication factors61. Via genome-wide techniques (e.g., G4-ChIP-Seq)32 

the prevalence of G4-forming sequences was confirmed, as well as the link between G4s and 

transcriptional activity, again indicating that G4s recruit the transcription machinery and/or 

chromatin remodeling factors, but they can also restrain/reinitiate transcription of highly 

active genes68; further studies are thus required to decipher the complex biology of G4s. The 

case study is certainly the G4-forming sequence found in the promoter region of the 

oncogene Myc69-70: the Myc genes encode for transcriptional factors that regulate the 

expression of 10-15% of the human genes and are found to be upregulated in a vast number 

(>80%) of solid tumors71, making them interesting cancer markers. Mutations and/or 

treatment with G4-ligands that target G4s in the Myc promoter repress its transcription and 

downregulate its expression, indicating a direct correlation between G4 formation and the 

transcriptional repression72. Myc is only one of the many examples of genes whose expression 

is tightly controlled by upstream G4s, which again warrants further studies to decipher the 

very complex G4-biology. 

 

Interesting insights into G4 biology were obtained through the study of a special class of 

enzymes that unwind G4s, known as G4 helicases73. Deficiency in G4 helicases often results 

in an elevated level of genetic instability (throughout different species, indicating how G4-

mediated regulation mechanisms are conserved through evolution)74. These results thus 

imply that G4s might act as a threat for genome stability and that deficiency in enzymes in 

charge of G4-resolution triggers genomic instability and aging75; this was demonstrated by 
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RNA rG4-forming sequences are commonly found in regulatory regions of functional RNAs 

including messenger RNA (mRNA), microRNA (miRNA) and non-coding RNA (ncRNA)77-78. The 

most studied class of rG4-containing RNAs is mRNA: rG4 can be found in as 3ʹ-UTR79 (where 

they can control mRNA lifetime), 5ʹ-UTR (where they control mRNA translation)80 and in 

introns of pre-mRNAs81. When found in 5’-UTRs82, the actual roles of rG4s depend on the 

translation modality: they can act as physical obstacles to ribosome entry in the case of cap-

dependent translation, which thus inhibits gene expression, and they can facilitate the 

docking of ribosomes in the case of cap-independent translation, which thus favors gene 

expression83. This generates a real conundrum about the actual roles of rG4s in RNA 

translation and the relevance of targeting rG4s in the aim of harnessing gene expression at 

translational level. When found in 3ʹ UTRs, rG4s are shown to inhibit translation through a 

complex (and not completely understood) mechanism involving the binding of a series of 3’-

processing protein. Finally, rG4s present in pre-mRNA introns and/or exons enhance, inhibit 

or promote alternative splicing via the recruitment of specific G4-interacting proteins or steric 

interference with regulatory elements in the vicinity of the rG4 sites84. To date, the knowledge 

about rG4s still needs to be deepened and interesting yet uncomplete insights have been 

gained through transcription-wide techniques such as rG4-seq33 and G4RP-seq34.  

 

II. G4 and G4-ligands.  

1. G4-ligands as therapeutic agents 

Beyond their poorly understood and somewhat contradictory roles in gene expression 

control85, G4s are also associated with DNA damage. indeed, they can act as roadblocks to 

the motion of enzymes in charge of DNA transactions, particularly when they are stabilized 

by G4-ligands86. This crisis situation is then recognized as a DNA damage as it generates 

double strand DNA breaks (DSBs) which eventually leads to cell apoptosis66. This was 

exploited by combining G4-ligands (to create G4-mediated DNA damage) with inhibitors of 

DNA repair (to preclude damage repair) in an approach referred to as chemically induced 

synthetic lethality87. Due to their intrinsically fast replication pace, tumor cells often display 

an impaired DNA repair machinery88 which makes them more sensitive than normal, healthy 

cells to G4-mediated DNA damage, especially upon synthetic lethality treatment. This 

approach thus suggests that using G4-ligands might have interesting therapeutic outcomes59.  
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2. G4-ligands as chemical biology tools 

G4-ligands are also invaluable tools as they are quite often cell-permeable, which allows them 

to interrogate G4-biology in a functional cellular context. In this approach, ligands are not 

used as therapeutic agents but as chemical biology tools89. This is particularly important with 

regard to the current interrogations concerning the cellular roles of G4/rG4 and their 

formation in vivo throughout our genome and transcriptome. To this end, the development 

of G4-selective ligands combined with the recent advances in sequencing techniques offer a 

unique opportunity to accurately portray the roles of G4/rG4 during the key steps of cell life 

(transcription, translation and replication). In this context, ligands can allow for G4 isolation 

and identification (as it will be thoroughly discussed in the following chapters) and also for 

localizing G4s in cells when used as imaging agents90. Ideally, a single G4-targeting molecular 

tool could be used for performing imaging, purifying G4 by affinity capture for identification 

purposes and identifying their cellular partners by proteomics; the development of such a 

highly valuable molecular tools is precisely the goal of the present work. Our aim is indeed to 

develop and characterize multivalent G4-ligands to accurately portray the “G4ome” and make 

them available to all in order to boost research on G4-biology.  

 

3. The structures of classical G4-ligands:  

The interactions between G4 and ligands rely on the ability of the small molecules to interact 

with G4 and/or promote their formation. Till the very first prototype developed in 1997 by 

Neidle, Hurley and co-workers51 (vide infra), hundreds of candidates have been tested as 

specific ligands; they generally possess several common features, including a planar aromatic 

core surrounded by positively charged side-chains (Figure 3)86. The planar aromatic core is 

important to create π-stacking interactions with the accessible external G-quartet of a G4 

(and its important size generally precludes unwarranted intercalation in between two base 

pairs of a duplex DNA). The positively charged sidechains aim at creating electrostatic 

interactions with the negatively charged phosphate backbone of the DNA and RNA. The first 

ligand ever reported was an acridone developed by Neidle and Hurley in 199751. Several years 

later, closely related acridine derivatives were crystallized with G4s, thus providing invaluable 
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structural insights into how a G4 can accommodate a ligand91-92. These results gave strong 

impetus to the identification of new G4-ligands with exquisite G4-affinity and selectivity. 

  

 

Figure 3: Chemical structure of some of the most popular G4-ligands. 

 

The most popular ligands are: RHPS4, developed by Searle and co-workers, who also provided 

the first NMR structure of a G4/ligand complex93; the tetrasubstituted porphyrin TMPyP4, 

developed by Hurley and co-workers, which binds with a high affinity to G4s but with a very 

low selectivity94; the 3,6,9-trisubstituted acridine ligand BRACO-19, developed by Neidle and 

co-workers, which was the first ligand to be rationally designed95 and found to be an efficient 

anticancer agent against tumor xenografts96; the perylene diimide ligand PIPER also 

developed by Hurley and co-workers97; some naphthalene diimide (NDI) derivatives, also in 

their core-extended form developed by Neidle98 and Freccero and co-workers99, respectively; 

a natural compound named telomestatin, isolated by Shin ya’s group, which is one of the few 

examples of neutral G4-ligands with exquisite G4-interacting properties100; some 

bisquinolinium derivates developed by Riou101 (360A), Teulade-Fichou102 (PhenDC3) and 

Balasubramanian and co-workers103 (pyridostatin, PDS); and two fluoroquinolone derivates 

(CX-3543104 and CX-5461105) that reached (and unfortunately stopped at) phases II and I 

respectively106. PhenDC3 and PDS are, by far, the most used ligands nowadays, as their 
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excellent G4-interacting properties were confirmed via multiple techniques and their cell 

permeability allows them for being conveniently used in cells107. Biorthogonal versions of PDS 

(PDS-a) and 360A were also developed to exploit its excellent selectivity by click chemistry 

108-109 (see Chapter 3). A wide range of fluorescent G4-probes was also developed to visualize 

G4s in cells, including several functionalized NDIs99, which display fluorescence in the visible 

spectrum and close to the near infrared (NIR) region and squaraine-based ligands (SQgl) with 

remarkable selectivity and turn-on properties (see Chapters 5 and 6)110. 

 

4. Biomimetic Ligands 

The thorough studies performed with these ligands have cast a bright light on the major 

challenges that must be addressed to design an ‘ideal’ G4-ligand. It has to interact with G4s 

(high affinity) but not too much (to avoid promoting their formation, which could introduce a 

bias during cellular investigations), and must be exquisitely selective. The rational design 

described above aims at transforming DNA intercalators (e.g., acridine) into G4-ligands (e.g., 

BRACO-19), but we believe that this approach suffers from a major drawback: it is based on 

duplex-interacting compounds, and the duplex interaction is precisely what must be avoided. 

We thus tried to think different: we decided to develop a new class of biomimetic G4-ligands 

that could mimic the strong interaction between G-quartets. It is indeed known for more than 

two decades now that the stability of a G4 depends mostly on the number of its constitutive 

G-quartets (a two-quartet G4 being less stable than a three-quartet G4, etc.). Therefore, using 

a synthetic G-quartet as a ligand would lead to a stabilized G4, without the caveat of trying to 

conceal the initial duplex interaction.  

 

The design of this type of new, water-soluble and biomimetic ligands followed a step-by-step 

progression (vide infra). This design was based on the use of a templated synthetic G-quartet 

(that is, gathering four Gs within the same chemical scaffold) to make the intramolecular G-

quartet assembly kinetically and thermodynamically favored. Once assembled, this synthetic 

G-quartet favors the π-stacking interactions with the accessible G-quartet of a G4 (a ‘native’ 

G-quartet), on the basis of both shape recognition (a ‘like-likes-like’ approach), electrostatic 

interactions (using protonable G moieties) and chelation of biologically relevant cations (Na+ 

or K+) in between the synthetic and native G-quartets111. 
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The first report on a synthetic G-quartet (SQ) was provided by Sherman and co-workers in 

2008112. They linked Gs to a calixarene template and termed these new compounds TASQs 

for template-assembled synthetic G-quartets. These TASQs were intended to be used in 

organic solvents only (as a supramolecular ‘box’ for solubilizing cations initially not soluble in 

organic media), precluding their use in biological media. A water-soluble version of this TASQ 

was developed in 2013, replacing the hydrophobic calixarene with a water soluble one 

(decorated with phosphate groups)113. Two water-soluble TASQ were reported in 2011: one 

(from our group) based on a DOTA-like polyazamacrocycle template functionalized with four 

Gs114, the second one based on a macrocyclopeptide template (RAFT)115. Only the DOTA-

based TASQ, consequently termed DOTASQ, was used as a biomimetic G4-ligand; the RAFT-

based TASQ was used for NMR studies, and the water-soluble calixarene-based TASQ was 

used to evaluate the ability of G4-ligands, e.g., BRACO-19 and TMPyP4, to interact with an 

isolated G-quartet.  

 

The distinguishing feature of DOTASQ is its conformational plurality, as it can adopt an “open” 

conformation (where the guanines are independent from each other) or a “closed” 

conformation (where the intramolecular G-quartet is formed). DOTASQ by itself had a rather 

modest affinity for G4s. It had an acceptable G4-stabilizing ability only when terbium was 

chelated by the DOTA template114. However, Tb.DOTASQ showed an exquisite selectivity for 

G4s over double-stranded DNA (dsDNA). For this reason, its scaffold was gradually modified 

to strengthen its binding properties, firstly by using protonable Gs to promote electrostatic 

interactions with G4s (PNADOTASQ116), and then, by modifying the central scaffold. The 

introduction of positively charged Gs in the case of PNADOTASQ was achieved thanks to the 

use of a peptide nucleic acid guanine (PNAG); it ensured a high level of G4-stabilization (without 

the need of a terbium) while maintaining the exquisite G4-selectivity of the parent compound 

DOTASQ. PNAGs enable the π-π stacking between the G4 and the synthetic G-quartet and 

further strengthen the binding via electrostatic interaction between the positively charged 

amine (at pH 7.2) and the negatively charged phosphate backbone of nucleic acids. The G4-

binding mode of PNADOTASQ was further demonstrated by NMR titration (Figure 4): the 

tetrameric (T2AG3T)4 was chosen as its symmetry provides only three signals observed in the 

Hoogsteen region (from 10 to 12 ppm) corresponding to its three constitutive G-quartets. 

Upon addition of increasing concentrations of PNADOTASQ, the appearance of an additional 





G-Quadruplex   State of the art 

 16 

ligands, being both a smart G4-ligand and a smart fluorescent probe. However, its tendency 

to self-aggregate when used in cell-based assays precluded a wider use. A second twice-as-

smart ligand based on a naphthalene core (N-TASQ)118 was thus developed to be suited to be 

used in cells, owing to the decreased tendency of naphthalene to self-associate. N-TASQ was 

successfully used to track G4 in cancer cells52, 118-119, providing the first direct visualization of 

G4 in live cells, but was also used in central nervous system cells76. More recently, a biotin 

‘bait’ was added to the PNADOTASQ scaffold and the resulting BioTASQ120 allowed for isolating 

G4s by affinity capture (in vitro and from cells). The properties of BioTASQ (and derivatives) 

will be further discussed hereafter.  

 

Globally speaking, the G4-interacting properties (affinity, selectivity) of TASQs are very 

interesting but their chemical accessibility is troublesome (low yields, small quantities, non-

commercial starting materials); the aim of this PhD thesis was thus to enhance the TASQ 

chemical access and to develop new TASQs aimed at addressing new challenges.   

 

 
Figure 5: Chemical structure of some of the TASQs developed before the present Ph.D. work. 
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Therefore, in the following chapters, we will discuss the improvements made with regards to 

the chemical access of TASQ, the validation of their G4-interacting properties in vitro and in 

vivo. Although TASQ are not ‘ideal’ G4-ligands (high molecular weight, complicated synthesis, 

etc.), they elicit a series of desirable features:  

i) A good affinity and an exquisite selectivity achieved thanks to their bioinspired 

design; 

ii) A very low cytotoxicity; 

iii) A high level of versatility that can be achieved by modifying the central 

template;  

iv) A very low ability to promote G4 formation (thus avoiding bias during in vivo 

investigations).  

 

 
Figure 6: Schematic representation of a TASQ ligand and its structural specificities, i.e., a central platform, a molecular spacer, 
PNAG and an appendix to introduce new functionalities.  
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Aim of this PhD thesis: 

Three structural components must be taken into account when designing TASQs: i) the central 

platform, which can be either a simple molecular template to allow for the intramolecular G-

quartet folding, or a template equipped with specific appendages (e.g., biotin, alkyne groups, 

etc.) or a fluorescent platform to perform direct visualization; ii) a spacer that links PNAG to 

the central template; and iii) the Gs themselves, which govern G4 recognition (Figure 6). The 

choice and optimization of these three parameters will be discussed in the following chapters: 

- In Chapter 1 we will discuss about the optimization of the synthesis of the central 

platform aminomethylcyclen (AMC);  

- In Chapter 2 we will discuss about two biotinylated TASQs, whose synthesis was either 

optimized (BioTASQ) or rethought to be more straightforward and reliable 

(BioCyTASQ). The G4-interacting properties (both in vitro and in vivo) will be 

presented and compared; 

- In Chapter 3 we will discuss about the new generation biotinylated TASQs 

(BioTriazoTASQ), obtained by modifying the linker between PNAG and the central 

platform. We will also detail the relationship between G4s, ligand-stabilized G4s and 

DNA damage;  

- In Chapter 4 we will discuss about the introduction of different bioorthogonal 

appendages (alkyne for MultiTASQ, azide for azidoMultiTASQ, diazirine for 

photoMultiTASQ) and their use for a new series of bioorthogonal investigations (in 

situ click chemistry).  

- In Chapter 5 we will discussed about the optimization of the synthesis of the twice-as-

smart N-TASQ, as well as the development of a new G4 probe TzN-TASQ with triazole-

based linkers. Again, their G4-interacting properties (both in vitro and in cella) will be 

presented and compared; 

- Finally in Chapter 6 we will introduce a squaraine-based TASQs that represent the very 

first prototypes of near infrared (NIR) G4-probe.  
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I.1. The original synthesis of AMC.  

The synthetic approach (Scheme 1) is based on the formation of a removable organic staple 

that allows for the formation of the macrocycle and avoids polymerization. 

 

 

Scheme 1 : Synthetic pathway of aminomethylcyclen 

 

The reported AMC synthesis121 is the following: the linear polyamine 2,2,2-tetraamine was 

condensed with 2,3-butanedione in acetonitrile in presence of calcium hydroxide to afford a 

tricyclic bis-aminal. Chloroacetaldehyde and benzotriazole (Bt) were added to form the cyclen 

scaffold from which Bt was displaced by sodium cyanide providing nitrile 1, which was then 

purified prior to its reduction with LiAlH4 into a primary amine to provide 2. As further 

discussed below, this purification step is crucial. The remaining bis-aminal bridge is then 

cleaved under aqueous acidic conditions to afford AMC as a hydrochloride salt. The free 

amine form is obtained after addition of sodium hydroxide and extraction with chloroform, 

which is usually performed freshly prior to its use. This synthesis is considered as poorly 

efficient since only 15 g of AMC are usually obtained from 140 g of linear tetraamine (13 % 

chemical yield). However, the reactants are unexpensive, making this synthetic route 

particularly attractive despite its global low yield. 

 

I.2. The optimized synthesis of AMC.  

This synthetic approach presents two major pitfalls which are detrimental for both a large-

scale production and a possible commercialization. Firstly, the use of a hazardous and toxic 

chemicals (such as sodium cyanide and alkylating agents) in large quantities, and secondly a 

long and poorly reproducible purification step of compound 1 over an alumina column. This 
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time-consuming and cumbersome purification has to be carefully monitored by NMR to 

obtain the nitrile 1 in high purity, which is required to guarantee a precipitation of the AMC 

hydrochloride at the very last step of the reaction sequence.  

 

While the first drawback (toxic reactants) is impossible to circumvent without changing the 

synthetic pathway, we decided to tackle the second drawback and explore a different 

purification technique. Based on preliminary observations, pentane was shown to solubilize 

only the targeted nitrile, thus, to obtain the nitrile 1 in high purity, we decided to consider an 

isolation of 1 via a Soxhlet purification and compared its efficiency with the classical alumina 

column purification. The extraction was carried out in pentane with the crude material 

adsorbed on alumina, this process was continued for 48 hours and the desired compound was 

obtained with a high degree of purity, as illustrated by NMR (see experimental part).  

 

The Soxhlet purification turned out to be a far better option than the column 

chromatography. It was accompanied by: 1- an improved yield (from 26% to 38%), 2- an 

increased reproducibility, 3- a greatly reduced volume of used solvents (650 mL of pentane 

vs. 15L), and 4- a far lower number of NMR analyses (1 vs. 1 per eluted fraction). This 

purification method could be considered as time-consuming, but it does not require the 

presence of an operator (which is, in the context of a possible commercialization, a major 

advantage). The only drawback of this approach is the stability of the intermediate, which 

must be purified immediately after adsorption on alumina. 

 

Overall, the global yield from the starting material (the tetraamine) is still low (13% for the 

pathway involving a purification on alumina column vs. 19% for the Soxhlet-based pathway), 

but the low cost of the starting materials, the reduced volumes required for the purification 

of compound 1, the decreased number of analyses, and the increased reproducibility of the 

process pave the way towards a viable commercial exploitation 
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Chapter 2: 

BioTASQ, CyTASQ & BioCyTASQ 

 

Once the issues related to the chemical access of AMC were addressed, we decided to focus 

on how we could exploit the AMC’s unique feature, that is, the presence of a pendant primary 

amine. We first introduced a biotin on this amine to exploit the well-established biotin/avidin 

interaction for the subsequent manipulations of the resulting biotinylated TASQ. Indeed, the 

biotin/avidin interaction is among the strongest non-covalent interactions122, which is 

thoroughly used in biochemistry and biology, notably for isolation purposes via streptavidin 

coated magnetic beads, their magnetic immobilization allows for a straightforward and easy 

separation of biotinylated molecules. This strategy was applied only marginally to the G4-

field, and only a handful of biotinylated G4-ligands have been described in the literature123-

124. Among them, our group developed in 2018 the first biotinylated TASQ named BioTASQ.120 

This molecule showed an excellent biophysical behavior and was used to isolate G4s both in 

vitro (the so-called fluorescence pull-down assay125, vide infra) and from cell lysates (the so-

called G4RP-seq120, 126 protocol, vide infra). One limitation remains, related to the chemical 

accessibility of BioTASQ which is very troublesome, despite (again) an apparent simplicity. 

We thus decided to improve its synthesis, which was done according to two parallel 

approaches: 1- the optimization of the already developed synthetic scheme, thanks to the 

identification of the bottlenecks of the synthesis; and 2- the development of a closely related 

but new BioTASQ derivatives, which could display the same G4-interacting properties while 

being more chemically accessible. 

 

II.1. The original synthesis of BioTASQ.  

The first synthesis of BioTASQ (Scheme 2) was the following: AMC was reacted with the N-

hydroxysuccinimide ester of the biotin in the presence of N,N-diisopropylethylamine (DIPEA) 

as base in anhydrous dimethylformamide (DMF) to provide the biotinylated AMC (3) in 39% 

chemical yield. Of note, it was necessary to work in diluted conditions (0.01 M) and with 0.9 

equivalent of biotin to avoid bis-functionalization of AMC. Next, compound 3 was reacted 

with ethyl bromoacetate to obtain 4 which was purified by preparative reverse phase high 

pressure liquid chromatography (RP-HPLC) (87% chemical yield). The ethyl esters were then 
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reacted with ethylenediamine to obtain 5, which displays four primary amines that can be 

easily reacted with PNAG. Guanine monomers were prepared in a one-step catalytic 

hydrogenation (Pd/C) from the commercially available Boc-PNAG(Z) (72% yield).  

 

 

Scheme 2 : BioTASQ synthetic pathway 

 

Of note, the ethylenediamine step is time consuming (up to 8 days), difficult to monitor due 

to the polarity of the resulting product (not retained in a classical C18 RP-HPLC column) and 

the intermediate 5 could not be purified. The next step has thus to be performed on a crude 

mixture, activating the PNAG arms via the addition of N,N,Nʹ,Nʹ-Tetramethyl-O-(N-

succinimidyl)uronium tetrafluoroborate (TSTU) and DIPEA followed by the addition of the 

tetraamine 5. The Boc-protected BioTASQ (6), which was purified by semi-preparative RP-

HPLC, was obtained in a very low chemical yield (3%). The final step (deprotection of the Boc 

groups by a TFA treatment) being quantitative, the overall yield of the BioTASQ synthesis is 

very low (ca. 1%).  

 

II.2. The optimized synthesis of BioTASQ. 

The major bottleneck of this reaction scheme is the reaction between the intermediate 4 and 

ethylenediamine. The lack of isolation/purification of compound 5 negatively impacts the 

subsequent reactions, resulting in very low yield over two steps (3%). While the isolation of 

compound 5 was not possible (due to its very high polarity), we decided to improve the 
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coupling reaction between 5 and PNAGs modifying the coupling conditions. The initially used 

TSTU/DIPEA mixture was selected as it was efficient for the AMC mono-acylation (first step) 

and allowed for an easy monitoring of the formation of the activated ester by RP-HPLC. 

However, in order to improve the yield of the quadruple amide coupling, N,N,Nʹ,Nʹ-

Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU)127 was 

preferred. This coupling agent did improve the overall yield over two steps, and compound 6 

was obtained with a 37% yield. Globally speaking, changing TSTU for HBTU improves the 

overall yield of the BioTASQ synthesis from 1 to 12%.  

 

While this improvement was promising, the bottleneck of the synthesis was not solved, as 

compound 5 was still not isolated and its formation was still slow and difficult to monitor. We 

therefore decided to change the chemical nature of the spacer, swapping amide arms for 

lipophilic alkyl arms, whose introduction could be (in theory) monitorable and the 

intermediate isolated. To this end, we first had to show that the nature of the spacer did not 

modify the G4-interacting properties of the resulting biotinylated TASQ. We thus synthesized 

CyTASQ (Scheme 3), to investigate the influence of the arm on its ability to interact with G4s, 

prior to synthesize BioCyTASQ (Scheme 4), as a simplified BioTASQ derivative.128  

 

II.3. The synthesis of CyTASQ.  

The synthesis of CyTASQ (Scheme 3) is straightforward as it relies on the commercially 

available cyclen starting material. Cyclen was reacted with an excess of 5-(Boc-

amino)pentylmesylate (prepared in two steps from the commercially available 5-

aminopentan-1-ol, 93% chemical yield) in the presence of potassium carbonate (K2CO3) in 

acetonitrile (ACN). A five sp3 carbon spacer was chosen between the central core and the 

PNAG, since the alkyl chain contains the same number of atoms as the aminoethylacetamide 

arms of PNADOTASQ and, as a consequence, it was estimated that it would preserve the self-

assembly properties of the Gs. The introduction of the spacers provided compound 7 (47% 

chemical yield) that could be isolated by column chromatography and was subsequently 

deprotected with trifluoroacetic acid (TFA, quantitative) to afford compound 8 bearing four 

free amino groups (100% yield). These amines were then coupled with Boc-PNAG monomers 

(4.4 mol. equiv) in presence of TSTU and DIPEA to afford the compound 9 in 6% chemical 

yield. Even though the yield increased up to two-fold (compared to compound 6) thanks to 
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the isolation and characterization of compound 7, its low yield can be attributed to the choice 

of the coupling agent, thus underlining the need of finding the most suited reagent to achieve 

the most efficient conversion. Inspired by the results achieved with BioTASQ (vide infra), an 

HBTU/DIPEA mixture was selected to yield to BioCyTASQ (Scheme 4). 

 

 

Scheme 3 : CyTASQ synthetic pathway 

 

The final compound CyTASQ was obtained in a final, quantitative deprotection step (TFA). As 

further discussed below, the biophysical investigations performed with CyTASQ gave highly 

satisfying results in terms of G4-affinity and selectivity. On this basis, we decided to launch 

the synthesis of BioCyTASQ but, for sake of clarity, all biophysical results are presented in 

§II.5. 

 

II.4. The synthesis of BioCyTASQ.  

The synthesis of BioCyTASQ (Scheme 4) starts as that of BioTASQ, with the coupling of biotin 

and AMC in highly diluted conditions with TSTU and DIPEA. The biotinylated AMC was then 

alkylated with 5-(Boc-amino)pentylmethanesulfonate to obtain 10 (62% chemical yield). After 

Boc deprotection (TFA, quantitative), compound 11 was coupled to the HBTU-activated Boc-

PNAG-OH to obtain the Boc-protected BioCyTASQ 12 in 52% chemical yield. The combination 

of the HBTU/DIPEA coupling mixture with the chemical properties of compound 10 that 

allows for its isolation by RP-HPLC, results in a major improvement of the quadruple coupling 

between 11 and Boc-PNAG. After a final step of Boc deprotection by TFA (quantitative), 

BioCyTASQ was obtained with an overall yield of 12%, which represents a significant 

improvement when compared with the original synthesis of BioTASQ. 
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The final PNAG coupling to achieve biotinylated ligands was improved drastically: yields were 

increased from 3% for compound 6 using a TSTU/DIPEA mixture to 37% by swapping the latter 

for HBTU, and even up to 52% for compound 12 (thanks to the purification of compound 10 

and the use of an HBTU/DIPEA mixture).   

 

 

Scheme 4 : BioCyTASQ synthetic pathway 

 

Therefore, the conceptually simple modification of the linker between the cyclen/AMC core 

and the PNAG arms results not only in a more efficient chemical access to biotinylated TASQ 

derivatives but also, as it will be further described hereafter, in an improvement in all the G4-

interacting properties, which makes BioCyTASQ the new benchmark for biotinylated TASQs.  

 

II.5. Evaluation of the G4-interacting properties of CyTASQ and BioCyTASQ.  

In order to investigate the G4-binding ability of these newly developed ligands we used FRET-

melting experiments (see below)129. This high-throughput screening assay allows for a side-

by-side comparison of the four TASQs (Figure 8): PNADOTASQ, composed of amide spacers and 

no biotin appendage, BioTASQ, assembled with amide spacers and with a biotin handle, 

CyTASQ, with alkyl spacers and no biotin appendage, and BioCyTASQ, which bears both alkyl 

spacers and a biotin handle. FRET-melting experiments give insights into the thermal 
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stabilities of both DNA and RNA G4s in the presence and in the absence of ligands. The results 

of these experiments thus provide an estimation of the stability of the TASQ/G4-complex, 

that is, of the apparent G4-affinity for studied ligands. When performed in the presence of an 

excess of unlabeled duplex-DNA competitor, competitive FRET-melting assay also gives 

information about the selectivity of the TASQ for G4s over dsDNA. 

 

 

Figure 8 : Chemical structures of TASQs whose G4-interacting properties were analyzed by FRET-melting experiment 

 

This technique relies on the use of QFSs labelled with FAM (a 6-carboxy-fluorescein amidite) 

at their 5’-end and with a TAMRA (a 6-carboxy-tetramethylrhodamine amidite) at their 3’-

end. FAM and TAMRA belong to a so-called ‘FRET pair’ as the FAM emission spectrum overlaps 

with the TAMRA excitation spectrum, making an energy transfer possible between the two 

fluorophores via a FRET effect (Förster (or fluorescence) Resonance Energy Transfer). When 

a DNA and/or RNA G4 is folded, the spatial proximity of the two fluorophores results in the 

energy transfer of the FAM emission to the TAMRA through nonradiative dipole-dipole 

coupling, thus quenching the FAM fluorescence. As the temperature increases, DNA/RNA G4s 

progressively unfold (or ‘melt’), which triggers the spatial separation of the two fluorophores 

and abolishes the energy transfer. The stability of the DNA/RNA G4s can thus be readily 

quantified monitoring the FAM fluorescence (normalized between 0 and 1) as a function of 

the temperature (25 to 90 °C). This stability of the DNA/RNA G4 alone is expressed as a mid-
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transient structural interactions. Harvested cells were then sonicated briefly to release 

cellular content, cell lysates were incubated overnight with a high concentration of BioTASQ 

(100 µM) before affinity purification with magnetic streptavidin beads. After extraction with 

TRIzol, the RNA fragments underwent reverse transcriptase quantitative PCR (RT-qPCR) with 

gene-specific primers to confirm the efficiency of the protocol. The results showed that 

BioTASQ is able to selectively isolate known RNA QFSs such as VEGFA and NRAS. 

 

Prompted by the better G4-DNA isolation results of both BioTASQ and BioCyTASQ (Figure 14) 

and with the help from Wenli Zhang group (Nanjing University, China), we set out to 

investigate the abilities of both BioTASQ and BioCyTASQ to isolate G4-DNA and compared 

these results side-by-side with BG4. We focused on rice genome since G4-DNAs were already 

isolated and identified by W. Zhang et al. thanks to the use of BG4 via the so-called BG4-IP-

seq130. Our goal was thus to develop the G4DP-seq131 protocol (for G4-DNA precipitation and 

sequencing). To make the investigation as thorough as possible, two parallel approaches were 

pursued: an in vitro approach, with the goal of detecting G4s in purified and fragmented 

genomic DNA (as already performed with BG4 (BG4-IP-seq)); and an in vivo approach, in 

which G4s were fixed in their native context before being isolated by precipitation with either 

BG4 (immunoprecipitation, IP) or TASQ (chemoprecipitation).  

 

II.5.d.1. in vitro G4DP-seq:  

BG4-IP-Seq was performed as follows: after fragmentation of rice genomic DNA (sonication) 

into 100- to 500-bp sequences in size, DNA segments were thermally treated (10 min at 90 

°C, followed by a slow return to 25 °C in G4-stabilizing conditions, 150 mM K+) in order to 

maximize G4 folding. BG4-IP-Seq relies on the use of a FLAG-tagged BG4, a BG4 modified with 

a FLAG-TAG that allows specific recognition and isolation (expressed from the pSANG10-3F-

BG4 plasmid, 3 μg for 5 μg of DNA), followed by the addition of an anti-BG4 Ab (anti-FLAG, 3 

μg) and then, protein G-coupled magnetic beads for pulling down the G4/BG4/anti-

FLAG/beads complexes (Figure 15). The BG4-IP-Seq protocol was then adapted to the TASQ 

molecular tools: G4DP-seq relies on the treatment of the prepared DNA fragments (G4-

optimized) with TASQ (either BioTASQ or BioCyTASQ, 100 μM), followed by the addition of 

streptavidin-coated magnetic beads for pulling down the G4/TASQ/bead complexes. In both 

instances (BG4-IP-seq and G4DP-seq), thermal elution steps (65 °C twice, 15 min each) 
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Finally, it was of interest to further compare the properties of the two TASQs. As indicated 

above, the G4 peaks enriched by both TASQs contain a high number of QFS. The overlap 

between detected G4 peaks reveals a quite homogeneous distribution with 82.3% common 

peaks. However, some discrepancies can be noted: a closer look to the G4 peaks indicates 

that the distribution of length is wider for BioCyTASQ (average length 550 bp) than for 

BioTASQ (average length 370 bp), which underlines that difference in capture efficiency exist 

between the two TASQs, in line with data presented above (Figure 14). 

 

II.5.d.2. In vivo G4DP-seq:  

These results led us to investigate whether TASQs could be suited for the capture of G4s in 

vivo. The G4DP-seq protocol was thus adapted using BioTASQ as bait since it was used for the 

G4RP-seq, which similarly traps G4-RNA in in vivo-like conditions. Rice seedlings were cross-

linked using formaldehyde (1%) before being ground in liquid nitrogen to disrupt cell walls 

and isolate nuclei (several washing steps), which were subsequently lysed for isolating 

genomic DNA. Cross-linked chromatin was thus fragmented (100- to 500-bp), which was 

followed by BioTASQ incubation (4 °C, overnight) and addition of streptavidin-coated beads 

for pulling down the cross-linked G4/TASQ/bead complexes. After thermal elution and cross-

link reversal steps, DNA was precipitated for preparation of the sequencing libraries as 

described above. The comparison of the in vitro/in vivo conditions was performed by 

sequencing two replicated libraries for each condition. Results seen in Figure 17A show that 

very consistent results were obtained in both conditions, with 59,791 and 57,500 high-

confidence G4-peaks identified for in vitro and in vivo G4DP-seq, respectively. The overlap 

between the G4-peaks is important, with >60% common G4s, as well as the agreement 

between the two G4DP-seq data sets, with >70% common peaks. However, a significant 

difference was found when analyzing the genomic distributions of these peaks: while the 

distribution for in vitro G4-peaks was in line with those previously obtained, G4s identified by 

in vivo G4DP-seq were particularly enriched in exons (62%), which is in line with the recent 

involvement G4s in alternative splicing events at the transcripts level53-54. 
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Finally, the G4-motif occurrence within the 22,455 peaks detected in vitro, 22,698 peaks 

detected in vivo and the 34,802 common peaks was investigated via MEME analyses: the most 

enriched motifs were again found to correspond to two-quartet G4s; the particular G-richness 

observed for the common peaks is interesting as these G4s were trapped and enriched by 

two orthogonal techniques (in vitro vs in vivo G4DP-seq), which, again, leaves no doubt about 

their G4-nature.  

 

In conclusion, the performance of BG4 was compared to that of two TASQs under strictly 

similar experimental conditions. Both Ab and TASQs efficiently fish G4s out from cell lysates 

both in in vitro conditions and in in vivo-like conditions. When compared in terms of mapping 

quality (clean reads), G4-peaks calling and genomic distribution, both techniques provide an 

accurate portrayal of G4-biology, and this series of results show how BioTASQ and BioCyTASQ 

can thus successfully compete with antibodies (BG4) for affinity purification.  

 

II.5.e. Pre-targeted G4 imaging: 

The results described above show how the biotin/streptavidin interactions can be used to 

investigate the genomic (G4DP-seq) and transcriptomic (G4RP-seq) prevalence of G4s. We 

reasoned that this interaction could also be exploited for different purposes, notably for 

visualizing G4s in cells if we used fluorescently labeled streptavidin derivatives. 

 

We thus decided to investigate whether both BioTASQ and BioCyTASQ could help localize 

G4s in human cancer cells (MCF7) using a Cy3-labeled streptavidin (SA-Cy3). Two strategies 

were implemented, with a systematic comparison of the properties of BioTASQ and 

BioCyTASQ. In the first, so-called ‘post-fixation strategy’, MCF7 cells are first fixed and 

permeabilized (cold MeOH) and incubated sequentially with either BioTASQ or BioCyTASQ (1 

μM, 1 h), SA-Cy3 (1 μg/mL) and DAPI (2.5 μg/mL). In the second, so-called ‘live-cell strategy’, 

MCF7 cells are first treated live with either BioTASQ or BioCyTASQ (1 μM, 24 h; IC50 > 100 

μM) before being fixed and permeabilized (cold MeOH), and labeled with SA-Cy3 and DAPI. 
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II.6. Conclusion:  

A simple chemical modification of the nature of the linker between the central template and 

the PNAG arms of the TASQs enabled the development of a new ligand with improved G4-

interacting properties. As assessed by FRET-melting, the non-HB-donating/accepting nature 

of the alkyl linker minimized the undesired interaction between the biotin appendage and the 

linker, which avoids the internal poisoning observed within the BioTASQ. BioCyTASQ was also 

found to display better performances in both fluorescence and cellular pull-down assays. Both 

TASQs were shown to outperform the well-established BG4 for isolating G4-DNA in vitro and 

in vivo, with BioCyTASQ providing a better signal-to-background ratio. The versatility of the 

biotin appendage was also demonstrated by the development of the pre-targeted G4-imaging 

protocol, which allows for visualizing G4s by incubation of the TASQs before or after cell 

fixation. Therefore, we strongly believe that BioCyTASQ outperforms BioTASQ in all 

biophysical and cellular essays, which makes it the new benchmark for biomimetic ligands 

dedicated to the isolation of G4s. 
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Chapter 3: 

TriazoTASQ & BioTriazoTASQ 

 

As described above, we successfully improved the tedious chemical access to BioTASQ by 

designing BioCyTASQ, that satisfyingly displays similar (even better) G4-interacting 

properties. We thus sought to design an even shorter chemical access: inspired by reports in 

which G4-ligands in general132, and a synthetic G-quartet in particular115, were assembled by 

click chemistry, we decided to investigate the design of new biotinylated TASQs. This was 

further motivated by the description of possible beneficial effects of the triazole rings on the 

G- quartet stability (further discussed below)115. We thus designed two new TASQs: 

TriazoTASQ and its biotinylated counterpart BioTriazoTASQ, the former being synthesized to 

both validate this novel chemical pathway and assess whether the important structural 

modification of the linkers affects the G4-interacting properties of the resulting TASQ (Figure 

20)133. 

 

 
Figure 20 : Chemical structures of TriazoTASQ and BioTriazoTASQ. 

 

III.1. Click Chemistry: CuAAC 

The most popular “click chemistry” reaction is undoubtedly the Cu(I)-catalyzed version of the 

Huisgen 1,3-dipolar cycloaddition, so called the copper-catalyzed alkyne-azide cycloaddition 

(CuAAC)134-135. This coupling reaction occurs between azides and terminal alkynes in the 

presence of a copper (I) catalyst and leads to the formation of 1,4-disubstituted 1,2,3-

triazoles. Originally performed without a catalyst, the concerted cycloaddition reaction, 

described by Huisgen in 1963136, required elevated temperatures or pressures and led to two 

different products (Figure 21). The introduction of a copper(I) catalyst by Tornøe and Medal 
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in 2001, led to a major improvement in both rate and regioselectivity via a stepwise metal-

catalyzed reaction135. 

 

 
Figure 21 : Two azide-alkyne cycloaddition reactions. Huisgen 1,3 dipolar cycloaddition leading to two products (up), and 

CuAAC leading to a single isomer135. 

 

The scope of the CuAAC reaction is well reviewed and many applications have been reported 

137-140. Notably, this approach can be biorthogonal, as click chemistry is suited to biomolecule 

modification and in vivo tagging (further discussed below)141-142. The reason for this success 

lies in the practical convenience of click chemistry, being efficient, easy to perform, in simple 

reaction conditions, with a broad variety of starting materials, solvents, and reagents. 

Additionally, it is unlikely that the switch of amides to triazoles could disturb the G4-binding 

conformation of TASQs to G4s since triazoles can be used as amide bond bioisosters143-144. 

 

We chose this reaction for the assembly of TASQs as CuAAC is completely selective regarding 

the formation of the 1,4-disubstitued 1,2,3-triazoles, is insensitive to steric hindrance, and is 

extremely efficient and chemospecific. The pre-catalyst can be a Cu(II) salt (usually CuSO4) 

together with a reducing agent (usually sodium ascorbate), which leads to the active species 

Cu(I) in situ, in either an aqueous solvent or water/alcohol mixtures. Efforts were invested to 

decipher the actual mechanism of this reaction (Figure 22): a mechanism involving a 

bimetallic intermediate was first proposed145, in which the alkynyl moiety was coordinated to 

one copper center while the azide was coordinated to a second one134; another mechanism 

was suggested in which both azide and alkynyl moieties were attached to the same copper 

center, with a second copper positioned closely to the alkynyl moiety to positively influence 

the formation of a metallatricycle. This latter mechanism was recently supported by DFT 

studies146. After cycloaddition and transient formation of a metallotricycle, the intermediate 

undergoes a reductive elimination that affords a 1,4,5 trisubstituted 1,2,3 triazole metalated 
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in position 5. The last step consists in a metal-proton exchange to afford a 1,4 disubstituted 

1,2,3 triazole147-148.  

 

 

Figure 22: Proposed mechanism for the Cu(I)-catalyzed version of the Huisgen 1,3-dipolar cycloaddition 149. 

 

III.2. TriazoTASQ synthetic pathway:  

TriazoTASQ (Scheme 5) was initially designed in order to demonstrate that changing classical 

coupling techniques for CuAAC could afford derivatives in higher yields and in a less time-

demanding manner. When designing the retrosynthetic approach for TriazoTASQ, the alkyne 

moiety was introduced directly on the PNAG carboxylic acid via a peptide coupling with 

propargylamine. The azide function can easily be introduced on the cyclen building block via 

mesylated 5-azidopentan-1-ol, an intermediate that can be obtained from aminopentanol, 

the starting material for the alkyl spacer. This approach results in the most simple and direct 

synthetic strategy possible using readily available compounds. It is interesting to note that 

the spacer, while still having five sp3 carbons, as for CyTASQ and BioCyTASQ, will be slightly 

longer and bulkier due to the presence of the triazole ring. 

 

 

Scheme 5: TriazoTASQ synthetic pathway 
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an equimolar content of Cu per TASQ). We exploited the strong affinity of Cu for sulfur to 

remove it from the cyclen core, adding four equivalents of sodium sulfide (Na2S) in water to 

the solution of 14·Cu2+ in acetonitrile151. The demetallation was monitored by HPLC and was 

completed in less than 10 min. This reaction leads to the formation of a precipitate of CuS 

which can be easily removed with a simple centrifugation step. Compound 14 was obtained 

and fully characterized by HPLC and ICP (the final estimated a content of Cu after 

demetalation was 0.025 %). TriazoTASQ was obtained after a last Boc-deprotection step 

performed with TFA. As above, the biophysical investigations performed with TriazoTASQ 

gave highly satisfying results in terms of G4-affinity and selectivity. On this basis, we decided 

to launch the synthesis of BioTriazoTASQ but, for the sake of clarity, all biophysical results are 

gathered in §III.4. 

 

III.3. BioTriazoTASQ synthetic pathway:  

Thanks to the synthesis of the model molecule TriazoTASQ, the synthesis of its biotinylated 

counterpart BioTriazoTASQ was straightforward. The biotinylated AMC (see Chapter II) was 

reacted with 5-azidopentyl mesylate to afford compound 15 in 37% chemical yield. Next, the 

CuAAC was performed with the alkynylated PNAG to afford (Boc)4BioTriazoTASQ·Cu(II) 

complex (23% chemical yield), which is subsequently demetalated with Na2S (quantitative)152 

to provide compound 16, which is then deprotected with TFA (quantitative) to yield to the 

final molecule BioTriazoTASQ (Scheme 6).   

 

 

Scheme 6: BioTriazoTASQ synthetic pathway 
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As seen in Figure 26, both BioCyTASQ and BioTriazoTASQ were found to efficiently capture 

G4s although with a noticeable discrepancy, as BioCyTASQ was found more efficient with G4-

DNA (19.1 ± 3.3 and 15.9 ± 0.9-fold enrichment with F-Myc and F-22AG, respectively, vs. 6.7 

± 1.7 and 5.2 ± 1.4-fold for BioTriazoTASQ), while BioTriazoTASQ was more efficient with G4-

RNA (ca. 13.2 ± 1.9 and 6.7 ± 1.3-fold enrichment with F-NRAS and F-TERRA, respectively, vs. 

ca. 3.7 ± 0.3 and 3.4 ± 1.1- fold for BioCyTASQ). One hypothesis to explain the preferential 

interaction of BioTriazoTASQ with G4-RNA could be that the stacking interaction between the 

triazole ring and the intramolecular G-quartet brings them closer and pushes the connecting 

linkers outward. This would make the TASQ’s quartet more sterically demanding, which thus 

could drive the interaction towards G4-RNA, as their external G-quartet is more accessible 

than that of the G4-DNA.  

 

III.4.c. Molecular dynamics:  

To investigate this, a series of preliminary molecular dynamics (MD) simulations were 

undertaken by Dr. N. Chéron (ENS Paris) with CyTASQ and TriazoTASQ (Figure 27). These 

calculations did not confirm the coplanar assembly of the triazoles but indicated that:  

- TriazoTASQ is more sterically demanding than CyTASQ (solvent-accessible surface 

area = 21.4 vs. 18.5 nm2); 

- The distance between the cyclen ring (defined as the plane formed by the four 

nitrogen atoms) and the guanines (defined as the plane formed by the four oxygen 

atoms) was found to be of 6.0 Å for CyTASQ, while it was 7.0 Å for TriazoTASQ; 

- TriazoTASQ was found to be much more flexible with 943 clusters found vs. 50 for 

CyTASQ only; 

-  The nature of the guanine arms does influence the steric hindrance of external G- 

quartet, that of CyTASQ being hindered by surrounding amide connectors while that 

of TriazoTASQ being more freely accessible. 

 













Chapter 3  TriazoTASQ & BioTriazoTASQ 

 57 

PDS (5 μM, 6 h) known to induce DNA damage. Pre-treatment with an efficient G4-ligands 

resulted in a raise in the number of γH2AX foci (1.5-fold), which originates in the ability of PDS 

to stabilize G4s in cells, and thus foster G4-mediated DNA damage. To avoid competition 

between the two ligands (PDS and TASQ) for the cellular G4-targets, BioTriazoTASQ was used 

here as a post-fixation agent (10 μM, overnight): despite a slight decrease of the number of 

TASQ foci (0.9-fold), the number of common TASQ/γH2AX foci significantly increased (1.9-

fold), which indicates both the suitability of this approach for the study of G4-targeting DNA 

damaging agents and the versatility of TASQ that can be used either in live cells or after cell 

fixation. Altogether, these results provided a direct demonstration that ligand-stabilized G4-

sites can indeed colocalize with DSBs in cells.  

 

III.5. Conclusion:  

The design of BioTriazoTASQ aimed at both simplifying the chemical access to biotinylated 

TASQ but also increasing the G4-binding properties of BioCyTASQ by the addition of a triazole 

ring in the close vicinity of the TASQ’s quartet. Unfortunately, the chemical accessibility of 

both TriazoTASQ (the model compound to validate the synthetic scheme) and BioTriazoTASQ 

(that target biotinylated TASQ) turns to be less efficient than their respective parent 

compounds CyTASQ and BioCyTASQ. However, and quite satisfyingly, BioTriazoTASQ was 

found to outperform BioCyTASQ in terms of RNA G4-capture ability, while retaining its 

exquisite G4-selectivity. We tried to rationalize these results by molecular dynamics and the 

collected results show that TriazoTASQ is more sterically demanding than CyTASQ, which 

could explain the better G4-RNA interaction. The use of this new molecular bait has now to 

be validated in G4RP-seq and G4DP-seq protocols. A direct comparison of BioCyTASQ and 

BioTriazoTASQ in both isolation protocols aims at validating their unique features, using 

BioCyTASQ for G4-DNA precipitation and BioTriazoTASQ for G4-RNA precipitation, 

maximizing the probes potential.
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Chapter 4: 

MultiTASQ & azidoMultiTASQ (AzMultiTASQ)  

 

In the previous chapters, we have investigated the role of the linker between the PNAG arm 

and the template of TASQs on their overall G4-interacting properties, replacing the original 

amide linker (BioTASQ) by an aliphatic one (BioCyTASQ), then introducing a triazole ring 

(BioTriazoTASQ) to allow for a more straightforward synthesis (by CuAAC). We now focus on 

the modification of the biotin handle: the good performance of BioCyTASQ inspired the 

design of two new ligands, MultiTASQ and azidoMultiTASQ (AzMultiTASQ) in which biotin is 

replaced by an alkyne or an azide moiety, respectively (these two molecules were 

patented)159. While biotin has proven useful thanks to its strong and selective interaction 

between the avidin and good level of versatility, it has also some drawbacks as it is sterically 

demanding and it might divert target engagement in cells due to its ability to create/accept 

HBs. More importantly, its natural presence in cells results in a poor signal-to-background 

ratio during pre-targeted G4-imaging and leads to poor quality images.  

 

 

Figure 32: Chemical structure of MultiTASQ and azidoMultiTASQ. 

 

We thus focused on designing probes including two molecular handles that would not interact 

with their environment (no HB, small size) but could react with great specificity with a wide 

variety of chemical moieties to achieve specific function. Bioorthogonal reactions, a small 

subset of the so-called click reactions, can efficiently fulfill our needs, as such reactions are 

very efficient (even in high dilution), highly chemospecific and (for some of them) can be 

performed in vivo. After a careful study of the variety of reactions available to achieve our 

goals, CuAAC134-135 and Strain-Promoted Alkyne-Azide Cycloaddition (SPAAC)141-142 appeared 
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to fulfill our requirements. We thus set out to find if MultiTASQ and AzMultiTASQ (Figure 32) 

could be functionalized chemospecifically in cella before or after cell fixation. While BioTASQ 

and BioCyTASQ were specifically designed to isolate G4s by affinity capture, and were later 

exploited for G4-visualization, we envision that these two new probes, MultiTASQ and 

AzMultiTASQ, could perform a wider array of tasks thanks to the versatility of the alkyne/azide 

moiety.  

 

In the previous chapter, we described the CuAAC reactions and conditions; we intend here to 

further exploit its features (quick, reliable and efficient) in a bioorthogonal manner, i.e., the 

reaction being performed once the ligand is in its cellular binding site (the so-called in situ 

click chemistry). We also envisioned SPAAC as it is also quick, reliable and efficient, and can 

be performed without a metal catalyst using strained alkynes such as dibenzocyclooctyne 

(DBCO) or bicyclo[6.1.0]-nonyne (BCN). While the introduction of a very large moiety such as 

DBCO or BCN directly on the TASQ structure must be avoided (as it may negatively impact the 

G4-interacting properties of the resulting TASQ), the addition of the small azide group 

provides an elegant approach towards SPAAC-compatible TASQs. The relevance of this 

approach is further bolstered by the commercial availability of many strained alkyne partners 

(fluorophores, biotin derivatives), which makes SPAAC-compatible TASQs of high interest as 

potentially usable in living cells. 

 

IV.1. The synthesis of MultiTASQ  

The synthesis of MultiTASQ (Scheme 7) followed the classical strategy: AMC was coupled with 

5-hexynoic acid to obtain the derivatized macrocycle 17 (38% chemical yield) using TSTU as 

coupling reagent and DIPEA as a base. The alkynylated AMC was thus reacted with an excess 

of 5-(Boc-amino)pentylmethanesulfonate in acetonitrile in the presence of K2CO3 to provide 

compound 18 with 38% chemical yield. After a Boc-deprotection step (TFA, quantitative), 

compound 19 was coupled to Boc-PNAG monomer (4.4 mol. equiv.) in the presence of HBTU 

and DIPEA, to lead to Boc-protected MultiTASQ in 43% chemical yield. The final MultiTASQ 

was obtained after a last Boc-deprotection step (TFA, quantitative), with an overall chemical 

yield of 6% (over 5 steps).  
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Scheme 7: MultiTASQ synthetic pathway 

 

IV.2. The synthesis of azidoMultiTASQ 

In a similar approach, the synthesis of AzMultiTASQ (Scheme 8) started with the 

functionalization of the AMC with 6-azidohexanoic acid, using TSTU as coupling reagent and 

DIPEA as a base (21% chemical yield). This derivative was then reacted with 5-(Boc-

amino)pentylmethanesulfonate in acetonitrile in the presence of Cs2CO3 to lead to compound 

22 in 40% chemical yield. After a deprotection step (TFA, quantitative), compound 23 was 

coupled with Boc-PNAG monomer (4.4 mol. equiv.) to obtain the Boc-protected AzMultiTASQ 

in 33% chemical yield. The final AzMultiTASQ was obtained after a last deprotection step (TFA, 

quantitative), with an overall chemical yield of 3% (over 5 steps).  

 

 
Scheme 8: AzMultiTASQ synthetic pathway 
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that of PhenDC3, with BioCyTASQ displaying an APPKD of 1.01 ± 0.11, MultiTASQ of 1.44 ± 0.14 

μM and AzMultiTASQ of 0.90 ± 0.09 μM (Figure 35). This difference were in line with the 

difference monitored during FRET-melting experiments (PhenDC3 triggers a stabilization 

>30°C). These fair APPKD values, coupled with an exquisite G4-selectivity, make MultiTASQ and 

AzMultiTASQ interesting ligands suited to be assessed in fluorescence pull-down experiments. 

To this end, we will firstly validate the click reactivity of the alkyne and azide moieties with 

the adequately functionalized biotin derivative.  

  

IV.3.c. Fluorescence G4-pull-down experiments 

We first checked that the alkyne/azide moieties can be used for both CuAAC and SPAAC, using 

either azido-PEG4-Biotin conjugate (for CuAAC) or dibenzocyclooctyne-PEG4-biotin 

conjugate (for SPAAC) (Scheme 9). To functionalize MultiTASQ with a biotin handle, an 

aqueous solution of tetrakis(acetonitrile)copper(I) tetrafluoroborate was mixed with THPTA 

((tris(3-hydroxypropyltriazolylmethyl)amine, a water soluble copper ligand) which makes the 

solution turn to a dark blue, indicating the presence of chelated Cu(II). Then, sodium 

ascorbate was added to lead to a colorless solution indicating the formation of the 

Cu(I)·THPTA complex. Of note, the copper source was originally chosen not to be reduced, 

but upon dissolution in water and addition of THPTA the presence of the oxidized form was 

clear, introduction of sodium ascorbate aimed at restoring the active catalyst. MultiTASQ was 

mixed with a slight excess of azido-PEG4-Biotin (1.1 mol. equiv.) in a 1:1 mixture of water and 

1-butanol (of note, the proportion of 1-butanol is 2% only in the final solution)108. The 

solutions of reactants and catalyst were then mixed and stirred at room temperature for 1 h 

(with HPLC-MS monitoring to follow the reaction progress). As for TriazoTASQ and 

BioTriazoTASQ, the HPLC-MS tracks showed the presence of the copper chelated specie 

(biotinylated Cu.MultiTASQ); we thus decided to investigate whether the presence of the 

copper was detrimental for the use of the clicked MultiTASQ: the solution of the biotinylated 

and metalated TASQ was split in two, half of this solution was demetallated (Na2S 

treatment)151, the other half was not. The analysis of the fluorescence pull-down results did 

not show any significant difference between the two experimental conditions (as an example 

the enrichment obtained with F-NRAS was 5.5 ± 0.8 and 7.6 ± 0.7-fold with and without 

copper, respectively, vide infra). We also found that avoiding the Na2S treatment provided 

more reproducible results, the precipitation and centrifugation steps leading to a loss of 
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MultiTASQ material. We therefore decided to skip the precipitation step, taking into account 

that the final amount of copper in the G4-containing solution is below 0.5% w/w.  

 

To functionalize AzMultiTASQ with a biotin handle, the TASQ was mixed with a slight excess 

of dibenzocyclooctyne-PEG4-biotin conjugate (1.1 mol. equiv.) and stirred for 1 h at 37°C 

(with HPLC-MS monitoring to stop the reaction after completion). The crude mixture was then 

incubated with FAM-labeled oligonucleotides and streptavidin magnetic beads following the 

classical fluorescence G4-pull-down protocol128. As a control, the same oligonucleotides were 

also magnetically precipitated with BioCyTASQ for a direct comparison of the performance of 

the three probes.  

 

 
Scheme 9: CuAAC reaction between MultiTASQ and azide-PEG3-biotin; SPAAC reaction between AzMultiTASQ and DBCO-PEG4-

biotin. Both probes are used without further purification for fluorescence G4 pull-down experiments (see below). 
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IV.3.e. In situ G4 click imaging 

As above, we verified the reactivity of MultiTASQ for click chemistry performed with 

AlexaFluor488-azide, using copper sulfate as Cu(II) source, THPTA as ligand and sodium 

ascorbate as reducing agent. The reaction completion was monitored by HPLC-MS (Figure 38), 

which showed complete conversion of the starting material to the AlexaFluor488-MultiTASQ 

conjugate in 1 h at room temperature.  

 

 
Figure 38: CuAAC reaction between AlexaFluor488-azide (red trace) and MultiTASQ; the black trace corresponds to the 

complete conversion of the starting material to the target molecule. 

 

We thus decided to perform the same reaction directly in cells. MCF7 human breast cancer 

cells were incubated either live or post-fixation with MultiTASQ (5 µM for 24 hours in live 

cells and 10 µM for 1 hour in fixed cells). In both instances, the click reaction was performed 

in cells using an azido-functionalized fluorophore, either AlexaFluor488-azide (lex = 493 nm, 

lem = 514- 524 nm, green) or AlexaFluor594-azide (lex = 591 nm, lem = 604- 624 nm red), to 

show the modularity of the in situ click imaging protocols (Figure 39). 
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The experiment was repeated using AzMultiTASQ. As above, we first validated the reactivity 

of this TASQ for SPAAC reaction with a home-made BCN-rhodamine conjugate (kindly 

provided by Thibaud Bailly). As for biotin-DBCO, AzMultiTASQ was incubated for 24 hours in 

water at 37 °C, unfortunately, even with longer reaction times (up to 48 h) did not lead to a 

complete conversion of the starting material, for a reason that remains unexplained to date 

(Figure 40).  

 

 
Figure 40: SPAAC reaction between bicyclo[6.1.0]-nonyne (BCN)-conjugated with a hodamine (red trace) and the 
AzMultiTASQ. the black trace corresponds to the complete conversion of the starting material to the target molecule. 

 

Nonetheless, we decided to perform cell-based investigations to assess whether this TASQ 
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(10 µM) at 37°C for 30 min. After washings with a Triton-enriched PBS solution, cells were 

imaged (lex = 552 nm, lem = 571- 582 nm). As seen in the Figure 41, a strong signal can be 

observed in the perinuclear region (yellow arrow) for cells exposed to Rhodamine-BCN 

conjugate, with and without AzMultiTASQ. This high background noise can be explained by 

the ability of Rhodamine to interact with diverse cellular components, including 
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IV.4. Conclusion:  

By using two bioorthogonal appendages (alkyne and azide), we have increased the TASQs 

versatility and opened ways towards their conjugation with a higher number of partners 

including commercially available biotin derivatives and fluorophores conjugated with the 

appropriate reactive partners (azides or BCN). Even if the synthesis of MultiTASQ and 

AzMultiTASQ (6 and 3% overall chemical yield, respectively) were not as efficient as that of 

BioCyTASQ, the two probes showed excellent G4-interacting properties. Their affinities for 

G4s, evaluated through the determination of DT1/2 or APPKD values, were found to be similar 

to that of BioCyTASQ, thus showing that the nature of the appendage on the AMC template 

(biotin, alkyne, azide) does not impact the G4-binding of this family of molecules. Their 

excellent selectivity for G4s, evaluated by competitive FRET-melting experiments, is also 

found to be similar to that of BioCyTASQ. All these features make MultiTASQ and 

AzMultiTASQ highly valuable G4-ligands. The chemical reactivity of the alkyne and azide 

appendage was first assessed by performing both CuAAC and SPAAC with their corresponding 

clickable biotin partners. This approach allowed for using the resulting biotinylated TASQs in 

G4 pull-down experiments, performed with either fluorescently-labeled G4s or G4s included 

in a long DNA strand. As above, the G4-capture properties of the biotinylated MultiTASQ and 

AzMultiTASQ proved to be as good as that of BioCyTASQ, indicating that changing a biotin 

handle for a clicked biotin results in TASQs displaying improved versatility without losing the 

initial enticing G4-binding ability. We further demonstrated this versatility clicking the two 

TASQs to different fluorophores, both in vitro and in cells. The images obtained through this 

pre-targeting and post-labeling protocol, referred to as in situ click imaging, show a better 

signal-to-noise ratio compared to the BioCyTASQ ones, obtained using Cy3-SA labeling, which 

thus validates the hypothesis according to which both MultiTASQ and AzMultiTASQ do not 

suffer from unspecific interactions with cellular components.  

 

The full potential of this new generation TASQs still deserves to be fully assessed (e.g., for 

sequencing applications); however, we decided to keep on increasing the versatility of TASQ 

via the introduction of a photoactivable moiety on the MultiTASQ scaffold, which results in a 

new G4-probe ideally suited to perform both genomics and proteomics.   
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photoMultiTASQ: 

 
The successful introduction of the alkynyl moiety into the TASQ scaffold paved the way to 

include another function, using an appendage comprising both an alkynyl group and a 

diazirine function (i.e., 3-[3-(but-3-yn-1-yl)-3H-diazirin-3-yl]propanoic acid, Figure 42). In the 

literature, the use of G4-ligands that can covalently trap G4s and their surrounding partners 

is a rapidly growing field164-166, aiming at identifying new G4-interacting molecules (chiefly 

proteins) and determine their biological role167-168. The photoactivatable diazirine, being UV-

light sensitive and small-sized, is indeed an ideal candidate to be included in the TASQ 

structure as it was recently used in a photo-capture protocol that identified new G4-binding 

proteins (G4BP) by proteomics169, and it is small and inert enough not to disturb the target 

engagement of the resulting TASQ. This new TASQ, referred to as photoMultiTASQ (this 

molecules was patented as well)159, is activable by irradiation at 365 nm, which triggers the 

formation of a highly reactive carbene that creates covalent links with surrounding molecules. 

This allows for a great control over the activation stimuli (light) and at wavelengths that are 

minimally absorbed by proteins or nucleic acids. We envisioned that once the TASQ/G4 

complex formed, it would be possible to covalently trap either nucleic acids (to confirm the 

identity of their targets in cells via sequencing) or proteins (to identify G4BP partners via 

proteomics) by UV-irradiation. Indeed, CuAAC will be implemented for coupling the alkynyl 

group with a biotin-PEG-azide conjugate, which leads to biotinylated TASQ/G4 and/or 

TASQ/G4/G4BP complexes readily isolated by magnetic precipitation. The analysis of the 

isolated complex (after dissociation by thermal denaturation and lysis) will be finally 

conducted by either sequencing or proteomic analyses. 

 

 

Figure 42: photoMultiTASQ structure 
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IV.5. PhotoMultiTASQ synthetic pathway:  

The synthesis of photoMultiTASQ (Scheme 10) is directly inspired by that of MultiTASQ: AMC 

was first coupled with 3-[3-(but-3-yn-1-yl)-3H-diazirin-3-yl]propanoic acid in presence of TSTU 

and DIPEA, to provide the functionalized macrocycle 25 (31% chemical yield). This conjugate 

was then reacted with the previously used aliphatic arms to yield to compound 26 in 30% 

chemical yield. After Boc-deprotection of the terminal amines of 26, the Boc-PNAG monomer 

was coupled in presence of HBTU and DIPEA to obtain the Boc-protected photoMultiTASQ 

with a 3% overall chemical yield over 4 steps. The photoMultiTASQ synthesis still needs to be 

optimized, but we faced supply issues (the only European provider of the diazirine 

appendage, Enamine Ltd, is located in Ukraine), that is why we performed a series of in vitro 

evaluations to characterize the G4-binding abilities of photoMultiTASQ. 

 

 

Scheme 10: photoMultiTASQ synthetic pathway 

 

IV.6. The G4-interacting properties of photoMultiTASQ: 

IV.6. a. FRET Melting:  

As above, the G4-binding abilities of photoMultiTASQ were assessed by FRET-melting assay. 

The apparent affinity was investigated against a panel of doubly labeled oligonucleotides 

comprising 3 DNA (F-21-T, F-Myc-T and F-Kit-T) and 3 RNA QFSs (F-TERRA-T, F-NRAS-T and F-

VEGF-T). As expected, photoMultiTASQ triggers a weak but significant stabilization of G4-DNA 

(ΔT1/2 values between 3.7 ± 0.2 and 5.8 ± 0.2 °C), with a better stabilization of G4-RNA (ΔT1/2 
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Figure 46 : HPLC traces of SRC and PhotoMultiTASQ (5 mol. equiv.) before and after irradiation for 1 hour at 5 cm. Gradient 

from 0% to 30% in 30 minutes; Buffer A: TEAA 100mM, Buffer B: 90% MeCN +10% Buffer A. 

 

IV.7. Conclusion:  

The design and synthesis of photoMultiTASQ was concomitant with that of the 

photoactivable probe photoPDS, synthetized by the S. Balasubramanian’s group 168. The latter 

shows excellent G4-binding skills, good G4-affinity capture properties once biotinylated and 

excellent G4BP trapping upon irradiation167-168. The covalent binding ability of photoPDS was 

validated by trapping nucleolin and hnRNP A1, two well-known G4BPs, and led to the 

identification of new G4BPs such as UHRF1, transcription termination factor TTF2, ATP-

dependent RNA helicases DDX1 and DDX24 and pre-mRNA-splicing factor RBM22.  

 

While our prototypal synthesis was efficient enough to isolate pure photoMultiTASQ in 

decent quantities, we failed in activating the diazirine moiety, which remains to be done to 

validate the relevance of our strategy. We thus plan to buy soon a dedicated photochemistry 

lamp (e. g., UVP CL-1000 Ultraviolet Crosslinker, Fisher Scientific) that could solve this issue 

in order to evaluate the performance of our probe in co-binding-mediated protein profiling 

(CMPP) experiments.  
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Chapter 5: 

NaphthoTASQ (N-TASQ) and TzN-TASQ 

 

In the previous chapters, we have shown that biotinylated TASQs (BioTASQ, BioCyTASQ and 

BioTriazoTASQ) and clickable TASQs (MultiTASQ and AzMultiTASQ) can be used as probes for 

pre-targeting G4 imaging (the former) and in situ click imaging (the latter). This approach, 

though efficient, requires additional manipulations (i.e., labeling with Streptavidin-Cy3 

conjugate (the former), click chemistry with ad hoc functionalized fluorophores (the latter)) 

for G4s to be detected in cells. An alternative is to use probes that allow for a direct G4-

visualization without further manipulation. In this chapter, we will discuss how the imaging 

of G4s was achieved using N-TASQ, and how we have been able to both improve its chemical 

access and synthesize a new derivative referred to as TzN-TASQ.  

 

 
Figure 47: Images of fixed MCF7 cells labelled with BG4 (10μg/mL, red channel) and N-TASQ (100μM, green channel). White 

arrows indicate some of the most representative N-TASQ/BG4 co-straining sites. Left: the chemical structure of N-TASQ.  

 

In 2015, N-TASQ was published as a twice-as-smart G4-ligand, that is, a ligand that is both a 

smart ligand (which adopts its G4-binding conformation in the presence of G4s) and a smart 

fluorescent probe (whose fluorescence is turned-on upon interaction with G4s)118-119. Indeed, 

the central naphthalene template was shown to fluoresce when the intramolecular G-quartet 

is assembled (the ‘closed’ conformation, i.e., upon the interaction with G4s) while its 

fluorescence was mostly quenched when free in solution (i.e., the G arms are free). This 

results from a combination of G-mediated quench effect and a high degree of freedom of the 

TASQ in its ‘open’ conformation (energy dissipation via vibrational motion)172. The interaction 

with G4s forces the synthetic G-quartet to assemble, which ‘freezes’ the Gs in a position that 

hampers energy loss by vibration. Therefore, N-TASQ fluorescence is turned on upon 
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interaction with G4s, which was firstly validated in vitro and then proven in cells, allowing the 

very first direct visualization of G4-RNA in living cells118 (Figure 47).  

 

N-TASQ is a valuable G4-probe (fluorescence turn-on properties along with a good cell-

permeability and no toxicity (IC50 > 100 µM)), but its synthesis was found to be particularly 

troublesome. The synthetic scheme comprises only four reactions steps but the key step, the 

quadruple Sonogashira-Heck-Cassar coupling (see below), turned out to be the bottleneck of 

this synthesis.  

 

V.1. N-TASQ synthetic pathway:  

 

 

Scheme 11: N-TASQ initial synthetic pathway. 

 

As seen in Scheme 11, the starting compound 29 (prepared according to Shinamura 

procedure173) reacted with the Boc-protected propargylamine under the conditions of the 

Sonogashira-Heck-Cassar174-176 coupling (Pd(PPh3)2Cl2, CuI, PPh3 and NEt3) in DMF under inert 

atmosphere at 100 °C. The reaction was stirred overnight and, after the reaction was stopped, 

compound 30 was isolated thanks to a column chromatography on silica gel followed by 

recrystallization (24% chemical yield). This compound was then deprotected (TFA, 

quantitative) and the resulting compound 31 was coupled with Boc-PNAG using classical 

peptide coupling conditions (EDCI/HOBt) to obtain the protected N-TASQ. The target 

molecule was obtained after a TFA treatment (storage form) and deprotected just before use 

(TFA, quantitative)118. 
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We identified the key step as the isolation of compound 30. While the global yield of this step 

reported in literature is not particularly low (24%, which correspond to a yield of 70% for each 

coupling reaction), the reaction was found to be successful in a small scale only (<100 mg) 

and, unfortunately, poorly reproducible. With the help from our collaborators from IOCB 

Prague (Petra Menova’s group), in the context of Jiri Ledvinka’s joint Master 2 internship, we 

focused on the optimization of this step with the aim of scaling it up and improving its 

reproducibility.  

 

V.1.a. Sonogashira-Heck-Cassar coupling :  

 

 

Scheme 12: Sonogashira-Heck-Cassar coupling proposed mechanism. 

 

The cross-coupling mechanism177 is based on the formation of Pd(0) source (A, Scheme 12) 

that undergoes oxidative addition by reaction with an halogenated compound (R1-X) to form 

compound B that reacts with copper acetylide Cu-C≡C-R2 by transmetallation to lead to 

compound C. It is worth noting that in the particular case of substrate 29, each successful 

cross-coupling enriches the naphthalene core and leads to the formation of a less reactive 
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reductive elimination to restore the Pd(0) source and the target molecule R1-C≡C-R2. The 

copper acetylide necessary to create the compound C was generated thank to the copper 

catalytic cycle: the terminal alkyne H-C≡C-R2 is first complexed by the copper; then the 

addition of a base or a proton acceptor generates the aforementioned copper acetylide that 

will undergo trans-metalation and restore the copper-halogen species. The addition of 

triphenylphosphine might be necessary to complete the coordination sphere of Pd(0) in 

compound A. To improve the reaction conversion and the scale of this quadruple coupling in 

our case, we focused on two parameters, the palladium source and the base.  

 

In the original N-TASQ synthesis (Scheme 11), the chosen Pd(II) source was Pd(PPh3)2Cl2 that 

was preactivated for 1 h at 100°C in DMF in the presence of triphenylphosphine to generate 

Pd(PPh3)4. The Pd(0) was then reacted directly via a drop-wise addition of N-Boc-

propargylamine under inert atmosphere. We first performed this reaction as described in 

literature118, and obtained compound 30 with a yield of 32% after purification by column 

chromatography and recrystallization. We tried to scale up the process, going from 125 to 

500 mg of starting material 29, which resulted in a decreased yield (25%). We also decided to 

investigate the role of the starting oxidation state of the catalyst, performing the reaction in 

the same condition but directly using Pd(PPh3)4 as a Pd(0) source. Unfortunately, it was not 

possible to observe any conversion or isolate the desired compound for unknown reasons, 

indicating that the in situ generation of Pd(0) was the better option. In the literature, gram-

scale Sonogashira-Heck-Cassar couplings were described using the base in large excess, that 

is, directly used as a solvent. We thus adapted these conditions: the palladium catalyst and 

the copper iodide were mixed directly in anhydrous diethylamine with compound 29 and the 

mixture was heated at 50°C. Propargylamine was then added and the reaction was stirred 

overnight at 50°C. We firstly performed the reaction on small scale (125 mg) and then over 1 

g and obtained compound 30 in 21 and 31% yield respectively, thus demonstrating the 

suitability of these conditions to larger quantities. Palladium loading was also decreased from 

40% in the conditions described in literature to 2.4% mol of Pd(PPh3)2Cl2 in the optimized 

conditions, which thus represented an important gain in Pd consumption. 
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Table 3: Sonogashira-Heck-Cassar coupling conditions explored for the synthesis of 30  

 

Catalyst Pd 

[mol%] 

Base Solvent Mass of 29 

[mg] 

Yield 

[%] 

Pd(PPh3)2Cl2 40 Et3N DMF 125 32 

Pd(PPh3)2Cl2 40 Et3N DMF 500 25 

Pd(PPh3)4 40 Et3N DMF 125 0 

Pd(PPh3)2Cl2 2.4 Et2NH - 125 20 

Pd(PPh3)2Cl2 2.4 Et2NH - 250 22 

Pd(PPh3)2Cl2 2.4 Et2NH - 1000 31 

 

While giving satisfying results, these conditions (i. e., Pd(PPh3)2Cl2, diethylamine as a solvent), 

still have several issues, notably concerning the monitoring of the reaction (monitoring by TLC 

and HPLC-MS was unsuccessful). Also, the purification of compound 30 by column 

chromatography provided a mixture of compounds that required additional precipitation 

steps, which consequently drastically decreased the yield of the reaction. To improve the 

isolation of compound 30, we envisioned that the precipitation of triphenylphosphine oxide 

prior to column chromatography could potentially improve the isolation process178. Another 

optimization was to change the amide coupling reagents from EDCL/HOBt to HBTU. This 

modification, which proved effective for the synthesis of BioCyTASQ, afforded compound 32 

in 34% yield (Scheme 13). Unfortunately, a comparison of the efficiency of this step with the 

original N-TASQ synthesis was not possible since the yield for the isolation of compound 32 

was not reported. Globally, the synthesis of N-TASQ was performed with a chemical yield of 

ca. 11% over 4 steps. 

 

  

Scheme 13: N-TASQ improved synthetic pathway. 
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N-TASQ is among the most interesting probes for G4-imaging but its synthesis is still 

challenging. As a consequence, during the course of this study, a significant effort was 

invested to improve its synthesis. We believe that, thanks to the aforementioned 

optimizations, we are on the verge of making N-TASQ commercially available or, at least, 

providing this compound to other laboratories in decent quantities and purity. The improved 

accessibility of 30 allowed to further experiment with the nature of the spacer, which allowed 

us for designing a new probe: TzN-TASQ. 

 

V.2. TzN-TASQ synthetic pathway:  

As shown above, the chemical access to compound 30 was optimized; we then adapted the 

amide-to-triazole switch made for the design of BioTriazoTASQ to design a new turn-on 

fluorescent probe in which the linkage between the G arms and the naphthalene core is 

achieved by CuAAC. The resulting, probe was referred to as TzN-TASQ. 

 

 

Scheme 14: TzN-TASQ synthetic pathway. 
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deprotonated compound 31, while MeOH to dissolve the diazotransfer agent. This biphasic 

reaction mixture was stirred vigorously at room temperature for 2 h to lead to compound 34. 

This compound was then reacted with the alkynylated PNAG used for the synthesis of 

BioTriazoTASQ in the presence of copper sulfate, sodium ascorbate and the copper ligand 
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purified by RP-HPLC, which led to the desired compound 35 (global chemical yield: 5.8 %). TzN-

TASQ was quantitatively obtained after a final TFA treatment.  

 

 

Figure 48: Structures of N-TASQ, TzN-TASQ and H16N-TASQ. 

 

V.3. The G4-interacting properties of N-TASQ, TzN-TASQ and H16N-TASQ: 

We thus investigated the G4-interacting properties of TzN-TASQ in vitro, with a systematic 

comparison with the parent compound N-TASQ along with another probe called H16N-TASQ 
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internship in the Menova’s group at IOCB, Prague, CZ. Briefly, the hydrogenation of 

compound 31 was performed using H2 and Pd/C (73% yield). the substrate was then reacted 

with Boc-PNAG under classical peptide coupling conditions (EDCI/HOBt), prior to a final TFA 

treatment.  

 

V.3.a FRET Melting:  
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To further investigate the influence of the triazole rings, the performances of both TzN-TASQ 

and N-TASQ were evaluated against other labeled G4s, two DNA (F21T and F-Myc-T) and two 

RNA (F-TERRA-T and F-VEGF-T), in the presence of increasing amounts of CT-DNA (15 and 50 

mol. equiv.). Again, collected results (Figure 50) showed that the two TASQs have a good G4-

affinity and above all, an excellent selectivity for G4s over dsDNA (with FRETS >0.94 and 1.01 

for both N-TASQ and TzN-TASQ, respectively, in the presence of 15 mol. equiv. of CT-DNA).  

 

In conclusion the three probes did effectively bind to G4s, despite a difference in the nature 

of the G arms; we thus decided to investigate their in vitro turn-on fluorescence properties 

when interacting with G4s. 

 

V.3.b Fluorescence titration:  

To this end, each TASQs was dissolved in a K+-rich buffer and the fluorescence was measured 

upon excitation at 286 nm (the wavelength used with N-TASQ, which actually corresponds to 

a DNA-mediated excitation of bound TASQs180). Then, increasing amounts of the G4-DNA SRC 

were added (from 0.5 to 2.5 mol. equiv., 0.5 mol. equiv. step) and the fluorescence emission 

was measured (between 300 and 650 nm). The fold increase of the fluorescence intensity at 

the maximum of emission (392nm for N-TASQ, TzN-TASQ, and 350 nm H16N-TASQ 

respectively) was calculated with respect to the fluorescence of the TASQ alone (F/F0).  

 

The low residual fluorescence of N-TASQ and TzN-TASQ indicated that in both cases the 

quenching is effective, especially in the case of TzN-TASQ (37 vs. 198 a.u. at 392 nm for N-

TASQ in the same experimental conditions). Upon addition of 0.5 mol. equiv. of G4 only, the 

fluorescence is turned on for both molecules (Figure 51, ca. 9- and 13-fold increase in the 

fluorescence signal for N-TASQ and TzN-TASQ, respectively). Of note, the fluorescence 

signature of both probes presents two equally intense emission peaks at 392 and 414 nm, 

with a small shoulder at around 437 nm, which is in line with the fluorescence of a N-TASQ 

derivative; furthermore, both probes present an important Stokes shift (116 nm, lmax abs: 286 

nm, lmax em: 392 nm).   
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Figure 52: Fluorescence titrations (fold change) of N-TASQ (yellow) and TzN-TASQ (red) upon addition of increasing amounts 

of SRC (square), VEGF (rhombus) and dsDNA (star).  

 

Preliminary MD studies (performed by Dr. G. Paragi, Univ. of Pecs, Hungary) showed that, in 

absence of G4, the more flexible alkyl linkers of H16N-TASQ fail to position the G moieties 

above the template, that is, in an adequate position to quench the template fluorescence. On 

the contrary, N-TASQ, which comprises more constrained alkynyl linkers, readily adopts a 

conformation in which G arms perfectly stack above the template, thus enabling an optimal 

quenching. This result showed how crucial are the alkynyl linkers for the fluorescence 

properties of the N-TASQs, as their replacement by sp3 carbons greatly improves the flexibility 

of the molecule. In the presence of a G4, the fluorescence of N-TASQ is turned on thanks to 

a complete redistribution of the G electrons over the intramolecular folded synthetic G-

quartet, which both contributes to the stability of the quartet and relieve the naphthalene 

template from its electronic restraint, making it fluorescent again172, 181. We observed a 

similar behavior with TzN-TASQ, where the introduction of G4s results in an increased 

fluorescence emission. Altogether, these data highlight the crucial role of the linkers as they 

participate to the template’s quenching in absence of G4s, and allow for the G-quartet to be 

intramolecularly formed, which relieve the template’s fluorescence. It is also worth noting 

that the two maxima of emission H16N-TASQ are at lower wavelengths (325 and 350 nm) as 

compared to N-TASQ, indicating that the triple bonds also contribute to extend the 

conjugation of the π system; we also observed a smaller Stokes shift in comparison with N-

TASQ and TzN-TASQ (Stokes shift = 111 nm, lmax abs: 239 nm, lmax em: 350 nm).  
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Similar fluorescence measurements were performed with a G4-RNA (VEGF) and a double-

stranded DNA (ds17). Results seen in Figure 52 indicate that both N-TASQ and TzN-TASQ 

responded to both G4-DNA (up to 12- and 20-fold enhancement) and G4-RNA (up to 13- and 

25-fold enhancement) while their fluorescence is not affected by the addition of ds17, thus 

confirming their excellent selectivity. N-TASQ does not discriminate G4-DNA and RNA (12- to 

13-fold improvement) while TzN-TASQ exhibited a slightly better response for G4-RNA (25-

fold enhancement with VEGF) than for G4-DNA (20-fold enhancement with SRC). The 

‘preference’ of triazole containing TASQ towards RNA is in line with what observed with 

BioCyTASQ and BioTriazoTASQ. We hypothesize that the increased accessibility of the upper 

tetrads of G4-RNAs can be more suited to welcome more sterically hindered TASQs, thus 

accommodating better TzN-TASQ or BioTriazoTASQ compared to N-TASQ and BioCyTASQ 

respectively. It is important to remember that the triazole containing TASQs are not selective 

towards RNA G4s, but interact more efficiently (fluorescence pull-down, fluorescence 

detection) compared their alkynylated counterparts.  

 

V.4. Cellular imaging N-TASQ vs TzN-TASQ:  

We thus incubated MCF7 cells with N-TASQ and TzN-TASQ to directly compare the two probes 

in both live and fixed cells. By chemical design, N-TASQ and TzN-TASQ absorbs light below 

320nm, this restriction precludes the use of confocal laser scanning microscope (CLSM) as 

they are commonly equipped with lasers adjusted at longer wavelengths (usually at 408, 488 

and 555nm, the blue, green and red channels respectively). Nonetheless, it was possible to 

use CLSM thanks to the fact that N-TASQ behaves as a red edge probe119, 182. The red edge 

effect (REE), known since 1970183-184, primarily concerns material sciences since highly 

organized media (vitrified glasses, dense polymeric matrices, etc.) are particularly prone to 

this optical feature and its caused by a conformation ‘freezing’ of the probe in highly crowded 

environment. The distinctive signature of REE is characterized by a dependence of the 

wavelength of the emission on the wavelength of excitation, λem max= f(λex)185 (Figure 53). This 

phenomenon, which has been thoroughly investigated with N-TASQ by a former PhD student 

Aurélien Laguerre119, allows its use at higher wavelength (lex: 488 nm, lem: 535- 613 nm). The 

REE, while advantageous in our hands, can also be problematic for co-incubation studies: 
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From these preliminary images, we can only conclude that TzN-TASQ behaves similarly to N-

TASQ. Live-cell incubation will also be soon investigated to highlight if any difference between 

the two probes can be found. Finally, the in vitro results that show a higher fluorescence 

enhancement with G4-RNA will also be investigated in cells, evaluating how RNase and DNase 

treatments impact the emission of the two probes.  

 

V.5. Conclusions:  

While the fluorescence turn-on properties of N-TASQ both in vitro and in vivo have been 

thoroughly exploited, its chemical accessibility was particularly complicated, which has 

strongly limited its exploitation. Here, we have presented optimized experimental conditions 

that improved the global chemical yield of the key step of the synthesis, which has made 

larger scale production possible. We also designed and synthesized a new version of N-TASQ 

referred to as TzN-TASQ, in which the G arms were connected to the central naphthalene 

template by CuAAC. TzN-TASQ showed better turn-on fluorescence properties than N-TASQ 

upon G4 addition, with a slight preference for G4-RNA. Both molecules were effectively used 

as post-fixation cell imaging probes, offering a direct visualization of G4s in cells. 

Unfortunately, both N-TASQ and TzN-TASQ cannot be conveniently used for co-incubation 

studies (e.g., with concomitant immunodetection) as both of them are red-edge probes, 

which have intrinsic limitations. To tackle this issue, we devised the synthesis of new G4-

probes (SquareTASQ series), which will be discussed in Chapter 6. 
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Chapter 6: 

SquareTASQs 

 

While N-TASQ and TzN-TASQ exhibit very desirable selectivity and fluorescence turn-on 

properties, they both suffer from two major drawbacks: i) it is necessary to irradiate in the 

UV region (286 nm) to observe their fluorescence in vitro, which limits their optical imaging 

application (due to high cellular autofluorescence at this wavelength); and ii) they display a 

red edge effect182, which results in a very broad emission window (in the blue, green and red 

microscope channels, although with different intensity), which makes colocalization studies 

with other markers difficult. We therefore envisioned the development of a more classical G4 

probe with a fluorescence emission closer to the near infra-red (NIR) region186, which could 

be used to perform colocalization studies. Excitation close to the NIR window should also 

greatly decrease the background signal due to cellular autofluorescence, thus improving the 

signal-to-noise ratio. Ideally an excellent fluorescent probe should also have a big Stokes shift 

that indicate a low tendency to self-quenching trough energy transfer187 and high quantum 

yield that ensures a good ratio between the number of photons absorbed and emitted188. To 

achieve this, we designed a new probe in which the central template i) is easy to synthesize, 

ii) absorbs and emits light close to the NIR region, and iii) can be tetra-functionalized with a 

pseudo-C4 symmetry. Our new design was based on a squaraine core (λem around 640 nm)189. 

Two main types of fluorescent squaraines are described in literature, which are either aniline-

derived or heterocyclic derivatives (Figure 55)190. While the second one is often considered 

as the best choice owing to its improved stability and high fluorescence efficiency191, its 

heterocyclic chemical core can be hardly derivatized. On the other hand, the aniline moiety 

of the first category can be easily alkylated with the moiety of our choice, which makes 

aniline-based squaraines the best candidates for our new family of TASQs.  

 

 

Figure 55: Aniline-derived and heterocyclic squaraines structures 
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VI.1. Square-TASQ v.1 synthetic pathway:  

The first Square-TASQ (v.1) was developed thanks to a straightforward approach (Scheme 15) 

in which the aniline core was bis-functionalized with 2-bromoethanol to obtain the compound 

36, with a satisfactory 92% chemical yield by heating the reaction at reflux overnight192. This 

aniline was then reacted with squaric acid using a Dean-Stark apparatus to obtain the 

compound 37193, which conveniently precipitated out of the reaction mixture upon cooling to 

room temperature (44% yield). After filtration, compound 37 was coupled with PNAG through 

a Steglich esterification, this reaction mimics the classical amide coupling using HBTU as 

coupling reagent in basic conditions (DIPEA) with the addition of 4-dimethylaminopyridine 

(DMAP) as a more reactive leaving group (8% yield)194. After isolation of the desired 

compound 38 by RP-HPLC, the desired Square-TASQ v.1 was obtained with a TFA treatment, 

with a global yield of 3.3% over four steps (not optimized). 

 

 
Scheme 15: SquareTASQ v.1 synthetic pathway. 

 

VI.2. The G4 interacting properties of Square-TASQ v.1:  

To determine the G4-interacting properties of this probe, we investigated its ability to 

stabilize G4s by FRET-melting experiments. To our surprise, this probe failed in stabilizing G4s: 

we noted a strong discoloration after every cooling/heating cycle necessary to defrost the 

probes, that we ascribed to a high chemical and thermal instability. In the literature, the use 

of similarly constructed squaraine is reported as colorimetric indicator for thiols189, which 

attack the electron-poor squaraine core, resulting in a probe discoloration. We thus 

attributed the lack of G4-thermal stabilization to the chemical instability of the probe during 

the experiments and set out to rethink the SquareTASQ design. 
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VII.3. Square-TASQ v.2 synthetic pathway:  

We identified two possible weak points in the design of Square-TASQ v.1: i) the electron poor 

central template (which could be subjected to nucleophilic attack), and ii) the ester linkage 

between the G arms and the functionalized aniline, which could be hydrolyzed. We thus 

decided to tackle the two issues concomitantly, introducing four electron-donor group on the 

aromatic core (hydroxyl groups) and changing the Steglich esterification for a CuAAC reaction 

to obtain more stable triazole linkages. The introduction of four hydroxyl group aims at 

shielding the central template against nucleophilic attacks by increasing both its electronic 

density and steric hindrance, as already demonstrated in literature with a similar squaraine 

derivative that remains stable even in the presence of an excess of thiols195. The triazole 

linkage will be here used as bioisosters of amide bonds (as above), allowing for exploiting both 

the efficiency and orthogonality of click chemistry (Figure 56).  

 

 
Figure 56: Square-TASQ v.1 and Square-TASQ v.2 structure. 
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with the alkynylated PNAG arms used previously (cf. Chapters 3 and 6): the conditions used 

here were directly inspired by those implemented for the synthesis of both TriazoTASQ and 

BioTriazoTASQ, i.e., with (CH3CN)4CuPF6 as a copper source and TBTA as a copper ligand. After 

RP-HPLC purification, compound 42 was obtained with a 50% chemical yield. After a final TFA 

treatment, the desired probe Square-TASQ v.2 was obtained with a global chemical yield of 

2.8% over five steps (not optimized).  

 

 

Scheme 16: SquareTASQ v.2 synthetic pathway. 
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v.2/RNA complex might indicate again a reorganization of the probe upon G4-addition. In 

contrast, the addition of dsDNA did not trigger any significant modification in the Square-

TASQ v.2’s fluorescence, highlighting that the enhancement of the fluorescence emission is 

G4-specific.  

 

We cannot now rationalize how and why the fluorescence of this new probe increases upon 

addition of G4s and further photophysical investigations (along with MD studies) are needed 

to completely understand the properties of Square-TASQ v.2. Two possibilities can be 

hypothesized: on the one hand, if we consider the presence of non-fluorescent squaraine 

aggregates, the formation of TASQ/squaraine complex upon addition of G4 might result in the 

probe disaggregation, which ultimately results in an increase of its fluorescence level. On the 

other hand, the fact that the fluorescence increases upon formation of the conformationally 

constrained Square-TASQ v.2/G4 complex might indicate that free guanines could be the 

source of fluorescence quenching. The two hypotheses are not mutually exclusive but further 

investigations are needed to decipher their actual contributions. 

 

 
Figure 60: Fluorescence titrations (fold change) of Square-TASQ v.2 (lex: 620 nm, lem: 640 nm) upon addition of increasing 

amounts of 22AG (wine square), TERRA (black rhombus) and dsDNA (grey triangle). 

 

Even though the fluorescent variations were relatively low as compared to N-TASQ and TzN-

TASQ, the F/F0 values obtained upon addition of G4/dsDNA (Figure 60) indicate its exquisite 

specificity for G4s over dsDNA that, along with a fluorescence emission in the NIR (ca. 645 
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nm), make Square-TASQ v.2 a promising probe for the direct visualization of G4s in cells, 

furthermore compatible with colocalization studies.  

 

VI.4.c Aggregation studies: 

To investigate the possible aggregation of this probe in solution, we recorded the absorption 

spectra of Square-TASQ v.2 in an aqueous buffer (with and without G4) and in the highly 

dissociating solvent DMSO198-199. Our goal was to evaluate if a/ the UV-Vis signature of the 

TASQ is different in these two conditions, and b/ the addition of a G4 triggers a similar UV-Vis 

spectrum redistribution.  

 

As seen in Figure 61, Square-TASQ v.2 alone in a K+-rich buffer displays a broad absorption 

spectrum with a peak centred at 641 nm and a shoulder around 590 nm; in DMSO, the shape 

changes drastically with a sharper peak centred at 641 nm. The intensity of the signals is also 

drastically different: 0.08 vs. 0.34 a.u. at 641 nm in water and organic solvent, respectively.  

 

Broad spectra with shoulders are often associated with the presence of aggregates200. Upon 

addition of the G4 SRC in the aqueous buffer, the absorption spectrum drastically changes, 

with the decrease of the shoulder at 590 nm: this is particularly observable with normalized 

spectra, which show that both DMSO and G4-containing conditions provide superimposable 

spectra. This corroborates the hypothesis according to which a/ the probe is at least partially 

aggregated with free in solution, and b/ the addition of G4 triggers the dye disaggregation.  

 

When recorded as a function of the time, the UV-Vis signature of Square-TASQ v.2 (2 µM) in 

aqueous buffer indicated that the peak that likely corresponds to the monomeric form (at 641 

nm) is preserved after 1h, while that that likely corresponds to the aggregate (at 590 nm) 

increases during 20 min. This rudimentary kinetics study seems to corroborate the hypothesis 

according to which Square-TASQ v.2 slowly aggregates over time when free in solution, which 

has an impact on its spectroscopic properties.  
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VI.6. Conclusions:  

We have focused here on the modulation of the fluorescence properties of TASQs by changing 

the central naphthalene core of N-TASQ and TzN-TASQ for a squaraine template to create the 

Square-TASQs. These TASQs emit close to the NIR region, which is particularly relevant for in 

cella applications in order to benefit from the low level of cell autofluorescence in this region. 

Two versions of Square-TASQ were developed: i) Square-TASQ v.1 was unfortunately found 

to be thermally and chemically instable, and ii) Square-TASQ v.2 that tackles these issues 

thanks to the presence of four phenol groups on the squarate core that provide both steric 

hindrance and electron donation. The linkage of the PNAG arms on the fluorescent core was 

done by CuAAC, which simplified the synthesis and provided a more robust TASQ. We then 

investigated the G4-binding properties of Square-TASQ v.2 by FRET-melting, which was found 

to be an excellent G4-stabilizer (with the highest ΔT1/2 values ever observed with a TASQ). We 

believe that its charge, shape and high conformational freedom can explain these results. A 

preliminary fluorescent titration (λex: 620 nm) showed that the addition of G4s triggers a small 

change in the emission spectra (blue shift) with a small increased in intensity, via a 

photophysical mechanism that is not yet fully understood.  

 

The optimization of the synthesis of Square-TASQ v.2 and a more detailed investigation of its 

photophysical properties will be the subject of a joined master’s degree internship between 

Dijon and Prague. Additional MD investigations of the G4/probe interaction will also be 

required to rationalize the high level of G4-stabilisation (and thus, affinity) of the probe. 

However, preliminary optical imaging investigations have shown that Square-TASQ v.2 does 

not suffer from REE limitations, which, when combined with its high G4-affinity and -

selectivity and its NIR nature, make this probe a really promising tools to investigate G4 

landscapes in cells.
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Chapter 7 

Conclusion and Perspective: 

 

The goal of this PhD project was to develop efficient molecular tools that could be exploited 

to investigate the existence, prevalence and functional relevance of G4s in living cells. To this 

end, cell-permeable small molecules are invaluable as they can interrogate G4 biology in situ, 

with the aim of gaining precious insights into their actual biological roles. We focused here on 

the development of a unique class of biomimetic ligands referred to as Template-Assembled 

Synthetic G-Quartets, or TASQs, whose interaction with G4s relies on a ‘like-likes-like’ 

interaction between two G-quartets, one from the G4 and one from the TASQ. The main 

structural components of the TASQs are i) a central template, ii) a molecular appendage that 

can be used for introducing additional functionalities, and iii) four G arms organized around 

the central template that can fold into an intramolecular G-quartet.  

 

We first focused on our template of choice, the aminomethylcyclen, or AMC, by producing 

several grams (ca. 20 g) of AMC improving both the synthesis and purification steps, which 

could lead us to envision a potential commercialization.  

 

Next, we focused on the role that the linker between the template and the G arms plays by 

developing an alkylated version of BioTASQ, in which the amide bond-containing spacer of 

the BioTASQ was changed for a pentyl spacer. This modification resulted in an improved 

chemical access of the newly synthesized probe, the BioCyTASQ. We found that BioCyTASQ 

outperforms BioTASQ in every in vitro assay implemented, which makes it a better ligand and 

molecular bait for G4s. Indeed, both BioCyTASQ and BioTASQ were used to isolate G4s in 

vitro (fluorescence and qPCR pull-down assays) and from cell lysates, notably in plants where 

their performance in terms of G4-chemoprecipitation was directly compared with that of the 

well-established antibody BG4 (used for G4-immunoprecipitation). Both BioCyTASQ and 

BioTASQ proved to be excellent tools to fish G4s out of genomic extracts, thus being usable 

for detecting both G4-DNA (G4DP-seq) and G4-RNA (G4RP-seq), in both in vitro (i.e., after 

isolation of nucleic acids and proper G4 folding) and in vivo conditions (i.e., from fixed cells). 

To date, the full potential of BioCyTASQ still needs to be further investigated, notably in G4RP-
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seq protocol which has been implemented with BioTASQ only. Also, the relevance of G4DP-

seq must be assessed in mammalian cells. Furthermore, BioTASQ and BioCyTASQ were also 

used (thanks to a post-labeling step performed with a Cy3-labeled streptavidin) as imaging 

agents identifying G4 formation in cancerous cells via the so-called pre-targeted G4-imaging 

protocol. Incubation of the two TASQs in fixed and live cells highlighted their accumulation in 

perinuclear regions, nucleoli and nucleoplasmic sites, whose precise nature remains to be 

further investigated and validated. 

 

We next developed another biotinylated TASQ in which triazole linkers were used to connect 

the AMC template with the PNAG arms. The synthesis of this new probe, named 

BioTriazoTASQ, was achieved thanks to the highly efficient click chemistry. While its chemical 

accessibility was not improved in comparison with BioCyTASQ in terms of overall chemical 

yield, this new ligand showed a unique in vitro property, that is, a strong bias towards the 

isolation of G4-RNA when compared to the properties of BioCyTASQ. The nature of this 

“preference” towards G4-RNA was investigated by a series of preliminary MD studies, 

highlighting that the more sterically demanding BioTriazoTASQ better fits the G4-RNA 

geometry. Unfortunately, BioTriazoTASQ has not yet been tested for its ability to isolate G4s 

from cell lysates (G4RP-seq and G4DP-Seq), but a direct comparison between the G4-DNA vs. 

G4-RNA isolating properties of BioCyTASQ and BioTriazoTASQ will be interesting in order to 

determine whether each probe could preferentially enrich samples of genomic vs. 

transcriptomic G4s. BioTriazoTASQ was also used for pre-targeted G4-imaging, which allowed 

for colocalizing G4 and DNA damage sites, thanks to the use of both Cy3-labeled streptavidin 

(for labeling TASQ) and an antibody raised against γH2AX (DNA damage marker). We were 

also able to provide a quantitative analysis of this colocalization, with ca. 5 % of common G4 

and DNA damage sites. 

 

We next focused on the nature of the TASQ appendage, changing the biotin of 

BioTASQ/BioCyTASQ for two handles capable of reacting bioothoghonally, i. e., an alkyne and 

an azide appendage. The corresponding TASQ, named MultiTASQ and AzMultiTASQ, 

respectively, are extremely selective G4-ligands that can be used in living cells as the nature 

of their appendages minimizes unspecific interactions with various cellular components. We 

validated two different click chemistry protocols with these new TASQs, i.e., CuAAC and 
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SPAAC, to couple MultiTASQ and AzMultiTASQ, respectively, with a biotin handle: this model 

reaction allowed for validating the use of these news tools for pulling G4s down, with the aim 

of developing a novel sequencing protocol (so-called “click-seq”) on the basis of what was 

done with the G4RP-seq and G4DP-seq protocols developed with BioTASQ and BioCyTASQ. 

Also, we performed a series of preliminary in situ click imaging experiments, which showed 

an improved signal-to-noise ratio as compared to that pre-targeted G4-imaging developed 

with BioTASQ, BioCyTASQ and BioTriazoTASQ. This validates the hypothesis according to 

which these new G4-probes minimize the undesired interactions with surrounding 

biomolecules in the cellular context. The synthesis and validation of MultiTASQs allowed for 

the design of a novel generation probe, in which a photoactivable handle was introduced. The 

G4-interacting properties of the corresponding photoMultiTASQ were validated and directly 

compared to those of the parent MultiTASQ compounds. The collected results demonstrated 

that the introduction of the diazirine moiety does not modify the G4-recognition of TASQs. 

We tried to covalently trap surrounding biomolecules by photoirradiation in vitro but our 

attempts were not successful, likely because of an unoptimized irradiation device. The 

potential of this probe is particularly relevant for G4-directed chemical biology as it can 

provide invaluable information about both G4-genomic/transcriptomic landscapes and G4-

interacting proteins in cells (Figure 65). 
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Finally, while AMC-based TASQs were mostly used to isolate G4s, TASQs can also be used to 

visualize them in cells. It was shown with pre-targeted G4-imaging using BioTASQ, BioCyTASQ 

and BioTriazoTASQ with a fluorescently labeled streptavidin, with in situ click chemistry using 

MultiTASQ and AzMultiTASQ with a clickable fluorophore. These approaches are interesting 

but they require multiple steps and provide images of perfectible quality. We thus decided to 

optimize an existing fluorescent G4-probe, N-TASQ, and to develop new probes allowing for 

the direct visualization of G4s in cells. To this end, we firstly revisited the synthesis of N-TASQ 

by improving the key step of its synthesis, a quadruple Sonogashira-Heck-Cassar reaction, in 

order to increase its chemical access. Then, inspired by the fruitful introduction of triazole 

linkers within the BioTriazoTASQ scaffold, we developed a new probe referred to as TzN-

TASQ, which showed good fluorescence turn-on properties, even better to that of N-TASQ. 

Finally, we identified the main drawback of both N-TASQ and TzN-TASQ, which relies in the 

need to use excitation wavelengths in the UV-region, which is responsible for an elevated 

background fluorescence (cell autofluorescence). We thus changed the central naphthalene 

template of N-TASQ and TzN-TASQ for a squaraine core. The choice of this central template 

was limited due to two major requirements, i.e., an emission in the near infrared region (NIR) 

and a pseudo C4-symmetry. Two squaraine-based TASQ were developed: while the first 

version, Square-TASQ v.1, was found to be poorly stable, the second version, Square-TASQ 

v.2, was found to be an excellent G4 ligand. Its G4-binding abilities outperformed all the other 

TASQs reported to date, and its excitation at 620 nm potentially makes Square-TASQ v.2 an 

excellent NIR G4-probe. Contrarily to N-TASQ and TzN-TASQ, Square-TASQ v.2 is not a turn-

on probe and its fluorescence is modestly modified upon interaction with its G4 targets. 

Preliminary cell-based investigations show that Square-TASQ v.2 allows for visualizing G4s in 

the perinuclear and nucleoli area, in a manner that is similar to N-TASQ and TzN-TASQ. Further 

evaluations of Square-TASQ v.2 fluorescence both in vitro and in cella are currently ongoing 

to better assess the potential of this new TASQ (Figure 66).  
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Chemicals: 

Chemicals were purchased from Alfa Aesar, Sigma Aldrich, or Iris Biotech GmbH. Solvents 

were purchased from VWR or Carlo Erba. Unless noted otherwise, all commercially available 

reagents and solvents were used without further purification. Dicalite was purchased from 

Carlo Erba. TLC were carried out on Merck DC Kieselgel 60 F-254 aluminum sheets. The spots 

were directly visualized by staining with ninhydrine or through illumination with a UV lamp (λ 

= 254 nm). Column chromatography purifications were performed manually on silica gel (40-

63 μm) from Sigma-Aldrich (technical grade). Dry solvents (HPLC grade) were dried over 

alumina cartridges using a solvent purification system PureSolv PS-MD-5 model from 

Innovative Technology. Peptide synthesis-grade DIPEA and TFA were provided by Iris Biotech 

GmbH. HPLC-gradient grade MeCN used for HPLC-MS analyses was obtained from Carlo Erba. 

MeCN used in semi-preparative RP-HPLC purifications was obtained from Biosolve or VWR 

(technical, +99% but distilled prior to use). All aq. mobile-phases for HPLC were prepared 

using water purified with a PURELAB Ultra system from ELGA (purified to 18.2 MΩ.cm). Yields 

were calculated based on isolation of the compounds. 

 

Instruments and methods: 

Lyophilization was performed with a Christ Alpha 2-4 LD plus. 1H-, and 13C- NMR spectra were 

recorded on a Bruker Avance 500 II HD (Bruker) at RT. Chemical shifts are expressed in parts 

per million (ppm) from the residual nondeuterated solvent signal. J values are expressed in 

Hz. Coupling constants (J) are reported in hertz (Hz). Standard abbreviations indicating 

multiplicity were used as follows: s = singlet, d = doublet, t =triplet, q = quadruplet, m = 

multiplet, br = broad. High resolution mass spectrometry analysis were recorded on LTQ 

Orbitrap XL or Orbitrap Exploris 240 mass spectrometers (Thermo Scientific) with an ESI ion 

source, or a Bruker MicroFlex LRF MALDI (Matrix-Assisted Laser Desorption/Ionisation) 

coupled with a time of flight detector (TOF) . HPLC-MS analyses were performed on a Thermo-

Dionex Ultimate 3000 instrument (pump + autosampler at 20°C + column oven at 25°C) 

equipped with a diode array detector (Thermo-Dionex DAD 3000-RS) and a MSQ Plus single 

quadrupole mass spectrometer. The corresponding low-resolution mass spectra (LRMS) were 

recorded with this latter mass spectrometer, with an electrospray (ESI) source (HPLC-MS 

coupling mode). HPLC systems were equipped with a Phenomenex Kinetex C18 column, 

2.6μm, 2.1 × 50 mm or a Jupiter Proteo 4 μm 90Å column, 250 x 4.6 mm. Method: from 5% t 
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o 100% H2O/MeCN + 0.1% formic acid (FA) in 5 min. Particularly lipophilic compounds were 

analyzed using the same column with a method going from 50% to 100% H2O/MeCN + 0.1% 

formic acid (FA) in 5 min. Final compounds (BioTASQ, BioCyTASQ, TriazoTASQ, 

BiotriazoTASQ, MultiTASQ, AzMultiTASQ, photoMultiTASQ, N-TASQ, TzN-TASQ, Square-

TASQ v.1 and Square-TASQ v.2) were analyzed with a ACCUCORE column, method: from 0% 

to 20% MeCN/H2O+0.1% formic acid (FA) in 2.4 min and from 20% to 100% H2O/MeCN + 0.1% 

formic acid (FA) in 2.6 min. Purifications by semi-preparative HPLC were performed on a 

Thermo-Dionex Ultimate 3000 instrument equipped with a RS Variable Detector (four distinct 

wavelengths). HPLC purification system was equipped with Jupiter Proteo 4 μm 90 column 

(250 x 21.2 mm, AXIA packed). Low-resolution mass spectra (LRMS) were recorded on a 

Thermo Scientific MSQ Plus single quadrupole equipped with an electrospray (ESI) source (LC-

MS coupling) or a Brüker Amazon SL (direct injection in MeOH).  
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Aminomethylcyclen:  

 

 

Compound 1 : 

 

 

Technical grade triethylenetetramine (419 g, 60% purity as specified by the provider) was 

dissolved in toluene (800 mL) and cooled to 0°C with an ice bath. The solution was vigorously 

stirred and water (115mL) was slowly added monitoring the temperature to avoid excessive 

heating ( < 36°C). A fine precipitate was formed and filtered. The solid was then dissolved in 

methanol, cooled with an ice bath and magnesium sulfate was added to get rid of the 

remaining water. After filtration and drying, the amine was obtained as a colorless oil (140 g, 

extraction yield 55%). 

 

1H NMR : (500 MHz, D2O) δ 2.74 – 2.68 (m, 8H), 2.64 (t, J = 6.2 Hz, 4H). 

 

The re-crystalized triethylenetetramine (140 g, 0.96 mol) was dissolved in acetonitrile (5 L) to 

which calcium hydroxide (142 g, 1.92 mol) was added and the solution was cooled to 0 °C and 

2,3-butanedione (84 mL, 0.96 mol) was added dropwise to the suspension over 2 hours. After 

an additional 20 minutes stirring, the suspension was filtered and the reaction mixture was 

used in the next synthetic step without purification. The acetonitrile solution was cooled back 

to 0 °C and 1H-Benzotriazole (114 g, 0.96 mol) and K2CO3 (65 g, 1.92 mol) were added. 

Meanwhile, in an Erlenmeyer flask, chloroacetaldehyde (150 mL, 0.96 mol, 55% v/v in water) 

was cooled with an ice bath and magnesium sulfate was added to dry the solution. After 

filtration, the latter was added dropwise to the acetonitrile suspension of bis-aminal and the 
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reaction was allowed to stir for 2 hours at 0°C. Sodium cyanide (47 g, 0.96 mol) was carefully 

added and the reaction mixture was let to stir overnight at RT. The suspension was filtered 

on celite and the solvent was evaporated under reduced pressure. To the solid was first added 

chloroform (600 mL) and vigorously stirred, the suspension was then filtered on celite. After 

evaporation of the solvent under reduced pressure the same procedure was repeated with 

diehtylether (2L). Organic phases were pooled together and evaporated under vacuum. The 

resulting oil was dissolved in chloroform, added alumina (3 g of alumina per 1 g of crude) and 

the solvent was evaporated under vacuo. Two purification techniques were successfully 

carried out to obtain compound 1, the mixture of alumina and reaction crude was used to 

perform a solid deposition for column chromatography (Method A), or 1 was extracted from 

the mixture of alumina and reaction crude by Soxhlet extraction (Method B). 

 

Method A) Alumina column chromatography, (Pentane/DCM 0% to 30%) to obtain compound 

1 (39 g, 0.25 mol) in 26% chemical yield.  

1H NMR: (500 MHz, CDCl3) δ 4.22 (dd, J = 8.1, 6.0 Hz, 1H), 3.53 – 3.34 (m, 3H), 3.22 – 2.59 

(m, 26H), 1.33 (s, 3H), 1.14 – 1.02 (m, 9H). 

13C NMR: (126 MHz, CDCl3) δ 120.4, 119.7, 80.0, 79.5, 78.3, 78.0, 56.5, 55.7, 51.1, 50.8, 50.4, 

50.2, 49.8, 49.7, 47.9, 47.4, 46.5, 45.8, 44.3, 43.8, 42.9, 42.6, 16.4, 14.4, 14.1, 13.9. 

 

Method B) Soxhlet extraction with pentane for 42 hours to obtain the desired compound 1 in 

38% chemical yield (6.8 g, 0.027 mol). 

1H NMR: (500 MHz, CDCl3) δ 4.22 (dd, J = 8.1, 6.0 Hz, 1H), 3.56 – 3.37 (m, 3H), 3.23 – 2.49 

(m, 26H), 1.33 (s, 3H), 1.18 – 1.00 (m, 9H). 

 

Reported NMR121:  

1H NMR (300 MHz, CDCl3, 300 K): δ 4.21 (m, 1 H), 3.34–3.52 (m, 3 H), 2.48– 3.22 (m, 26 H), 

1.31 (s, 3 H), 1.07 (m, 9 H). 

13C NMR (75 MHz, CDCl3, 300 K): 120.4, 119.7 (CN), 80.0, 79.5, 78.3, 78.0 (N-C-N), 56.5, 55.7 

(CH), 53.4, 51.1, 50.7, 50.3, 49.7, 47.9, 47.4, 46.5, 45.8, 44.2,43.8, 42.8, 42.6, (CH2-α), 16.4, 

14.4, 14.0, 13.8, (CH3). 
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Compound 2: 
 

  
 
Anhydrous tetrahydrofuran was added to a three-neck round-bottom flask and cooled at -

78°C under inert atmosphere, to which a LiAlH4 (72 mL, 0.173 mol, 2.4 M THF solution) was 

added under inert atmosphere. Compound 1 (21.4g, 0.086 mol) was dissolved in anhydrous 

THF (21.3 g, 0.086 mol) and added dropwise to the LiAlH4 solution at -78°C. The cooling bath 

was removed and the reaction mixture was allowed to stir overnight at RT. The excess of 

LiAlH4 was quenched by cooling the solution (-78°C) and gentle addition of water and the 

solvent was evaporated. The resulting solid was extracted three times with chloroform (3 x 

500 mL) and filtered. After evaporation of the solvent under reduced pressure, the desired 

compound was isolated without further purification (19.9 g, 0.070 mol, 81% chemical yield).  

 

1H NMR (500 MHz, CDCl3) δ 3.46 – 2.57 (m, 32H), 2.54 – 2.34 (m, 4H), 1.28 – 1.20 (m, 4H), 

1.15 (dd, J = 6.5, 2.9 Hz, 4H), 1.12 – 1.08 (m, 4H), 1.08 – 1.04 (m, 4H). 

 

13C NMR (126 MHz, CDCl3) δ 80.3, 79.4, 78.4, 63.3, 60.4, 52.3, 51.4, 51.3, 50.5, 50.1, 46.4, 

46.4, 46.1, 45.6, 45.6, 45.2, 44.80, 44.78, 44.4, 44.3, 43.9, 43.3, 23.0, 16.6, 13.98, 13.90. 

 

Literature NMR:  

1H NMR (300 MHz, CDCl3, 300 K): 3.44-2.36 (m, 34 H), 1.55–1.05 (m, 16 H). 

 

13C NMR (75 MHz, CDCl3, 300 K): 80.3, 79.4, 78.4, 77.3 (N-C-N), 63.3, 60.5 (CH), 55.7, 52.3, 

51.4, 51.3, 50.5, 50.1, 48.6, 46.1, 45.6, 45.2, 44.8 (CH2- α), 44.4, 43.9, 43.3 (X2), 23.0, 16.6, 

14.0, 13.9 (CH3). 

  

N N

NN

CN

LiAlH4
N N

NN

H2N

THF

1 2
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AMC: 

 

 

 

Compound 2 (19.9 g, 0.07 mol) was dissolved in HCl (46 mL, 37% solution, 0.55 mol) and 

heated at reflux overnight. The precipitate was filtered and washed with cold ethanol and 

diethyl ether to obtain the desired compound as a hydrochloride salt (15.1 g, 0.011 mol, Y: 

60%). Moreover, to obtain the basic form, the protonated AMC was resuspended in a 16 M 

aqueous solution of NaOH and extracted three times with chloroform. The organic phase was 

then dried with MgSO4, filtered, and evaporated under vacuo to afford the desired cyclic 

polyamine AMC as an oil (quantitative). 

 

Protonated form:  

1H NMR (500 MHz, Deuterium Oxide) δ 3.50 – 3.03 (m, 16H), 2.92 (m, 1H). 

13C NMR (126 MHz, D2O) δ 51.4, 47.0, 45.6, 44.3, 44.0, 43.9, 42.3, 42.0, 39.3. 

 

After extraction:  

1H NMR (500 MHz, CDCl3) δ 2.75 – 2.41 (m, 17H), 2.01 (m, 6H). 

13C NMR (126 MHz, Chloroform-d) δ 57.2, 49.3, 48.9, 47.4, 46.7, 46.3, 44.2, 44.1, 41.5. 

 

Literature NMR: 

1H NMR (300 MHz, CDCl3, 300 K): δ 2.66–2.49 (m, 17 H), 1.75 (s, 6 H). 

13C NMR (75 MHz, CDCl3, 300 K): 57.2 (CH), 48.9, 46.8, 46.7, 46.4, 46.3, 46.0, 44.6, 44.1 (CH2-

α). 

  

N N

NN

H2N

NH HN

HNNH

H2N

HCl
+ xHCl

AMC xCl

NH HN

HNNH

H2N

NaOH

AMC2
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BioTASQ :  

 

 

Compound 3 :  

 

 

 

Biotin (652.3 mg, 2.67 mmol, 0.9 equiv.) was dissolved in anhydrous DMF (0.250 mL), to which 

TSTU (N,N,Nʹ,Nʹ-Tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate) (803.7 mg, 2.67 

mmol, 0.9 equiv.) and N,N-Diisopropylethylamine (DIPEA) (931 μL, 5.3 mmol, 1.8 equiv.) were 

added in order to obtain N-hydroxysuccinimide ester. The reaction was left to stir and the 

conversion was monitored by HPLC-MS until completion (usually 1h). The reaction mixture 

containing the activated ester was then added dropwise to a DMF (1 mL) solution containing 

AMC (594.9 mg, 2.96 mmol). The reaction was let to stir for one hour and, after removal of 

the solvent, the crude was dissolved in water and purified by semi-preparative RP-HPLC in a 

H2O/MeCN + 0.1% TFA mixture (gradient from 2 to 50% over 50 minutes, r.t: 13 minutes). 

NH HN

HNNH

H2N

+

NH HN

HNNH

HN

O

DMF K2CO3, ACN

87%

3

Boc-PNAG-OH

HBTU, DIPEA

DMF
37%

R3: CH2CONH(CH2)2NH-PNAG-NHBoc

N

O

NHBoc

N

N

N
NH

O

NH2
TFA

Quantitative

TSTU, DIPEA

39%

AMC

BioTASQ

S

NH
HN

OH

O

O

S

H
N

HN

O

N N

NN

HN

O

3

S

H
N

HN

O

R1

R1 R1

O

N N

NN

HN

O

S

H
N

HN

O

R3

R3 R3

H
N

N

O

NH3
+

N

N

N
NH

O

NH2N N

NN

HN

O

S

H
N

HN

O

R4

R4 R4

H
N

R2: CH2CONH(CH2)2NH2R1: CH2COOCH2CH3

Br
O

O
O

N N

NN

HN

O

3

S

H
N

HN

O

R2

R2 R2

H
N

O

NH2

H2N
NH2

R2: CH2CONH(CH2)2NH2

N N

NN

HN

O

3

S

H
N

HN

O

R2

R2 R2

H
N

O

NH2

O O

R4: CH2CONH(CH2)2NH-PNAG-NH3
+

3 4
5

5 6

NH HN

HNNH

H2N

+

NH HN

HNNH

HN

O

DMF

3

TSTU, DIPEA

39%

AMC

S

NH

HN

OH

O

O

S

H
N

HN

O

3



Experimental Part  

 139 

After evaporation of the solvents and lyophilisation, compound 3 was obtained in 39 % 

chemical yield (890.2 mg, 1.2 mmol). 

1H NMR: (500 MHz, Deuterium Oxide) δ 4.60 (dd, J = 7.9, 4.9 Hz, 1H), 4.41 (dd, J = 8.0, 4.5 Hz, 

1H), 3.51 – 2.73 (m, 20H), 2.30 (t, J = 7.3 Hz, 2H), 1.78 – 1.50 (m, 4H), 1.48 – 1.29 (m, 4H). 

(Signals of intracyclic amines and amide are missing due to exchange with the solvent) 

 

13C NMR: (126 MHz, Deuterium Oxide) δ 177.72, 165.35, 62.13, 60.27, 55.44, 51.95, 46.28, 

44.23, 44.04, 42.62, 42.07, 39.65, 39.13, 39.09, 35.28, 28.01, 27.69, 24.88, 16.23. 

 

LR-MS: [M+H]+ (m/z): 428.27 and 450.26 [M+Na]+ (calcd. for C19H38N7O2S : 428.27) 

 

HPLC: 

 

 

 

 

Chromatogram

Chromatogram
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Compound 4 :  

 

 

 

To a suspension of 3 (369.7 mg, 0.48 mmol, 1 equiv.) and K2CO3 (529.9 mg, 3.84 mmol, 8 

equiv.) in acetonitrile (4 mL) was added ethylbromoacetate (212 µL, 1.92 mmol, 4 equiv.) and 

the mixture was left to stir at 40°C and the conversion was monitored by RP-HPLC-MS (full 

conversion 48 h). The reaction mixture was filtered and the solvent was evaporated under 

reduced pressure. The crude was purified by semi-preparative RP-HPLC (gradient from 30 to 

100% over 50 minutes, r.t: 16 minutes) to afford 4 as a white solid (322.6 mg, 0.42 mmol, 

chemical yield 87 %).  

 

1H NMR (500 MHz, d6-DMSO): δ 7.30 (s broad, 1H); 5.50- 5.09 (m, 2H); 4.26-4.07 (m, 8H); 

3.46-2.04 (m, 27H), 1.65-1.42 (m, 2H); 1.29-1.18 (m, 18H); 0.88 (m, 3H).  

 

HR-MS (MALDI TOF): [M+H]+ (m/z): 772.43 (calcd. for C35H62N7O10S: 772.42). 

 

HPLC: 
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Compound 6 :  

 

 

A solution of 4 (30.1 mg, 0.039 mmol, 1 equiv.) in ethylene diamine (1 mL) was stirred at room 

temperature for 8 days, after which ethylene diamine was thoroughly evaporated under 

reduced pressure. The residue was then directly used in the following step. BocPNAG (63.9 mg, 

0.16 mmol, 4.1 equiv.), HBTU (60.6 mg, 0.16 mmol, 4.1 equiv.) and DIPEA (27 µL, 0.078 

mmol,4 equiv.) were dissolved in DMF (1.6 mL). The mixture was stirred at room temperature 

for 5 min and a solution of 5 and DIPEA (54 µL, 0.31 mmol, 8 equiv.) in DMF (2 mL) was added 

dropwise. The reaction mixture was left to stir overnight at room temperature and the 

conversion was monitored by HPLC-MS. After reaction completion, the solvent was removed 

under reduced pressure. The residue was purified by semi-preparative HPLC to afford 6 as a 

white solid (34.5 mg, 0.014 mmol, 37% chemical yield).  
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1H NMR (500 MHz, d6- DMSO): δ 10.77 (s broad, 2H); 7.9-7.42 (m, 14H); 7.05 (s broad, 2H); 

6.90-6.62 (m, 5H); 6.17 (dd, 5H); 5.32- 4.84 (m, 9H); 4.26-4.03 (m, 10H); 3.52-3.07 (m, 43H), 

1.82 (m, 5H); 1.39-0.99 (m, 58H).  

 

HR-MS (MALDI-TOF, m/z): [M+H]+ = 2393.22 (calcd for C99H153N43O26S = 2393.17)  

 

HPLC: 

 

 

 

 

Chromatogram

Chromatogram
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BioTASQ :  

 

 

 

Compound 6 (1.95 mg, 0.81 μmol) was dissolved in TFA (100 µL) and the complete 

deprotection was assessed via RP-HPLC-MS, the mixture was diluted with water and the 

compound was freeze-dried to afford BioTASQ. (2 mg, 0.81 μmol, chemical yield 100%).  

 

HR-MS :[M+H]2+ m/z = 967.04040 (calc. for C79H121N43O18S: 967.03802) 
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was allowed to warm to RT and stir overnight. The reaction was monitored by TLC 

(CH2Cl2/MeOH 9:1) and the solvent was evaporated after completion. The residue was 

purified by silica gel chromatography (CH2Cl2/MeOH 4% to 6%) to afford 5-((tert-

butoxycarbonyl)amino)pentanol. The latter (1 g, 4.5 mmol) was then dissolved in THF (40 mL) 

with pyridine (2mL, 45.2 mmol, 10 equiv.) and MsCl (2mL, 45.2 mmol, 10 equiv.) was added 

dropwise. The solution was allowed to stir overnight at RT. THF was evaporated under vacuum 

and to the mixture were then added 30 mL of ethyl acetate and 60 ml of acidified brine (30 

mL of aq solution HCl 1M and 30 mL of brine). The aqueous phase was extracted 3 times with 

ethyl acetate (30 mL each), the organic phases were pulled together, dried over MgSO4 

filtered and dried under vacuum. The residue was purified by precipitation, dissolving the 

crude into a minimal amount of CH2Cl2 and adding an excess of cold heptane. After filtration 

the desired compound was successfully isolated as an amorphous solid (2.53 g, 9.0 mmol, 

93% chemical yield).  

1H NMR (500 MHz, CDCl3) δ 4.16 (t, J = 6.4 Hz, 2H), 3.06 (t, J = 6.4 Hz, 2H), 2.94 (s, 3H), 1.80 – 

1.60 (m, 2H), 1.49 – 1.42 (m, 2H), 1.38 (s, 9H).  

 

 
 
 
 
 
 
 
 
 

Chromatogram
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Compound 7:  

 

 

 

To a solution of cyclen (29.2 mg, 0.17 mmol, 1 equiv.) in MeCN (1.5 mL) was added 5-((tert- 

butoxycarbonyl)amino)pentyl methanesulfonate (382.2 mg, 1.36 mmol, 8 equiv.) and K2CO3 

(187.9 mg, 1.36 mmol, 8 equiv.) and the solution was stirred for 48 hours at 70°C until 

complete conversion of the starting material. The crude mixture was filtered, and 

concentrated under vacuum. The residue was then purified by silica gel column 

chromatography (CH2Cl2/MeOH, 9:1). After evaporation of the solvents, the compound 7 was 

obtained (74.2 mg, 0.08 mmol, 47 % chemical yield).  

 

1H NMR (500 MHz, CDCl3): δ 3.10 (q, J = 6.7 Hz, 8H), 2.82 (d, J = 87.2 Hz, 24H), 2.07 (s, 4H), 

1.52 (m, J = 15.1, 7.8, 6.8 Hz, 16H), 1.43 (s, 36H), 1.31 (h, J = 7.2, 6.6 Hz, 8H).  

 

ESI-LRMS: [M+H]+ m/z = 913.95 (calcd. for C48H96N8O8 :913.74). 

HPLC :  
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Compound 9:  

 

 

 

Compound 7 (90.1 mg, 0.098 mmol, 1 equiv.) was stirred with 2 mL of TFA during 1 hour. After 

evaporation of the TFA, the desired compound 8 was obtained. Boc-PNAG (180.8 mg, 0.44 

mmol, 4.5 equiv.), TSTU (132.4 mg, 0.44 mmol, 4.5 equiv.) were dissolved in DMF (1 mL), and 

DIPEA was added (68 μL, 0.39 mmol, 4 equiv.). After 1 h, complete activation of the carboxylic 

acid was assessed by HPLC and a solution of 8 and DIPEA (135 μL, 0.78 mmol, 8 equiv.) in DMF 

(1 mL) was added to the mixture. The mixture was stirred at RT for 48 hours. The solution was 

then concentrated under vacuum, added water (2mL), and purified by RP-HPLC in a 

H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 40 % over 20 minutes). After evaporation of 

the solvents, compound 9 was obtained (12.3 mg, 5.92 μmol, 6 % chemical yield). As seen in 

HPLC-MS track, after isolation, partial deprotection of one of the Boc moieties was observed 

(rt: 3.32 min). 

 

1H NMR (500 MHz, DMSO-d6) δ 10.94 (s, 4H), 7.89 (q, J = 21.0, 14.7 Hz, 8H), 6.64 (s, 8H), 5.00 

(s, 4H), 4.86 (d, J = 19.5 Hz, 4H), 4.12 (s, 3H), 3.87 (s, 5H), 3.61 – 3.37 (m, 8H), 3.22 (d, J = 6.9 

Hz, 8H), 3.19 – 3.08 (m, 8H), 3.07 – 2.96 (m, 20H), 2.78 (d, J = 19.4 Hz, 8H), 1.56 – 1.43 (m, 

12H), 1.36 (d, J = 9.3 Hz, 36H), 1.31 – 1.11 (m, 12H).  

 

ESI-HRMS: [M+H]+ m/z = 2079.17259 (calc. for C92H148N36O20 : 2079.17434). 

 

 

 

 

 

 

R3: (CH2)5NH-PNAG-NHBoc

O

N

O

NHBoc

N

N

N
NH

O

NH2N N

NN
R3

R3 R3

H
N

4
Boc-PNAG-OH

TSTU, DIPEA

DMF
6%

9

TFA

Quantitative
N N

NN
R1

R1 R1

NHBoc

4

N N

NN
R2

R2 R2

NH3
+

4

R2: (CH2)5NH3
+R1: (CH2)5NHBoc

7 8



Experimental Part  

 148 

HPLC :  

 

 

 

 

 

 

Chromatogram
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CyTASQ :  

 

 

 

Compound 9 was dissolved in 1 mL of TFA and stirred for 1 hour. The complete deprotection 

was assessed by HPLC-MS. TFA was removed under reduced pressure, the residue lyophilized 

and used without further purification.  

 

ESI-HRMS: [M+H+Na] 2+ m/z = 850.47707 (calcd. for C72H116N36O12Na: 850.47692) 
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BioCyTASQ :  

 

 

 

Compound 10 :  

 

 

 

To a solution of 3 (246.8 mg, 0.32 mmol, 1 equiv.) in acetonitrile (4 mL) was added 5-((tert-

butoxycarbonyl)amino)pentyl methanesulfonate (720 mg, 2.6 mmol, 8 equiv.) and K2CO3 (472 

mg, 5.9 mmol), the mixture was stirred at 70°C. After 48 h, an additional amount of 5-((tert-

butoxycarbonyl)amino)pentyl methanesulfonate (392 mg, 1.40 mmol, 5 equiv.) was added to 

guarantee the complete substitution of the cyclen derivative and the mixture left to stir at 

reflux for an additional 9 hours. The crude mixture was then filtered, and concentrated under 

vacuum. The residue was purified by semi-preparative RP-HPLC with a H2O/MeCN + 0.1% TFA 

mixture (gradient of 30 to 100 % over 40 minutes, r.t: 19 minutes) to obtain compound 10 

(232.5 mg, 0.20 mmol, 62% chemical yield). 
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1H NMR: (500 MHz, DMSO-d6) δ 8.01 (s, 1H), 7.84 (s, 2H), 7.70 (s, 1H), 6.80 (d, J = 14.5 Hz, 3H), 

6.40 (s, 2H), 4.32 (dd, J = 7.8, 4.9 Hz, 1H), 4.21 – 4.14 (m, 1H), 4.13 (dd, J = 7.8, 4.4 Hz, 1H), 

3.40 – 3.34 (m, 5H), 3.16 (d, J = 7.5 Hz, 2H), 3.09 (dt, J = 10.0, 5.3 Hz, 1H), 3.05 (s, 13H), 2.92 

(tt, J = 10.6, 5.6 Hz, 8H), 2.80 (tt, J = 13.1, 5.7 Hz, 3H), 2.71 (s, 4H), 2.13 – 2.06 (m, 2H), 1.66 

(tt, J = 14.1, 7.0 Hz, 2H), 1.54 (s, 11H), 1.53 (t, J = 11.4 Hz, 1H), 1.37 (d, J = 2.2 Hz, 39H), 1.30 

(s, 9H), 1.28 (d, J = 7.8 Hz, 2H). 

 

13C NMR: (126 MHz, DMSO-d6) δ 162.88, 158.51, 158.24, 155.79, 117.50, 115.15, 77.54, 70.58, 

70.34, 61.25, 59.40, 55.60, 36.69, 30.85, 29.05, 28.43, 28.34, 22.41. 

 

MALDI-TOF-MS : [M+H]+ 1168.09 /z = (calcd. for C590H113N11O10S: 1168.68). 

 

HPLC:  

 

 

 

 

Chromatogram

Chromatogram
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Compound 12:  

 

 

 

Compound 10 (17.9 mg, 0.015 mmol, 1 equiv.) was stirred with 250 µL of TFA during 1 hour 

to deprotect the amines. After evaporation of the TFA, complete deprotection of compound 

10 was observed via HPLC-MS. TFA was removed under reduced pressure and after addition 

of DMF (1 mL), to the solution was added DIPEA (21 μL, 0.12 mmol). In another round bottom 

flask, Boc-PNAG (27.5 mg, 0.067 mmol, 4.4 equiv.) was dissolved in DMF (1 mL), and HBTU (25.4 

mg, 0.067 mmol, 4.4 equiv.) and DIPEA were added (11 μL, 0.06 mmol). The reaction mixture 

was added dropwise to the basic solution of 11, the resulting mixture was stirred at room 

temperature for three hours, monitoring its completion by HPLC-MS. The solution was then 

concentrated under vacuum, added a mixture of MeCN and water (50/50, 1 mL), and purified 

by RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 15 to 65 % over 50 minutes, r.t: 

21 minutes). After evaporation of the solvents, the compound 12 was obtained (18.3 mg, 7.84 

μmol, 52% chemical yield) 

1H NMR: (500 MHz, DMSO-d6) δ 10.76 (s, 2H), 10.72 (s, 2H), 8.27 (s, 2H), 8.04 (s, 1H), 7.88 (s, 

3H), 7.64 (s, 3H), 7.03 (s, 2H), 6.77 (s, 1H), 6.66 (s, 1H), 6.50 (s, 6H), 6.41 (s, 2H), 4.97 (s, 4H), 

4.83 (s, 2H), 4.31 (d, J = 6.5 Hz, 1H), 4.11 (s, 2H), 3.87 (s, 3H), 3.47 (s, 4H), 3.28 (s, 2H), 3.24 – 

3.19 (m, 4H), 3.15 (dd, J = 7.3, 4.2 Hz, 1H), 3.06 (s, 18H), 3.02 (s, 2H), 2.81 (d, J = 8.3 Hz, 1H), 

2.76 (s, 1H), 2.59 (s, 1H), 2.57 (s, 1H), 2.31 (s, 1H), 1.47 (s, 22H), 1.37 (d, J = 8.4 Hz, 29H), 1.25 

(q, J = 7.8, 7.3 Hz, 8H), 1.14 (s, 1H). 

ESI-HRMS: [M+H+Na]2+ m/z = 1178.63633 (calc. for [C103H166N39O22SNa]2+: = 1178.63519). 
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HPLC track: 

 

 

 

 

 

 

Chromatogram

Chromatogram

Chromatogram
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TriazoTASQ:  

 

 

 

5-azidopentyl methanesulfonate:  

 

 

 

To a solution of 5-aminopentanol (1.0 g, 9.6 mmol, 1 equiv.) and 1H-imidazole-1-sulfonyl 

azide·H2SO4 (2.6 g, 9.6 mmol, 1 equiv.) in MeOH (100 mL) was added triethylamine (6.6 mL, 

48.2 mmol, 5 equiv.). The reaction was stirred for 1 h, after which 2 additional equiv. of 

triethylamine were added in order to reach pH > 9-10. The reaction was stirred overnight and 

completion was assessed by TLC (CH2Cl2/MeOH 9:1). The solvent was evaporated and 50 mL 

of EtOAc and 100 mL of an aq. HCl 1M solution were then added to the mixture. The aqueous 

phase was extracted with EtOAc (3 x 30 mL). The organic phases were pooled together, dried 

over MgSO4, filtered and dried under vacuum. The crude product was dissolved in a mixture 

of THF (100 mL) and triethylamine (6.6 mL, 48.2 mmol, 5 equiv.), and MsCl (1.5 mL, 19.3 mmol, 

2 equiv.) was added slowly at 0 °C. After 2 hours, TLC analysis (9.5/0.5, CH2Cl2/MeOH) 

indicated a partial conversion of the starting material. In order to reach completion, an 

additional equiv. of triethylamine (3 mL) and pyridine (10 mL) were added to the mixture, 

stirred at RT, and the reaction followed by TLC. The solvent was evaporated, to the mixture 

was then added 50 mL of EtOAc and 100 mL of an aqueous solution of HCl 1M. The aqueous 

phase was extracted 3 times with EtOAc (30 mL each); the organic phases were pooled 

together, dried over MgSO4, filtered and dried under vacuum.  
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The residue was purified by silica gel column (CH2Cl2/MeOH 0% to 4%) to afford 5-azidopentyl 

methanesulfonate (836.1 mg, 4.1 mmol, 42 % chemical yield over two steps).  

 

1H NMR (500 MHz, CDCl3) δ 4.19 (t, J = 6.5 Hz, 2H), 3.26 (t, J = 6.5 Hz, 2H), 2.97 (s, 3H), 1.75 

(dt, J = 14.0, 6.5 Hz, 2H), 1.60 (dt, J = 14.0, 6.5 Hz, 2H), 1.47 (dt, J = 8.0, 6.5 Hz, 2H).  

 

13C NMR (126 MHz, CDCl3) δ 69.7, 51.1, 37.3, 28.6, 28.2, 22.7.  

 

IR : 2092.10 cm-1 (azide), 1168.46 cm-1 (sulfonyl)  

 

HPLC : 

 

 

  

Chromatogram
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Compound 13 :  

 

 

 

To a solution of cyclen (68.9 mg, 0.4 mmol, 1 equiv.) in acetonitrile (6 mL) were added 5-

azidopentyl methanesulfonate (497.3 mg, 2.4 mmol, 6 equiv.) and K2CO3 (456.1 mg, 3.2 mmol, 

8 equiv.). The reaction was heated at 50 °C overnight and adequate conversion was assessed 

by HPLC-MS. The mixture was filtered and the solvent evaporated under vacuum. The crude 

material was purified by RP-HPLC (H2O/MeCN + 0.1% TFA, gradient from 5% to 60% over 45 

minutes). The solvent was removed by freeze-drying to provide compound 13 (61.7 mg, 0.1 

mmol, 25% chemical yield).  

 

1H NMR (500 MHz, CDCl3) δ 3.24 (t, J = 6.5 Hz, 8H), 3.11 – 2.86 (m, 24H), 1.75 – 1.53 (m, 

16H), 1.48 – 1.30 (m, 8H).  

 

13C NMR (126 MHz, CDCl3) δ 53.2, 51.1, 48.5, 28.4, 24.2, 21.6.  

 

ESI-HRMS [M+H]+ m/z = 617.49366 (calcd. for C28H57N16: 617.49466).  

 

HPLC :  

 

NH HN

HNNH
N3MsO
5

K2CO3, ACN
N N
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R1 R1

N3
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R1: (CH2)5N3

25%
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Alkynilated Guanine :  

 

 

 

 

Boc-PNAG (199.3 mg, 049 mmol, 1 equiv.), propargylamine (67 μL, 1.0 mmol, 2 equiv.) and 

HBTU (379.2 mg, 1.0 mmol, 2 equiv.) were dissolved in anhydrous DMF (5 mL). DIPEA was 

added (250 μL, 1.5 mmol, 3 equiv.) and the solution stirred for 1 hour at RT (the complete 

conversion was assessed by HPLC). The solution was then concentrated under vacuum, and 

the target compound purified by RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient from 

2% to 35% over 45 minutes), Alkynilated Guanine was obtained as a white solid after 

lyophilization (169.5 mg, 0.38 mmol, 78 % chemical yield). 

 

Two isomers, probably corresponding to cis/trans isomers were identified by NMR  

1H NMR (500 MHz, Methanol-d4): 

Major isomer: δ 8.43 (s, 1H), 5.24 (s, 2H), 4.09 (s, 2H), 3.98 (d, J = 2.5 Hz, 1H), 3.60 (t, J = 6.5 

Hz, 1H), 3.38 (t, J = 6.5 Hz, 2H), 2.58 (t, J = 2.5 Hz, 1H), 1.42 (s, 9H).  

Minor isomer δ 8.47 (s, 1H), 5.10 (s, 2H), 4.27 (s, 2H), 4.07 (s, 2H), 3.46 (t, J = 6.4 Hz, 1H), 3.19 

(t, J = 6.5 Hz, 2H), 2.67 (t, J = 2.5 Hz, 1H), 1.48 (s, 9H).  

Chromatogram

O

N

O

NHBoc

N

N

N
HN

O

H2N

OH

DMF

78%

H2N
O

N

O

NHBoc

N

N

N
HN

O

H2N

N
H

HBTU DIPEA



Experimental Part  

 159 

13C NMR (126 MHz, Methanol-d4) δ 167.6, 166.9, 79.1, 78.9, 71.2, 71.0, 49.6, 48.3, 48.1, 47.8, 

47.6, 47.4, 47.2, 47.0, 44.6, 38.4, 28.2, 27.5, 27.4.  

 

ESI-HRMS [M+Na]+ m/z = 469.19193 (calcd. for C19H26N8NaO5: 469.19184).  

 

HPLC : (gradient from 25% to 60% of MeCN in 5 minutes) 

 

 

 

 

 

  

Chromatogram

Chromatogram



Experimental Part  

 160 

Compound 14 :  

 

 

In anhydrous DMF (0.7 mL) were mixed the alkynylated guanine (13.8 mg, 31 μmol, 4 equiv.), 

compound 13 (4.7 mg, 7.7 μmol, 1 equiv.) and the copper ligand tris- 

(benzyltriazolylmethyl)amine (TBTA) (2.1 mg, 3.9 μmol, 0.5 equiv.). The catalyst 

(MeCN)4Cu·PF6 (4.3 mg, 11.6 μmol, 1.5 equiv.) was added to the mixture which was stirred at 

RT for 3 hours (conversion assessed by HPLC-MS). The solvent was evaporated under vacuum 

and the crude product purified by RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 5 

to 60% over 45 minutes). After lyophilization of the solvents, (Boc)4TriazoTASQ·Cu(II) 

(14·Cu(II)) was obtained (4.34 mg, 1.76 μmol, 23 % chemical yield), presence of coper was 

assessed by ICP-MS and HPLC-MS.  

 

Compound 14·Cu(II) : 

ICP-MS : 1.91 % of Copper  

 

ESI-HRMS [M+Cu+H]2+ m/z = 1233.11523 (calcd. for C104CuH160N48O20: 1232.11318)  
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HPLC :  

 

 

 

 

 

 

  

Chromatogram

Chromatogram

Chromatogram
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14·Cu(II) (4.34 mg, 1.76 μmol, 1 equiv.) was dissolved in MeCN (200 μL) and Na2S (0.5 mg, 7 

μmol, 4 equiv.) in H2O (200 μL) was added. After 2 minutes, centrifugation was performed 

(4000 RPM, 15 min), the supernatant was removed, the pellet washed with MeCN (200 μL) 

and H2O (200 μL) and the solvents were lyophilized to afford 14 (4.24 mg, 1.76 μmol). 

Demetallation was monitored by elemental analysis and HPLC-MS.  

Compound 14: 

ICP-MS : 0.02 % of Copper  

 

Maldi-TOF MS : [M+H]+ m/z = 2403.38 (calcd. for C104H161N48O20: 2403.74)  

 

HPLC :  

 

 

 

Chromatogram

Chromatogram
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BioTriazoTASQ :  

 

 

 

Compound 15 :  

 

 

 

Biotin-AMC (3) (99.9 mg, 0.13 mmol, 1 equiv.) was mixed with 5-azidopentyl 

methanesulfonate (140.8 mg, 0.7 mmol, 6 equiv.) in MeCN (3 mL). To which K2CO3 (127.3 mg, 

0.9 mmol, 8 equiv.) was added and the mixture was stirred at 50 °C for 72 hours (conversion 

assessed by HPLC-MS). After which the mixture was filtered, the solvent evaporated under 

vacuum and the crude purified by RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 2 

to 50 % over 45 minutes). After evaporation of the solvents, compound 15 was obtained as a 

white solid (41.9 mg, 0.048 mmol, 37 % chemical yield).  
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1H NMR (500 MHz, D2O) δ 4.61 (dd, J = 8.0, 4.5 Hz, 1H), 4.41 (dd, J = 8.0, 4.5 Hz, 1H), 3.36 – 

2.60 (m, 37H), 2.30 (t, J = 10.5, 10.5 Hz, 2H), 1.75 – 1.54 (m, 19H), 1.50 – 1.40 (m, 6H), 1.38 – 

1.27 (m, 4H). (Signals of intracyclic amines and amide are missing due to proton solvent 

exchange) 

 

13C NMR (126 MHz, D2O) δ 161.1, 160.8, 160.5, 160.2, 77.2, 76.9, 76.6, 60.8, 51, 50.8, 50.8, 

50.8, 40.2, 34.8, 28.4, 28.3, 28.3, 28.1, 28.1, 25, 24.2, 23.8, 23.7, 23.7, 21.8.  

 

MALDI-TOF MS [M+H]+ m/z = 872.51 (calcd. for C39H74N19O2S: 873.20).  

 

HPLC: (from 5% to 100% MeCN in 18 min) 

 

 
 

 
  

Chromatogram

Chromatogram
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Compound 16 :  

 

 

In anhydrous DMF (1.8 mL) were mixed the previously described alkynylated guanine (27.6 

mg, 61.9 μmol, 4.2 equiv.), 15 (12.7 mg, 0.015 mmol, 1 equiv.) and TBTA (3.9 mg, 7.5 μmol, 

0.5 equiv.). (MeCN)4Cu·PF6 (8.2 mg, 22.5 μmol, 1.5 equiv.) was added to the mixture and 

stirred at RT till reaction completion (6 h, assessed by HPLC-MS). The solvent was evaporated 

under vacuum and the crude mixture purified by RP-HPLC in a H2O/MeCN + 0.1% TFA mixture 

(gradient of 5 to 60% over 45 minutes). After lyophilization of the solvents, 

(Boc)4BioTriazoTASQ·Cu(II) was obtained (9.17 mg, 3.4 μmol, 23 % chemical yield) and 

subsequently demetalated after dissolution in MeCN (200 μL) and addition of Na2S (1.1 mg, 

13.6 μmol, 4 equiv.) in H2O (200 μL). After 2 min, centrifugation was performed (4000 RPM, 

15 min), the supernatant removed and (Boc)4BioTriazoTASQ 16 (8.96 mg, 3.4 μmol) isolated 

after lyophilization.  

 

ESI-HRMS [M+H+Na]2+ m/z = 1340.20428 C115H178N51NaO22S: 1340.19925).  

 

ICP-MS : 0.19 % of Copper  
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HPLC :  

 

 

 

 

 

 

Chromatogram

Chromatogram

Chromatogram
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MultiTASQ:  

 

 

 

Compound 17: 
 

 

 

To a solution of hexynoic acid (167 μL, 0.61 mmol, 0.9 equiv.) and DIPEA (315 μL, 1.34 mmol, 

2 equiv.) in DMF (2 mL) was added TSTU (228 mg, 0.74 mmol, 1.1 equiv.) and the solution was 

allowed to stir 1 hour until complete conversion of the starting material assessed through 

HPLC-MS. To a solution of AMC (134.7 mg, 0.67 mmol, 1 equiv.) in DMF (10 mL) at room 

temperature was added dropwise the latter reaction mixture containing N-hydroxysuccimide 

hex-5-ynoate (1 mL/3 hrs). The reaction was carefully monitored by HPLC-MS and the addition 

was stopped as soon as the bis-substituted compound was observed. The solution was then 

concentrated under vacuum, added water and purified by semi-preparative RP-HPLC in a 

H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 50% over 35 minutes, r.t: 12.5 minutes). After 

evaporation of the solvents and lyophilization, compound 17 was obtained (159.3 mg, 0.25 

mmol, 38% chemical yield).  
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1H NMR: (500 MHz, D2O): δ. 3.70-2.77 (m, 14H), 2.37 (t, J = 7.4 Hz, 1H), 2.23 (m, 2H), 1.80 

(m, 1H), 1.36 (m, 6H) (signals of intracyclic amines and amide are missing due to proton 

solvent exchange). 

13C NMR: (126 MHz, D2O): δ. 177.04, 162.83, 119.09, 117.16, 115.23, 84.58, 69.91, 52.26, 

46.42, 44.18, 43.89, 42.08, 40.51, 39.01, 23.75. 

 

ESI-HRMS: [M+H]+ m/z = 296.2434 (calcd. for C15H30N5O: 296.2450) 

 

HPLC:  

 

 

 

 

 

  

Chromatogram

Chromatogram
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Compound 18: 
 

 

 

To a solution of compound 17 (536.4 mg, 0.84 mmol, 1 equiv.) in MeCN (7 mL) were added 5-

((tert-butoxycarbonyl)amino)pentyl methanesulfonate (1882.7 mg, 6.7 mmol, 8 equiv.) and 

K2CO3 (814.2 mg, 6.7 mmol, 8 equiv.). The solution was heated at 70°C and it was allowed to 

stir for 72 hours, the reaction was monitored through HPLC-MS. After adequate conversion, 

the crude was filtered, and concentrated under vacuum. The residue was then purified by 

semi-preparative RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 60 % over 50 

minutes, r.t: 22 minutes), obtaining compound 18 as a white solid after lyophilization. (341.5 

mg, 0.32, mmol, 38 % chemical yield). 

 

1H NMR: (500 MHz, Methanol-d4) δ 4.28 (t, J = 6.2 Hz, 1H), 3.67 (s, 1H), 3.17-3.03 (m, 15H), 

2.98-2.77 (m, 10H), 2.74-2.69 (m, 3H), 2.35 (t, J = 7.5 Hz, 2H), 2.29 (s, 1H), 2.24 (m, 2H), 2.05 

(s, 1H), 1.86-1.78 (m, 7H), 1.77-1.65 (m, 7H), 1.61-1.50 (m, 14H), 1.48-1.36 (m, 36H) (signals 

of intracyclic amines and amide are missing due to proton solvent exchange). 

 

ESI-HRMS: [M+H]+ m/z = 1036.81107 (calcd. for C55H105N9O9: 1036.81080). 
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HPLC:  

 

 

 

 

  

Chromatogram
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Compound 20: 

 

  

 

Compound 18 (14.8 mg, 0.014 mmol, 1 equiv.) was stirred with 500 µL of TFA during 1 hour 

to deprotect the amines. After TFA evaporation, the compound was directly engaged in 

following reaction without purifications. Boc-PNAG (25.8 mg, 0.063 mmol, 4.5 equiv.) and 

HBTU (23.9 mg, 0.063 mmol, 4.5 equiv.) were dissolved in DMF (1 mL) and DIPEA was added 

(12 μL, 0.056 mmol 4 equiv.) The mixture was let to stir for five minutes and added to the 

solution containing compound 19 (14.8 mg, 0.014 mmol, 1 equiv.) and DIPEA (3 μL, 1 equiv.) 

in DMF (1 mL). The mixture was stirred at RT for 3 hours and the completion of the four 

couplings was assessed by HPLC-MS. The solution was then concentrated under vacuum, 

added a mixture of water and MeCN (50/50, 2mL), and purified by semi-preparative RP-HPLC 

in a H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 15% over 5 minutes then from 15 to 65% 

over 50 minutes, r.t: 37 minutes). After evaporation of the solvents by freeze drying, the 

compound 20 was obtained (13.5 mg, 6.14 μmol, 43% chemical yield).  

 

1H NMR: (500 MHz, Methanol-d4) δ 8.22 (m, 2H), 7.96 (m, 4H), 5.06 (m, 10H), 4.95 (m, 4H), 

4.15 (s, 2H), 3.91 (s, 8H), 3.55 (s, 8H), 3.45-3.25 (m, 14H), 3.16-2.77 (m, 24H), 2.34 (s, 3H), 

2.18 (s, 1H), 2.13 (m, 2H), 1.70 (m, 4H), 1.45-1.33 (m, 42H) 1.31 (s, 10H), 1.26-0.94 (m, 14H). 

 

ESI-HRMS: [M+H]2+ m/z = 1101.13051 (calcd. for C99H157N37O21: 1101.12501). 
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HPLC:  

 

 
 

 
 

 
  

Chromatogram

Chromatogram

Chromatogram
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MultiTASQ: 

 

  

 

Compound 20 (1.95 mg, 0.9 μmol) was dissolved in TFA (100 µL) and the complete 

deprotection was assessed via HPLC, the mixture was diluted in water and the compound was 

freeze dried to afford MultiTASQ. (2 mg, 0.9 μmol, chemical yield 100%).  

 

ESI-HRMS: [M+H]2+ m/z = 901.01988 (calcd. for C79H125N37O13: 901.02015) 

 

HPLC:  
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AzMultiTASQ:  

 

 

 

Compound 21: 
 

 

 

To a solution of 6-Azido-hexanoic acid (414 mg, 2.64 mmol, 0.9 equiv.) and DIPEA (533 μL, 

3.21 mmol, 1.1 equiv.) in DMF (2 mL) was added TSTU (995.7 mg, 3.21 mmol, 1.1 equiv.) and 

the solution was allowed to stir 1 hour until complete reaction of the starting material 

(assessed through HPLC-MS). To a solution of AMC (588.9 mg, 2.92 mmol, 1 equiv.) in DMF 

(250 mL) at room temperature was added dropwise the latter reaction mixture containing N-

hydroxylsuccimide-6-azido-hexanate (1 mL/3 hrs). The reaction was carefully monitored by 

HPLC-MS and the addition was stopped as soon as the bis-substituted compound was 

observed. The solution was then concentrated under vacuum, added water and purified by 

semi-preparative RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 50% over 35 

minutes, r.t: 13 minutes). After evaporation of the solvents, compound 21 was obtained 

(416.0 mg, 0.61 mmol, 21% chemical yield). 
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1H NMR: (500 MHz, D2O): δ 3.31 (d, J = 5.4 Hz, 2H), 3.21 (t, J = 6.8 Hz, 2H), 3.17 – 2.81 (m, 

15H), 2.19 (t, J = 7.4 Hz, 2H), 1.51 (m, 4H), 1.27 (m, 4.1 Hz, 2H) (signals of intracyclic amines 

and amide are missing due to proton solvent exchange). 

 

13C NMR: (126 MHz, D2O): δ 177.8, 119.7, 117.4, 115.1, 112.8, 51.0, 44.3, 43.9, 42.7, 42.1, 

39.0, 35.4, 27.6, 25.5, 24.7. 

 

MALDI-TOF : [M+H]+ m/z = 341.33 (calcd. for C15H33N8O: 341.27) 

 

HPLC:  

 

 

 

 

  

Chromatogram

Chromatogram
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Compound 22:  

 

 

 

To a solution of compound 21 (145.7 mg, 0.21 mmol, 1 equiv.) in MeCN (2.5 mL) was added 

5-((tert-butoxycarbonyl)amino)pentyl methanesulfonate (576.6 mg, 2.1 mmol, 10 equiv.) and 

Cs2CO3 (668.3 mg, 2.1 mmol, 10 equiv.). The solution was heated at 50 °C and it was allowed 

to stir for 72 hours, the reaction was monitored through HPLC-MS. After complete conversion, 

the crude was filtered, and concentrated under vacuum. The residue was then purified by 

semi-preparative RP-HPLC with a H2O/MeCN + 0.1% TFA mixture as mobile phase (gradient of 

5 to 60 % over 50 minutes, r.t: 22 minutes). Compound 22 was isolated as a white solid (92.4 

mg, 0.085, mmol, 40 % chemical yield). 

 

1H NMR: (500 MHz, Methanol-d4) δ 3.73 – 3.25 (m, 6H), 3.22 (s, 4H), 3.19 – 3.02 (m, 9H), 2.96 

(m, 10H), 2.75 (t, J = 36.3 Hz, 7H), 2.15 (t, J = 7.5 Hz, 2H), 1.84 – 1.49 (m, 10H), 1.48 – 1.38 (m, 

9H), 1.34 (s, 42H), 1.26 – 1.17 (m, 4H) (signals of intracyclic amines and amide are missing due 

to proton solvent exchange). 

 

MALDI-TOF : [M+H]+ m/z = 1081.99 (calcd. for C55H109N12O9: 1081.84). 
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HPLC:  

 

 

 

 

 

Compound 24: 
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Compound 22 (50.6 mg, 0.042 mmol, 1 equiv.) was stirred with 500 µL of TFA for 1 hour to 

deprotect the amines. After evaporation of the TFA (completion of the deprotection assessed 

by HPLC-MS), compound 23 was used without purification. In a second-round bottom flask, 

Boc-PNAG (76.1 mg, 0.186 mmol, 4.4 equiv.), HBTU (70.5 mg, 0.19 mmol, 4.4 equiv.) were 

dissolved in DMF (1 mL), and DIPEA was added (43 μL, 6 equiv.) The mixture was added to the 

solution containing previously described compound 23 (50.6 mg, 0.042 mmol, 1 equiv.) and 

DIPEA (3 μL, 1 equiv.) in DMF (1 mL). The mixture was stirred at RT for 3 hours and the 

completion of the four couplings was assessed by HPLC-MS. The solution was then 

concentrated under vacuum, added a mixture of water and MeCN (50/50, 2mL), and purified 

by semi-preparative RP-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 5 to 15% over 

5 minutes then from 15 to 65% over 50 minutes, column A, r.t: 37 minutes). After evaporation 

of the solvents, compound 24 was obtained (33.6 mg, 0.015 mmol, 33% chemical yield).  

 

ESI-HRMS: [M+H]2+ m/z = 1123.64146 (calcd. for C99H161N40O21: 1123.64136). 

 

HPLC: 

 

 

 

Chromatogram
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AzMultiTASQ: 
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Compound 24 (1.95 mg, 0.9 μmol) was dissolved in TFA (100 µL) and the complete 

deprotection was assessed by HPLC, the mixture was diluted in water and the compound was 

freeze-dried to afford AzidoMultiTASQ. (2 mg, 0.9 μmol, chemical yield 100%).  

 

ESI-HRMS: [M+H]3+ m/z = 616.026740 (calcd. for C79H129N40O13: 616.02676). 

 

HPLC:  

 

 

  

Chromatogram and Results : UV
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Click Protocol:  

 

CuAAC:  

 

To perform CuAAC a soluble source of Cu(I) is necessary, so in micro-tube 5 μL of a 1M solution 

of (MeCN)4Cu·PF6 in DMSO are mixed with 7 μL of an aqueous solution of THPTA 1M (tris(3-

hydroxypropyltriazolylmethyl)amine), the mixture was stirred to provide a dark blue color 

solution. To which were added 10 μL of sodium ascorbate (1 M in water) to provide a colorless 

of Cu(I) (227 mM). In a second micro-tube, 20 μL of a 5 mM solution of MultiTASQ (water/1-

Butanol 1:1) were mixed with 1.1 μL of Azido-PEG4-Biotin conjugate (100 mM in water), to 

which 4μL of the aforementioned Cu(I) containing mixture were added. The reaction was left 

to stir for one hour after which the complete conversion was assessed by HPLC-MS. The 

solution was let to decant for further 15 minutes and a blue precipitated formed. After 

centrifugation the supernatant was removed and diluted to 1 mM (presence of target 

compound attested by HPLC-MS). 

 

LR-MS: [M + Cu]2+ m/z = 1153.3 (calcd. for C97H157N43O18SCu: 1153.6). 

 

 

In black MultiTASQ prior to the reaction, in red the biotinylated MultiTASQ after 1 hour of reaction. 
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SPAAC:  

 
In a micro-tube, 20 μL of a 1mM solution of AzMultiTASQ were mixed with 2.2 μL of 10mM 

solution of commercial dibenzocyclooctyne-PEG4-biotin conjugate (DBCO-PEG4-Biotin), the 

reaction was stirred at 37°C for 1 hour until complete conversion of the starting material was 

observed by HPLC-MS. The TASQ solution was used without further purification. 

 

LR-MS: [M+H]2+ m/z = 1291.3 (calcd. for C118H179N45O21S: 1291.9). 

 

 

In black AzidoTASQ prior to the reaction, in red the Dibenzocyclooctyne-PEG4-biotin conjugate before the 

reaction, in blue the biotinylated AzidoTASQ conjugated after 1hour at 37°C. 

  

Chromatogram

100 500 1,000 1,500 2,000

-20

-10

0

10

20

30

40

50

60

70

80

90

100

110

120

116.2

135.9

180.9

198.2

203.3

209.0

235.2

315.9

322.4

447.6

449.1

472.7

488.4

506.6

543.5

573.5

582.2

608.3

611.7

634.3

647.3

662.4

721.1

733.4

744.5

763.6

771.7

779.3

783.1

806.1

952.6 1291.3

m/z

%

#113 SPAAC AZT DBCO 1h - Scan: #135 - 138  AV: 2.77 - 2.87 min (4) SB1: 2.71 - 2.96 (5) min NL: 7.25E+005



Experimental Part  

 185 

photoMultiTASQ:  

 

 

 

Compound 25:  
 

 

 

To a solution of 3-(3-But-3-yn-1yl)-3H-Diazirin-3yl) propanoic acid (18.0 mg, 0.11 mmol, 1 

equiv.) and DIPEA (40 μL, 0.22 mmol, 2.1 equiv.) in DMF (3 mL) was added TSTU (42.1 mg, 

0.14 mmol, 1.3 equiv.) and the solution was allowed to stir 1h until complete conversion of 

the starting material (monitored by HPLC). To a solution of AMC (29.3 mg, 0.14 mmol, 1.3 

equiv.) in DMF (3 mL) at room temperature was added dropwise the latter reaction mixture 

containing the activated ester (1 mL/3 hrs). The reaction conversion was carefully monitored 

by HPLC-MS. The solution was then concentrated under vacuum, added water and purified 

by semi-preparative-HPLC in a H2O/MeCN + 0.1% TFA mixture (gradient of 2 to 35 % over 35 

minutes, r.t: 12.5 minutes). After evaporation of the solvents, the compound 25 was obtained 

(29.7 mg, 0.043 mmol, 31% chemical yield) (exact amount of TFA not quantified). 
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1H NMR: (500 MHz, Deuterium Oxide) δ 3.40 (d, J = 5.4 Hz, 2H), 3.13 (m, 15H), 2.37 (s, 1H), 

2.12 (t, J = 7.1 Hz, 2H), 2.03 (m, 2H), 1.83 (t, J = 7.1 Hz, 2H), 1.66 (t, J = 7.1 Hz, 2H) (signals of 

intracyclic amines and amide are missing due to proton solvent exchange). 

 

13C NMR: (126 MHz, Deuterium Oxide) δ 175.8, 119.8, 117.4, 115.1, 112.8, 84.3, 69.9, 52.1, 

46.4, 44.3, 42.6, 39.0, 30.9, 29.8, 28.8, 27.6, 12.4. 

 

MALDI-TOF: [M+H]+ m/z = 350.27 (calcd. for C17H31N7O: 350.26) 

 

HPLC:  

 

 

 

 

Chromatogram

Chromatogram
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Compound 26:  

 

 

 

To a solution of 25 (34.2 mg, 0.049 mmol, 1 equiv.) in MeCN (1 mL) was added 5-((tert-

butoxycarbonyl)amino)pentyl methanesulfonate (82.6 mg, 0.29 mmol, 6 equiv.) and K2CO3 

(40.1 mg, 0.29 mmol, 6 equiv.). The solution was heated at 60°C and it was allowed to stir for 

48 hours. Two additional equivalents of 5-((tert-butoxycarbonyl)amino)pentyl 

methanesulfonate were added in order to complete the conversion of 25 and the mixture was 

allowed to stir for another 24 h. An adequate conversion of the reaction was monitored 

through HPLC-MS, after which the crude was filtered and concentrated under vacuum. The 

residue was then purified by semi-preparative-HPLC in a H2O/MeCN + 0.1 % TFA mixture 

(gradient of 5 to 60 % over 50 minutes, r.t: 37 minutes), obtaining the compound 26 after 

solvent removal by lyophilization (16.0 mg, 14.5 μmol, 30% chemical yield, 83% purity). 

 

1H NMR: (500 MHz, Methanol-d4) δ 3.79 – 3.34 (m, 8H), 3.27 – 2.99 (m, 20H), 2.83 (d, J = 41.3 

Hz, 8H), 2.30 (t, J = 2.6 Hz, 1H), 2.04 (m, 4H), 1.85 (m, 4H), 1.63 (m, 4H), 1.54 (m, 10H), 1.44 

(s, 42H), 1.37 – 1.21 (m, 5H) (signals of intracyclic amines and amide are missing due to proton 

solvent exchange). 

 

ESI-HRMS: [M+H]+ m/z = 1090.83405 (calcd. for C57H107N11O9: 1090.83260). 
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HPLC:  

 

 

 

 

  

Chromatogram
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Compound 28:  

 

 

 

Compound 26 (15.1 mg, 0.014 mmol, 1 equiv.) was stirred with 500 μL of TFA during 1 hour. 

After evaporation of the TFA, the complete deprotection of 26 was observed with HPLC-MS 

and compound 27 was obtained (9.7 mg, 0.014 mmol, 100 % chemical yield). Boc-PNAG (22.5 

mg, 0.55 mmol, 4 equiv.) and HBTU (23.5 mg, 0.062 mmol, 4.4 equiv.) were dissolved in DMF 

(1 mL) to which DIPEA was added (10 μL, 4 equiv.). The activated ester containing mixture 

was added to a DMF (1 mL). solution of 27 (9.66 mg, 0.014 mmol, 1 equiv.) and DIPEA (10 μL, 

4 equiv.). The mixture was stirred at RT for 3 hours. After observing its full conversion by 

HPLC-MS, the solution was concentrated under vacuum, added a mixture of water and MeCN 

(50/50, 2mL), and purified by semi-preparative RP-HPLC in a H2O/MeCN + 0.1 % TFA mixture 

(gradient of 5 to 15 % over 5 minutes then from 15 to 65% over 50 minutes, column A, r.t: 29 

minutes). After lyophilization of the solvents, the compound 28 was obtained (8.43 mg, 3.74 

μmol, 27% chemical yield) (exact amount of TFA not quantified). 

 

ESI-HRMS: [M+H+Na]2+ m/z = 1139.12403 (calcd. for C10H159N39O21Na: 1139.12689). 
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HPLC:  

 

 

 

 

 

 

 

Chromatogram
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N-TASQ:  

 

 

Compound 30:  

 

 

3,6-Dibromonaphthalene-2,7-diyl bis(trifluoromethanesulfonate) (29) (1.0 g, 1.72 mmol, 1 

equiv.), CuI (3.9 mg, 20.6 µmol, 1.2 mol%), Pd(PPh3)2Cl2 (28.9 mg, 41.2 µmol, 2.4 mol%) and 

N-Boc-propargylamine (1.280 g, 8.246 mmol, 4.8 equiv.) were introduced in a dry Schlenk 

tube under argon. Dry and degassed diethylamine (8 mL) was added with a syringe and the 

solution was stirred at 50 °C overnight. After which, the diethylamine was removed under 

vacuum and the residue was adsorbed on Dicalite (dry-load, 24 g). The crude was purified by 

automated flash chromatography using an 80 g FlashPure irregular silica column (Büchi) (from 

10% to 50% of EtOAc in heptane in 50 min and flowrate of 45 mL/min). The desired compound 

crystallized out of the collection tubes after an overnight. The supernatants containing the 

pure desired compound and the crystals were collected and pooled together and the solvent 

was removed under vacuo. The residue was then dissolved in hot EtOAc/heptane (150 mL) 

and 30 was recrystallized by leaving the mixture at -19 °C overnight. The obtained crystals of 

product were collected and the filtrate was concentrated until more crystals were formed. In 

total, 390 mg (0.53 mmol, 31% chemical yield) of white solid product were obtained. 1H NMR 

data were in agreement with literature118.  
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1H NMR (500 MHz, Chloroform-d) δ 7.74 (s, 4H, Ar-H), 5.28 (br s, 4H, N-H), 4.23 (s, 8H, CH2), 

1.47 (s, 36H, t-Bu). 

HPLC: (from 50% to 100% CH3CN in 5 minutes) 
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Compound 32: 

 

 

Compound 30 (51.1 mg, 0.07 mmol, 1 equiv) was dissolved in TFA (200 µL) and complete 

deprotection was assessed by HPLC-MS. Boc-PNAG (124.3 mg, 0.31 mmol, 4.4 equiv) was mixed 

with HBTU (115.1 mg, 0.31 mmol, 4.4 equiv) and DIPEA (318 µL, 1.82 mmol) in DMF (1 mL) in 

separated round bottom flask and let to stir for 5 minutes. After TFA evaporation, 31 was 

dissolved in DMF and DIPEA was also added until neutralization, this solution was added to 

the latter and the reaction was left to stir for four hours at RT, until HPLC-MS showed 

complete conversion. The solvent was evaporated and the residue was purified by semi-

preparative RP-HPLC (gradient of 5 to 15% over 5 minutes then from 15 to 65% over 50 

minutes, r.t: 35 minutes). After lyophilization, 32 was obtained as a solid (44.5 mg, 0.024 

mmol, 34% chemical yield).  

 

ESI-HRMS [M+3H]3+ m/z = 635.94393 (calculated for C86H107N32O20
3+: 635.94410). 

 

UV-Vis:  
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HPLC:  
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TzN-TASQ:  

 

 

 

Compound 34:  

 

 

 

Compound 31 (50.4 mg, 0.067 mmol, 1 equiv.) was dissolved in deionized water (2 mL) and 

the pH was adjusted to 10 by the addition of DIPEA. Imidazolesulfonylazide (sulfate salt, 110 

mg, 0.41 mmol, 6 equiv) was dissolved in a separate vessel in MeOH (1 mL) and DIPEA was 

slowly added with stirring and cooling in ice until the pH reached 10. This solution was then 

added to the solution of 31, followed by the addition of CuSO4·5H2O (0.67 mg, 2.7 µmol, 4 

mol%) dissolved in deionized water (30 µL). To the water/ methanol mixture, CHCl3 (4 mL) 

was added to the mixture and the pH was further basified (pH 11 to 12) by addition of 10% 

aqueous K2CO3. The biphasic mixture was then stirred at maximum RPM for 2 hours, resulting 

in orange coloration of the chloroform layer. The layers were then separated, the aqueous 

layer was extracted with CHCl3 (3 × 15 mL) and the combined organic phases were dried with 

sodium sulfate. After filtration of the drying agent, the solution was diluted with a minimal 

amount of pentane (10 mL) and passed through a a silica gel short-pass column 

chromatography. The silica was then washed with a 1/1 mixture of DCM and pentane 

(100 mL) to eluted the desired compound. The collected filtrate was concentrated under 
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vacuum and dried in vacuo, affording the product (16.0 mg, 0.036 mmol, 53% chemical yield) 

as a white crystalline solid. 

 

1H NMR: (500 MHz, Chloroform-d) δ 7.93 (s, 4H), 4.24 (s, 8H). 

 

13C NMR: (126 MHz, Chloroform-d) δ 132.2, 131.4, 122.9, 86.3, 85.3, 40.8. 

 

ESI-HRMS: impossible to obtain due to the low ionization of the compound 34. 

 

HPLC:  

 

 

 

 

 

  

Chromatogram

Chromatogram
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Compound 35:  

 

 

 

Compound 34 (11.7 mg, 0.026 mmol, 1 equiv.) was dissolved in anhydrous DMF (0.9 mL) and 

the alkynylated guanine (51.7 mg, 0.12 mmol, 4.6 equiv.) was added. Three aqueous solutions 

were prepared separately: CuSO4⋅5H2O (1.31 mg, 5.26 µmol, 0.2 equiv., 33 µL), THPTA (4.56 

mg, 10.5 µmol, 0.4 equiv., 33 µL), and sodium ascorbate (2.08 mg, 10.5 µmol, 0.4 equiv., 33 

µL). To the Cu(II) solution was added the solution containing the copper ligand (THPTA), 

resulting in deep blue complex. To this mixture was then added the solution of sodium 

ascorbate, producing a colourless Cu(I)·THPTA aqueous solution. The prepared solution was 

added to the stirred DMF solution of 34, the reaction was monitored every 30 minutes and 

0.2 equiv. of fresh catalyst-complex mixture (99 µL) were added if the HPLC analysis showed 

incomplete conversion. After two additions of catalyst, an additional 1 equiv. of alkyne (11.8 

mg, 26.3 µmol, 1.0 equiv.) in DMF (100 µL) was added in to further improve the conversion 

of 34 in 15 min. After 20 minutes the conversion was stil partial and therefore another portion 

of catalyst was added as above, together with another aliquot of the alkyne (11.8 mg, 26.3 

µmol, 1.0 equiv.) in DMF (100 µL). The conversion of starting compound 34 was complete 

after 15 minutes (monitored by HPLC). The reaction mixture was then purified by preparative 

HPLC (gradient of 5 to 15% over 5 minutes then from 15 to 65% over 50 minutes, r.t: 

41minutes). Compound 35 (20.2 mg, 9 µmol, 35%) was obtained as a white solid after 

lyophilisation of the solvents. 

 

ESI-HRMS: [M+2H]2+ m/z = 1115.47820 (calculated for C98H118N44O20
2+: 1115.47790). 
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HPLC:  

 

 

 

 

 

 

Chromatogram

Chromatogram

Chromatogram



Experimental Part  

 201 

TzN-TASQ:  

 

 

 

Compound 35 (1.95 mg, 0.9 μmol) was dissolved in TFA (200uL) and the complete 

deprotection was assessed via HPLC, the mixture was diluted in water and the compound was 

freeze dried to achieve TzN-TASQ. (2 mg, 0.9 μmol, 100%).  

 

ESI-HRMS: [M+4H]4+ m/z = 458.19015 (calculated for C78H88N44O12
4+: 458.19016).  

 

HPLC:  
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Square-TASQ V1:  

 

 

 

Compound 36:  

 

 

 

Aniline (2.7 mL, 30 mmol, 1 equiv.), 2-bromoethanol (6.4 mL, 90 mmol, 3 equiv.), calcium 

carbonate (6.0 g, 60 mmol, 2.0 equiv.) and potassium iodide (0.50 g, 3 mmol, 0.1 equiv.) in 

water (42 mL) were stirred at reflux overnight (reaction completion was checked by LC-MS 

and TLC). The reaction mixture was filtered, and the precipitate was washed with small 

amount of ethyl acetate. The two layers were separated in a separatory funnel. The aqueous 

layer was extracted with ethyl acetate (3 × 50 mL) and the combined organic layers were 

washed with brine (50 mL), dried with sodium sulfate, and filtered. The solvent was removed 

under vacuum, the residue was deposited on Dicalite (50 g) and the product was purified by 

flash chromatography (330 g FlashPure irregular SiO2 column eluted with mobile phase 2 to 6 

% MeOH/ DCM at a flow of 100 mL/min). Compound 36 (5.02 g, 92%) was obtained as 

a brownish oil. 1H NMR data were in agreement with literature192. 

 

1H NMR (500 MHz, Chloroform-d) δ 7.26 – 7.21 (m, 2H), 6.76 – 6.72 (m, 1H), 6.72 – 6.68 (m, 

2H), 3.84 (t, J = 4.9 Hz, 4H), 3.57 (t, J = 4.9 Hz, 4H), 3.41 (br s, 2H). 
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Compound 37:  

 

 

 

N,N-Bis(2-hydroxyethyl)aniline (36) (1.81 g, 10 mmol, 2 equiv.) was dissolved in a mixture of 

benzene and n-butanol (V/V = 1/1, 40 mL) and squaric acid (0.57 g, 5 mmol, 1 equiv.) was 

added. The mixture was stirred under reflux in Dean-Stark apparatus for azeotropic removal 

of water for 14 hours. The mixture was left to cool to room temperature and the solid dark 

green compound 37 (968 mg, 2.2 mmol, 44%) was filtered off and washed with pentane. 1H 

NMR data were in agreement with literature 193. 

 

1H NMR (500 MHz, DMSO-d6) δ 8.10 (d, J = 9.2 Hz, 4H, Ar-H), 7.01 (d, J = 9.4 Hz, 4H, Ar-H), 

4.88 (br s, 4H, OH), 3.71 – 3.60 (m, 16H, CH2). 

 

HPLC:  
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Compound 38:  

 

 

 

Boc-PNAG (186 mg, 0.45 mmol, 4 equiv.) and HBTU (172 mg, 0.45 mmol, 4 equiv.) were 

dissolved in dry DMF (1 mL) in a dry flask under argon atmosphere and DIPEA (159 µL, 

0.91 mmol, 8 equiv.) was added. This mixture was stirred for 30 minutes at room 

temperature. Then, the squaraine 37 (50 mg, 0.12 mmol, 1 equiv.) was dissolved in dry DMF 

(1.2 mL) and added dropwise. A further aliquot of HBTU (172 mg, 0.45 mmol, 4 equiv.) and 

DIPEA (80 µL, 0.45 mmol, 4 equiv.) was then added. DMAP (13.9 mg, 0.15 mmol, 1 equiv.) was 

added to improve the conversion. After 30 minutes, another equivalent of Boc-PNAG (46.5 mg, 

0.11mmol, 1 equiv.) was added together with HBTU (43.0 mg, 0.11 mmol, 1 equiv.) and DIPEA 

(40 µL, 0.23 mmol, 2 equiv.). This resulted in complete conversion of the starting squaraine 

dye according to HPLC (3h). The reaction mixture was purified by semi-preparative HPLC 

(gradient of 5 to 15% over 5 minutes then from 15 to 65% over 50 minutes, r.t: 40 minutes) 

and the fractions containing compound 38 were lyophilised, affording product (18.4 mg, 9.6 

μmol, 8%) as a blue-green solid. 

 

ESI-HRMS [M+3H]3+ m/z = 669.28601 (calculated for C88H115N30O26
3+: 669.28608). 
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HPLC:  
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Uv-Vis Spectra:  

 

 

 

Square-TASQ v.1:  

 

 

 

38 (1.95 mg, 0.97 μmol) was dissolved in TFA (200 µL) and the complete deprotection was 

monitored by HPLC. After 20 minutes, the mixture was diluted in water and the compound 

was freeze dried to achieve Square-TASQ v1 (2 mg, 0.97 μmol, 100%).  

 

ESI-HRMS [M+2H]2+ m/z = 803.32076 (calculated for C68H82N30O18
2+: 803.32062). 
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HPLC:  

 

 

 

 

Square-TASQ V2:  
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Compound 39:  

 

 

 

Diethanolamine (4.20 g, 40.0 mmol, 1.3 equiv.) and phloroglucinol (5.04 g, 31.1 mmol, 1 

equiv.) were heated under reflux in a mixture of toluene and n-butanol (V/V = 1/1, 200 mL) 

overnight. The reaction mixture was then concentrated under vacuum and the resulting red 

oil partially solidified after drying in vacuo. The crude product (10.64 g) was used in the next 

step without further purification. 

 

Compound 40:  

 

 

 

Crude 3,5-dihydroxy-N,N-bis(2-hydroxyethyl)aniline (39) (500 mg, ca. 2.4 mmol.) was 

suspended in toluene (10 mL) and dioxane (20 mL). DBU (1473 µL, 9.9 mmol, 4.1 equiv) was 

added, followed by dropwise addition of diphenylphosphoryl azide (DPPA) (2.2 mL, 10.3 

mmol, 4.3 equiv). The reaction mixture was then heated under reflux for 3.5 hours under 

vigorous stirring, HPLC-MS indicated conversion of the starting material to bis(diphenyl 

phosphate) of the product. The reaction mixture was concentrated under vacuum and the 

residue was dissolved in DCM (50 mL) and Brine (50 mL). The organic layer was separated and 

the aqueous layer was extracted with DCM (3 × 50 mL). The combined organic extracts were 

dried with K2CO3, the drying agent was filtered off and the solvent removed under vacuum. 
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The residue was purified by column chromatography (neat DCM to 6 vol% MeOH in DCM as 

a mobile phase) to remove most of the polar impurities. The fractions containing the 

bis(diphenyl phosphate) ester of the product were concentrated under vacuum and the 

residue was dissolved in methanol (45 mL) and water (5 mL). The phosphate was hydrolysed 

by the addition of 10% aqueous sodium hydroxide (2.5 mL) and the solution was stirred until 

complete conversion (HPLC monitor, approx. 1 hour). Methanol was removed by evaporation 

and the remaining aqueous solution was extracted with DCM (2 × 50 mL). The aqueous layer 

was then neutralized with hydrochloric acid (1 M, aqueous) and extracted a second time with 

DCM (4 × 50 mL). The combined organic phases were dried with sodium sulfate, the drying 

agent was filtered off and the solvent was removed under vacuum. The desired product (155 

mg) was obtained as a brown oil and used without further purification in the following step. 

 

Compound 41:  

 

 

 

The crude containing compound 40 (155 mg, ca. 0.59 mmol, 2 equiv.) was dissolved in a 

mixture of toluene and n-butanol (V/V = 1/1, 40 mL) and heated under reflux with squaric 

acid (33.6 mg, 0.29 mmol, 1 equiv.) in a Dean-Stark apparatus for 6.5 hours. The solution was 

allowed to cool down to room temperature and the product was allowed to crystallize by 

leaving the crude mixture at 4 °C overnight. The solid was filtered off and washed with 

toluene, pentane and diethyl ether. The product was obtained as a solid (48.8 mg, 0.014 

mmol, 5.5% from phloroglucinol). 

 

1H NMR (500 MHz, DMSO-d6) δ 11.12 (s, 4H, OH), 6.01 (s, 4H, Ar-H), 3.71 (t, J = 6.1 Hz, 8H, 

CH2), 3.59 (t, J = 5.9 Hz, 8H, CH2). 
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13C NMR (126 MHz, DMSO-d6) δ 180.7, 163.6, 162.3, 158.1, 102.4, 93.7, 49.4, 48.5. 

 

ESI-HRMS [M+H]+ m/z = 605.20768 (calculated for C24H25N14O6
+: 605.20760). 

 

HPLC:  

 

 

Compound 42:  

 

 

Compound 41 (26.0 mg, 43.0 µmol.) and the propargyl-PNA derivative previously described 

(84.5 mg, 189.2 µmol, 4.4 equiv.) were stirred in DMF (3 mL). As copper source in a separate 

vessel an aqueous solution of CuSO4·5H2O (2.1 mg, 8.6 µmol, 33 µL, 0.2 equiv.), THPTA (7.5 

mg, 17.2 µmol, 33 µL, 0.4 equiv.) and sodium ascorbate (8.5 mg, 43.0 µmol, 33 µL, 1 equiv.) 

were added in that order. The Cu(I) containing solution was then added to the mixture 

containing compound 41 and the propargyl-PNA derivative and let to stir for 30 minutes. As 

the conversion was still low after 30 minutes according to HPLC, a solution of copper iodide 
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(3.3 mg, 17.3 µmol, 0.4 equiv.) and TBTA (18.3 mg, 34.5 µmol, 0.8 equiv.) in DMSO (0.5 mL) 

was added to improve the conversion of the starting material. After no improvement was 

observed, Cu(MeCN)4PF6 (6.4 mg, 17.2 µmol, 0.4 equiv.) was chosen as copper source, 

showing progression in the reaction conversion. After an additional 30 minutes a second 

addition of Cu(MeCN)4PF6 (6.4 mg, 17.2 µmol, 0.4 equiv.) resulted in complete conversion to 

the target compound. The reaction mixture was purified by semi-preparative HPLC (gradient 

of 5 to 15% over 5 minutes then from 15 to 65% over 50 minutes, r.t: 40 minutes) and the 

fractions containing product were lyophilised affording the product 42 (51.6 mg, 21.5 µmol, 

chemical yield 50%) as a blue solid. 

 

ESI-HRMS [M+2H]2+ m/z = 1195.51294 (calculated for C100H130N46O26
2+: 1195.51267). 

 
HPLC:  
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Uv-Vis: 
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Square-TASQ v.2:  

 

 

 

42 (1.95 mg, 0.8 μmol) was dissolved in TFA (200 µL) and the complete deprotection was 

assessed via HPLC, the mixture was diluted in water and the compound was freeze dried to 

achieve Square-TASQ v.2 (1.96 mg, 0.8 μmol, 100%).  

 

ESI-HRMS [M+3H]3+ m/z = 663.94098 (calculated for C80H99N46O18: 663.94097). 

 

HPLC:  
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Biophysical assays:  

Oligonucleotides preparation:  

Preparation of stock solutions. The lyophilized DNA/RNA strands (purchased from 

Eurogentec) were firstly diluted in deionized water (18.2 MΩ.cm resistivity) at 500 μM (for 

monomolecular (i.e., F21T, F-Myc-T, F-TERRA, F-VEGF and F-duplex-T for FRET-melting 

experiments; F-Myc, F-22AG, F-SRC and F-duplex for pull-down assay; Cy5-Myc for APPKD 

measurements) and bimolecular structures (i.e., ds17 and CT-DNA). All DNA structures were 

prepared in a Caco.K buffer, comprising 10 mM lithium cacodylate buffer (pH 7.2) plus 10 mM 

KCl/90 mM LiCl. Monomolecular structures were prepared by mixing 40 μL of the constitutive 

strand (500 μM) with 8 μL of a lithium cacodylate buffer solution (100 mM, pH 7.2), plus 8 μL 

of a KCl/LiCl solution (100 mM/900 mM) and 24 μL of water. Bimolecular structures were 

prepared by mixing 40 μL of each constitutive strand (500 μM) with 16 μL of a lithium 

cacodylate buffer solution (100 mM, pH 7.2), plus 16 μL of a KCl/LiCl solution (100 mM/900 

mM) and 48 μL of water. The actual concentration of each DNA sample was determined via 

dilution to 1 μM (expressed in motif concentration) for monomolecular structures (i.e., 4 μL 

in 996 μL water) and bimolecular structures (i.e., 8 μL in 992 μL water) through UV spectral 

analysis at 260 nm (after 5 min at 90°C) with the following molar extinction coefficient values 

provided by the manufacturer. The higher-order DNA/RNA structures were folded according 

to two procedures: (a) for the monomolecular architectures, solutions were heated (90°C, 5 

min), cooled on ice (10 minutes) and then stored at least overnight (4°C); (b) for the folding 

of bimolecular structures, the solutions were heated (90°C, 5min), gradually cooled (65, 60, 

55, 50, 40 and 30°C (60mn/step), 25°C (2hr)) and then stored at least overnight (4°C). 
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FRET-Melting:  

FRET-melting experiments were performed in a 96-well format using a Mx3005P qPCR 

machine (Agilent) equipped with FAM filters (λex = 492 nm; λem = 516 nm) in 100 μL (final 

volume) of 10 mM lithium cacodylate buffer (pH 7.2) plus 10 mM KCl/90 mM LiCl (F-duplex- 

T) or plus 1 mM KCl/99 mM LiCl (F-Myc-T and F-Terra-T) with 0.2 μM of labelled 

oligonucleotide and 1 μM of TASQ. Competitive experiments were carried out with labelled 

oligonucleotide (0.2 μM), 1 μM TASQ and 15 and 50 mol. equiv. of the unlabelled competitor 

ds17 or Ct-DNA. After an initial equilibration step (25°C, 30 s), a stepwise increase of 1°C every 

30s for 65 cycles to reach 90°C was performed, and measurements were made after each 

cycle. Final data were analyzed with Excel (Microsoft Corp.) and OriginPro®9.1 (OriginLab 

Corp.). The emission of FAM was normalized (0 to 1), and T1/2 was defined as the temperature 

for which the normalized emission is 0.5. 

 

Fluorescence pull-down:  

The streptavidin MagneSphere® beads (Promega) were washed 3 times with TrisHCl buffer 

containing 1 mM KCl, 99 mM LiCl and 10 mM MgCl2. Either BioCyTASQ or BioTriazoTASQ (10 

μM) was mixed with 5’-labelled oligonucleotides (F-ON, 1 μM: F- 22AG, F-Myc, F-duplex, F-

NRAS and F-TRF2), MagneSphere® beads (32 μg) in the same TrisHCl buffer (320 μL final 

volume) and stirred for 1 h at 25 °C. The beads were immobilized (fast centrifugation (< 2 s), 

magnet) and the supernatant removed. The solid residue was resuspended in 320 μL of TBS 

1X buffer, heated for 8 min at 90 °C (gentle stirring 800 r.p.m.) and then centrifuged for 2 min 

at 8900 rpm. The supernatant was taken up for analysis (magnet immobilization), after being 

distributed in 3 wells (100 μL each) of a 96-well plate, using a ClarioStar® machine (BMG 

Labtech) equipped with FAM filters (λex = 492 nm; λem = 516 nm). Competitive experiments 

were carried out with labelled oligonucleotide (1 μM), 10 μM TASQ and in the presence of the 

double strand DNA (ds17) competitor (25 mol. equiv.). Data were analyzed with Excel 

(Microsoft Corp.) and OriginPro®9.1 (OriginLab Corp.); each analysis comprises: a/ 3 control 

wells with F-ON and beads only, in order to quantify the non-specific F-ON/bead binding, the 

FAM emission of the solution was normalized to 1; and b/ 3 wells comprising solutions that 

resulted from experiments performed with F-ON, TASQs and beads, in order to quantify the 

actual TASQs capture capability when compared to the control experiments.  
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G4-chemo-precipitation monitored by qPCR  

The pull-down experiments were performed as above, with the following modifications: a/ 

the buffer was replaced here by the so-called G4RP buffer (25 mM Tris pH 7.4 plus 150 mM 

KCl, 5 mM EDTA, 0.5 mM DTT, 0.5% NP40); b/ the incubation time was changed for 2 h at 25 

°C; c/ the output was changed for qPCR analyses: polymerase reactions were carried out in 

triplicate in 96-well format using a Mx3005P qPCR machine (Agilent) equipped with FAM 

filters (λex = 492 nm; λem = 516 nm) in 20 μL (final volume) of G4-1R primer (1 μL, 300 nM), 

TASQ/ODN mixture (3.7 μL) in 10 μL iTaqTM Universal SYBR® Green Supermix (Bio-Rad) + KCl 

(5.3 μL, 100 mM). After a first denaturation step (95 °C, 5 min), a two-step qPCR comprising a 

hybridization step (85 °C, 10 s) and an elongation step (60 °C, 15 s) for 33 cycles was 

performed, and measurements were made after each cycle. Final data were analyzed with 

OriginPro®9.1 (OriginLab Corp.). The starting emission (first qPCR cycle) of SYBR Green (FI) 

was set to 2200 fluorescence intensity and the FI at the 33th cycle was used for calculation. 

Three biological triplicates (n = 3) were used.  

 

Apparent KD measurements:  

2 µL of a concentrated solution (50 µM) containing Cy5-myc previously folded as described 

above were dilute in the assay buffer (50mM TrisHCl, pH 7.2, 150mM KCl, 0.05 v/v % Triton 

X-100) in order to achieve a concentration of 20nM. A dilution series were prepared with 

concentrations ranging from 1mM to 1 pM. 10 µL of each concentration of ligand were added 

to 90 µL of the aforementioned oligo solution (final oligo concentration: 18 nM) and let to 

incubate for 1 hour at 25°C. The solutions were transferred into a 96-well plate and after 

centrifugation the end-point fluorescence was measured using a ClarioStar® machine (BMG 

Labtech) equipped with Cyanine5 filters (λex = 610 nm; λem = 675 nm). Data were analyzed 

with Excel (Microsoft Corp.) and OriginPro®9.1 (OriginLab Corp.); the values were normalized 

ranging from 0 to 100, and the percentage of ligand bound was calculated subtracting the 

normalized values to 100. Three biological triplicates (n = 3) were used to calculate an average 

and adequate fitting curves were generated.  
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Diazirine activation IP-HPLC:  

SRC (500 μM) was folded as described above (10 mM lithium cacodylate buffer (pH 7.2) plus 

10 mM KCl/90 mM LiCl) and diluted to 20 μM with a cacodylate buffer (pH 7.2) 1mM. 

photoMultiTASQ (5 equiv.) was added and let to reciprocate for 20 minutes (sample was split 

in two: non irradiated control and irradiate sample). The microtube containing half of the 

sample was directly placed under the light source (λem: 365 nm, 10 MW) with an ice bath and 

irradiated for 1 hour. Both samples were diluted (4 μM) with concentrated running buffer 

(TEAA 200mM) and heated at 90°C for 10 minutes. The two samples were analyzed with a 

Jupiter C18 (4μm, Proteo 90 Å, 250 x 4.6 mm), Buffer A: 100 mM triethylammonium acetate 

(TEAA, pH: 7.2), Buffer B: 10% Buffer A, 90% acetonitrile, gradient from 0% to 30% of Buffer 

B in 30 minutes.  

 

 

Led lamp used for irradiation with a microtube used ad reference. 

 

Fluorescent titration:  

Spectra were recorded on a JASCO FP8500 spectrofluorimeter in a 10mm path-length quartz 

semi-micro cuvette (Starna). Fluorescence experiments were carried out in 500 μL (final 

volume) of 100mM lithium cacodylate buffer (pH 7.2) + 90mM LiCl/10mM KCl, with N-TASQ, 

TzN-TASQ and H16N-TASQ (2μM) alone or in presence of DNA/RNA oligonucleotides (from 0 

to 2.5 equiv) being either duplexes (ds17) or quadruplexes (SRC, 22AG and VEGF). Spectra 

(λex= 286nm, λem= 300- 600nm, Ex and Em slits = 5nm, 1nm pitch, 2s response, scan speed = 

500nm.mn-1) were recorded 5 minutes (at 25°C) after the addition of the oligonucleotides. 

The fluorescence fold increase was calculated normalizing the fluorescence of the probe 

alone to one, calculating the increase accordingly.  
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As for N-TASQ, TzN-TASQ and H16N-TASQ, fluorescence experiments were carried out in 500 

μL (final volume) of 100mM lithium cacodylate buffer (pH 7.2) + 90mM LiCl/10mM KCl with 

Square-TASQ v.2 (2μM) alone in presence of DNA/RNA oligonucleotide (from 0 to 2.5 equiv) 

being either duplexes (ds17) or quadruplexes (22AG and TERRA). Spectra (λex = 620nm, λem = 

630- 750 nm, Ex and Em slits = 10nm, 1nm pitch, 2s response, scan speed = 200nm.mn-1) were 

recorded 5 minutes (at 25°C) after the addition of the oligonucleotides. 

 

Absorbance studies:  

Spectra were recorded on a Varian Cary 50 Scan UV-VIS Photometer in 10mm path-length 

quartz cuvette. Absorbance experiments were carried out in 500 μL (final volume) of DMSO 

or 100mM lithium cacodylate buffer (pH 7.2) + 90mM LiCl/10mM KCl, with Square-TASQ v.2 

(2μM) alone or in presence of DNA oligonucleotide (2.5 equiv of SRC). Absorption spectra as 

a function of time were recorded on a Varian Cary 50 Scan UV-VIS Photometer in 10mm path-

length quartz cuvette. 500 μL final volume of 100mM lithium cacodylate buffer (pH 7.2) + 

90mM LiCl/10mM KCl with Square-TASQ v.2 (2μM); spectra measured every 5 minutes for 

twenty minutes and then every ten minutes, data absorption spectra values were normalized 

from 0 to 1 with OriginPro®9.1 (OriginLab Corp.). 

 

Quantum yield evaluation:  

UV-visible spectra were obtained on a Varian Cary 50 Scan (single-beam, software Cary 

WinUV) spectrophotometer by using a rectangular quartz cell, pathlength: 10 mm, chamber 

volume: 0.5 mL), at 25 °C (using a temperature control system combined with water 

circulation). The absorption spectra of Square-TASQ v.2 (before and after incubation with G4 

oligonucleotide) and sulfoindocyanine dye Cy 5.0 were recorded in cacodylate or PBS buffer 

within the concentration range 1 to 2 μM. Fluorescence spectra were recorded on an HORIBA 

Jobin Yvon Fluorolog spectrofluorometer (software FluorEssence) at 25 °C (using a 

temperature control system combined with water circulation), with the same rectangular 

quartz cell used for absorption measurements. The following set of parameters was used: 

shutter: Auto Open, Ex/Em slits = 7 nm for recording emission spectra and Ex/Em slits = 7 nm 

for recording excitation spectra, integration time = 0.1 s, 1 nm step, HV(S1) = 950 V. All 

fluorescence spectra were corrected. Relative fluorescence quantum yield of SqarTASQ (after 
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incubation with G4 oligonucleotide) was measured in cacodylate buffer at 25 °C by a relative 

method using the suitable standard (sulfoindocyanine dye Cy 5.0: FF = 20% in PBS (10 mM 

phosphate + 2.7 mM KCl + 137 mM NaCl, pH 7.3), excitation at 580 nm; no dilution between 

absorption and fluorescence measurements201). The following equation was used to 

determine the relative fluorescence quantum yield: 

 

FF(x) = (AS/AX)(FX/FS)(nX/nS)2FF(s) 

 

where A is the absorbance (in the range of 0.01-0.1 A.U.), F is the area under the emission 

curve, n is the refractive index of the solvents (at 25 °C) used in measurements, and the 

subscripts s and x represent standard and unknown, respectively. The following refractive 

indices was used for PBS and cacodylate buffer: 1.337.  

 

Molecular dynamics:  

The 3D structures of the ligands were manually constructed with UCSF Chimera, placing the 

four guanines in a plan with an average distance between the heavy atoms forming the 

hydrogen bonds of 3.5 Å. After a geometry optimization procedure, the RESP charges were 

computed and the GAFF parameters obtained using a combination of antechamber and acype 

programs. Water was described with TIP3P. Bonds containing a hydrogen were constrained 

with LINCS. A value of 8 Å was used for the non-bonding interactions cutoffs (standard value 

for the Amber force fields). The ligand structures were submitted to NPT molecular dynamics 

simulations in cubic boxes of 43 Å length. Velocities were generated at 200K and the systems 

were heated up to 350 K in 100 ps and were then kept at that temperature for 100 ps 

(velocity-rescale thermostat, 1 fs timestep). We then ran production simulations with a 2 fs 

timestep (velocity-rescale thermostat); for each ligand, 3 independent simulations of 500 ns 

were performed with Gromacs2021, during which the positions of the guanine atoms were 

restrained with a smooth potential of 1000 kJ/mol/nm2 to their initial position in order to 

force the guanine tetrade to be formed. Post-analysis (including SASA calculations) were done 

using Gromacs tools and the Plumed library.  
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Culture Cells assays :  

Cellular pull down conditions :  

 

Plant material : 

Seeds of rice (Oryza sativa) cultivar Nipponbare (Japonica) were pregerminated at 25 °C for 3 

days under dark condition. Uniformly germinated seeds were transferred to pots containing 

the nutrient soil and grown in a greenhouse with an automatically controlled condition: 28 to 

30 °C and a 14 h/10 h light/dark cycle. For G4DP-seq in vivo: two-week-old rice seedlings were 

cut into 1-1.5 cm in length and merged into 1 % of formaldehyde (v/v) in HEPES buffer pH = 

8.0 (20 mM HEPES, 1 mM EDTA, 100 mM NaCl and 1 mM PMSF) for cross-linking at 25 °C for 

10 min in vaccuo. After quenching the excess of formaldehyde by adding 0.125 M final 

concentration of glycine followed by vacuuming for additional 5 min, the cross-linked leaves 

were rinsed with autoclaved H2O and air-dried. For G4DP-seq in vitro and in vivo: cross-linked 

or native leaves were ground into fine powder using liquid nitrogen; after several washing 

steps using NIB (nuclear isolation buffer, containing spermine, spermidine and 

mercaptoethanol), NWB (nuclear washing buffer, containing triton X-100) and NDB (nuclear 

digestion buffer), chromatin (for cross-linked leaves) and genomic DNA (for native leaves) 

were isolated and used directly for downstream experiments (or stored at -80 °C for later 

use). 

 

G4DP-seq protocol in vitro :  

The purified rice genomic DNA was diluted with 1X sonication buffer (50 mM Tris-HCl, 10 mM 

EDTA and 1 % SDS w/v, pH = 8.0), then fragmented into 100 - 500 bp in size using the water-

based Biorupter (Diagnode). A total of 5 μg purified fragmented genomic DNA was diluted in 

a G4-stabilizing buffer (150 mM KCl and 10 mM Tris-HCl, pH = 7.5), denatured at 95 °C for 10 

min, then refolded thanks to a slow return to 25 °C. The refolded DNA was diluted with G4DP 

buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT, 0.5 % NP-40, pH = 7.4), then 

incubated with 100 µM of BioTASQ/biotin/BioCyTASQ with a constant rotation at 4 °C 

overnight. 30 µl of prewashed streptavidin-coupled Dynabeads were added the reaction 

above for another 4 h-incubation at 4 °C. The washed beads with BioCyTASQ/BioTASQ bound 

G4 DNA were eluted twice with 200 µl elution buffer (0.1 M NaHCO3 and 1 % SDS w/v) at 65 
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°C for 15 min each. Precipitated DNA and input DNA was purified using phenol/chloroform 

extraction followed by cold ethanol precipitation. All libraries were prepared using the 

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (NEB, E7645S) for paired-end mode 

sequencing on Illumina NovaSeq platform. 

 

G4DP-seq protocol in vivo : 

The purified cross-linked nuclei were fragmented into sizes ranging from 100 - 500 bp in size 

in sonication buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT, 0.5 % NP-40 and 

0.5 % SDS, pH = 7.4) using the water-based Biorupter. After being centrifuged at 12,000 rpm 

at 4 °C for 10min, the supernatant containing fragmented chromatin was carefully transferred 

to a new 1.5 mL tube and kept on ice. The fragmented chromatin was diluted with incubation 

buffer (10 mM Tris-HCl, 5 mM EDTA, 150 mM KCl, 0.5 mM DTT and 0.5 % NP-40, pH = 7.4) 

until the final concentration of SDS was below 0.1%. After keeping 1/10 volume of diluted 

supernatant as input, the remaining volume was incubated with 30 μl of BioTASQ/biotin at 4 

°C overnight, then incubated with 30 µL of washed Dynabeads for another 4 h at 4 °C. The 

washed BioTASQ-bound DNA was eluted with 200 µl elution buffer twice at 65 °C for 15 min 

each, then reverse cross-linked at 65 °C overnight. The de-crosslinked DNA was purified using 

phenol/chloroform extraction and cold ethanol precipitation. Precipitated DNA and input 

DNA was used for library preparation as described above. 

 

Motif prediction :  

G4 motifs within G4 peaks were predicted using MEME-ChIP 

(http://memesuite.org/tools/meme-chip) with the following parameters: minimum width 5 

bp, maximum width 25 bp. Only the top significantly enriched motifs (i.e., with the highest E-

values) are shown in Figures 16 and 17. 

 

PFQSs identification and fold-enrichment analyses :  

Putative G4-forming sequences (PG4FSs) were identified by screening the whole genome 

sequences using QuadParser. The fold-enrichment of PG4FSs (G2+L1-12) was calculated 

relative to random controls across the genome (bedtools shuffle command, observed values 

divided by average of 100 randomizations values). 
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Cellular imaging conditions  

 

BioTASQ/BioCyTASQ: 

MCF7 cells were routinely cultured in 75 cm2 tissue culture flasks (Nunc) at 37 °C in a 

humidified, 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin 

(10,000 units/mL penicillin, 10,000μg/mL streptomycin, Gibco) mixture. Cells were 

subcultured twice a week using standard protocols. Round coverslips (12 mm) were sterilized 

with 70% ethanol before cell seeding. MCF7 cells were seeded at a density of 6 × 104 cells per 

coverslip on chambered coverslips (24 well-plate) and allowed to recover overnight. In the 

case of live-cell labeling, cells were incubated with either BioTASQ or BioCyTASQ (1 μM, 24h) 

at 37 °C, washed once with PBS 1X, fixed and permeabilized with ice cold MeOH for 10 min at 

RT, washed with PBS 1X, then labeled with Streptavidin-Cy3 (1μg/mL) as below. In the case of 

postfixation labeling, seeded cells were fixed and washed with PBS 1X (3x), then incubated 

with 1 μM either BioTASQ or BioCyTASQ for 1 h at 25 °C, washed with PBS 1X (3 × 5 min), 

then incubated for 1 h at 25 °C in a light-tight box with Streptavidin-Cy3 (1 μg/mL) and washed 

with PBS 1X (3 × 5 min) and once with H2O. Cells were mounted onto glass microscope slides 

with FluoromountG (Southern Biotech) containing DAPI (2.5 μg/mL). The cells were imaged 

with a Leica TCS SP8 confocal laser-scanning microscope with a 63× oil objective, collected 

through the following channels: DAPI (excitation: 340−380 nm; emission: < 425 nm), GFP 

(excitation: 450−490 nm; emission: 500−550 nm) and Cy3 (excitation: 518−562 nm; emission: 

> 580 nm). Images were processed with ImageJ (https://fiji.sc). 

 

BioTriazoTASQ: 

MCF7 cells were routinely cultured in 75 cm2 tissue culture flasks (Nunc) at 37 °C in a 

humidified, 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM, Dutscher 

L0104) supplemented with 10% fetal bovine serum (FBS, Dutscher S1810) and 1% Penicillin-

Streptomycin (Pen-Strep: 5.0 U.mL-1 Pen/5.0 μg.mL-1 Strep, Gibco 15140122) mixture. Cells 

were subcultured twice a week using standard protocols.  

Round coverslips (12 mm) were sterilised with 70% ethanol before cell seeding. MCF7 cells 

were seeded at a density of 6.104 cells per coverslip on chambered coverslips (24 well-plate) 

and allowed to recover overnight. Cells were incubated with either BioCyTASQ or 
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BioTriazoTASQ (1 μM, 24h) at 37 °C, washed once with PBS 1X, fixed and permeabilized with 

cold MeOH for 10 min at 4 °C, washed with PBS 1X (L0615 Dutscher, 3 x 5 min), then incubated 

with: 1/ the blocking buffer (PBS 1X/BSA 1%/Triton X-100 0.1%, 10 min at RT); 2/ Streptavidin-

Cy3 (ThermoFisher Scientific 434315, 1 μg/mL, 1 h at RT); 3/ PBS 1X/Triton X-100 0.1% (3 x 5 

min); 4/ anti-gH2AX antibody (Merck Millipore 05-636, mouse monoclonal Ab, 1/2000, 2 h in 

dark chamber); 5/ PBS 1X/Triton X-100 0.1% (3 x 5 min); 6/ anti-mouse Ig-AF647 antibody 

(donkey, 1/500, 45 min in dark chamber); 7/ PBS 1X/Triton X-100 0.1% (3 x 5 min); 8/ DAPI (1 

μg/mL, 5 min in dark chamber); and 9/ PBS 1X (3 x 5 min). Cells were mounted (Fluoromount-

G) and imaged with a Leica TCS SP8 confocal laser-scanning microscope with a 63X oil 

objective, collected through the following channels: DAPI (emission 448-475 nm), AF647 

(emission 644-696 nm) and Cy3 (emission: 558-575 nm). One biological triplicate (n= 3) were 

used. For statistical hypothesis tests Student’s t- test and Welch’s unequal variances t-test 

were used depending on variances equality.  

PDS treatment: Round coverslips (12 mm) were sterilised with 70% ethanol before cell 

seeding. MCF7 cells were seeded at a density of 6.104 cells per coverslip on chambered 

coverslips (4 well-plate) and allowed to recover overnight. Cells were incubated with either 

PDS (5 μM, 6 h, 0.5% DMSO) or supplemented DMEM-DMSO solution (6 h, 0.5% DMSO; 

untreated) at 37 °C, washed once with PBS 1X (L0615 Dutscher), fixed and permeabilized with 

cold MeOH for 10 min at 4 °C, washed with PBS 1X (3 x 5 min), then incubated with: 1/ the 

blocking buffer (PBS 1X/BSA 1%/Triton X-100 0.1%), 10 min at RT; 2/ BioTriazoTASQ (10 μM) 

or no TASQ (control) with anti-gH2AX antibody (Merck Millipore 05-636, mouse monoclonal 

Ab, 1/1000), overnight in dark chamber, at 4 °C; 3/ PBS 1X/Triton X-100 0.1% (3 x 5 min); 4/ 

Streptavidin-Cy3 (ThermoFisher Scientific 434315, 1 μg/mL) with anti-mouse Ig-AF647 

antibody (donkey, 1/500), 45 min in dark chamber, at RT; 5/ PBS 1X/Triton X-100 0.1% (3 x 5 

min); 6/ DAPI (1 μg/mL), 5 min in dark chamber; and 7/ PBS 1X (3 x 5 min). Cells were mounted 

(Fluoromount-G) and imaged with a Leica TCS SP8 confocal laser- scanning microscope with 

a 63X oil objective, collected through the following channels: DAPI (emission 448-475 nm), 

AF647 (emission 644-696 nm) and Cy3 (emission: 558-575 nm). Images were processed with 

ImageJ (https://fiji.sc) and foci quantification made according to home-made FIJI add-ons. 

One biological triplicate (n= 3) were used. For statistical hypothesis tests Student’s t- test and 

Welch’s unequal variances t-test were used depending on variances equality.  
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MultiTASQ and AzMultiTASQ :  

MCF7 or MDA-MB-231 cells were routinely cultured in 75 or 175 cm2 tissue culture flasks 

(Nunc) at 37 °C in a humidified, 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-

Streptomycin (10,000 units/mL penicillin, 10,000μg/mL streptomycin, Gibco) mixture. Cells 

were subcultured twice a week using standard protocols. For microscopy experiments, MCF7 

cells were seeded on glass coverslips in a 24 well-plate for 24 h at 37 °C. Cells were either 

treated live with MultiTASQ (5 µM in DMEM, 24h) then fixed (ice cold methanol, 10 min), or 

fixed and treated with MultiTASQ (10 µM in PBS, 1h). Coverslips were washed with PBS (3*5 

min), and click staining is carried out with AlexaFluor488- or AlexaFluor594-azide (1 μM) in 

PBS enriched with 0.05% IGEPAL CA-630, 1 mM CuSO4 and 10 mM sodium ascorbate for 30 

min, washed with PBS+0.1% Triton (3*5 min), incubated with DAPI (10 min, 1 μg/mL in PBS) 

and mounted with Fluoromount. Confocal imaging was performed using a confocal laser-

scanning microscope (Leica TCS SP8) with a 63× objective lens and LASX software (Leica 

Microsystems CMS GmbH). The samples were excited at 405 nm (DAPI) and 552 nm 

(Alexa594) and the fluorescence collected at 409 − 499 nm (DAPI) and 560 – 640 nm 

(Alexa594). Image processing was carried out using ImageJ. 

 

Cells were cultivated as above, for microscopy experiments MCF7 cells were seeded on glass 

coverslips in a 24 well-plate for 24 h at 37 °C, fixed with ice cold methanol for 10 min and 

incubated with AzMultiTASQ (20 µM) for one hour. Cells were then incubated for 30 minutes 

with a PBS solution of BCN-Rhodamine (10 µM). After extensive washing with a triton 

containing PBS solution (0.1%, 3 times), cover slips were incubated with DAPI and mounted 

using Fluoromount. Samples were excited at 405 nm (DAPI) and 552 nm (Rhodamine). 

Fluorescence collected at 440 − 468 nm (DAPI) and 571 – 582 nm (Rhodamine). Image 

processing was carried out using ImageJ. 
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N-TASQ and TzN-TASQ :  

MCF7 or MDA-MB-231 cells were routinely cultured in 75 or 175 cm2 tissue culture flasks 

(Nunc) at 37 °C in a humidified, 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-

Streptomycin (10,000 units/mL penicillin, 10,000μg/mL streptomycin, Gibco) mixture. Cells 

were subcultured twice a week using standard protocols. For microscopy experiments, MCF7 

cells were seeded on glass coverslips in a 24 well-plate for 24 h at 37 °C. For microscopy 

experiments, MCF7 cells were seeded on glass coverslips in a 24 well-plate for 24 h at 37 °C. 

Cells were fixed and permeabilized with ice cold methanol and incubated with N-TASQ (50 

µM) and TzN-TASQ (100 µM), cover slips were mounted using Fluoromount and samples were 

excited at 405 nm. Fluorescence collected at 450 − 530 nm, image processing was carried out 

using ImageJ. 

 

Square-TASQ v.2:  

MCF7 cells were routinely cultured in 75 or 175 cm2 tissue culture flasks (Nunc) at 37 °C in a 

humidified, 5% CO2 atmosphere in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin 

(10,000 units/mL penicillin, 10,000μg/mL streptomycin, Gibco) mixture. Cells were 

subcultured twice a week using standard protocols. For microscopy experiments, MCF7 cells 

were seeded on glass coverslips in a 24 well-plate for 24 h at 37 °C. Cells were fixed (ice cold 

methanol, 10 min) and incubated with Square-TASQ v.2 (20 µM in PBS, 24h). Coverslips were 

washed with PBS (3*5 min), and incubated with DAPI (10 min, 1 μg/mL in PBS) and mounted 

with Fluoromount. Confocal imaging was performed using a confocal laser-scanning 

microscope (Leica TCS SP8) with a 63× objective lens and LASX software (Leica Microsystems 

CMS GmbH). The samples were excited at 405 nm (DAPI) and 638 nm (Square-TASQ v.2) and 

the fluorescence collected at 409 − 499 nm (DAPI) and 560 – 640 nm (Square-TASQ v.2). 

Image processing was carried out using ImageJ. 

 

 

 


