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Abstract: RNA G-quadruplexes (GQs) sequence in 5' UTRs of certain proto-oncogenes 

colocalize with hairpin (Hp) forming sequence resulting in intramolecular Hp-GQ 

conformational equilibria which is suggested to regulate cancer development and progression. 

Thus, regulation of Hp-GQ equilibria with small molecules is an attractive but less explored 

therapeutic approach. Herein, two tetraphenylethenes (TPE) derivatives TPE-Py and TPE-

MePy were synthesized and their effect on Hp-GQ equilibrium was explored. The FRET, CD 

and molecular docking experiments suggested that cationic TPE-MePy shifts the Hp-GQ 

equilibrium significantly towards the GQ conformer mainly through -  stacking and van der 

waals interaction. In presence of TPE-MePy the observed rate constant values for first and 

second folding step was increased up to 14.6 and 2.6-fold respectively. The FRET melting 

assay showed a strong stabilizing ability of TPE-MePy (Tm = 4.36 C). Notably, the 

unmethylated derivative TPE-Py did not alter the Hp-GQ equilibrium. Subsequently, the 

luciferase assay demonstrated that the TPE-MePy derivatives suppressed the translation 

efficiency by 5.7-fold by shifting the Hp-GQ equilibrium toward GQ conformers in 5’ UTR of 

TRF2. Our data suggest that HpGQ equilibria could be selectively targeted with small 

molecules to modulate translation for therapy. 

 



 

 

Introduction 

Human genome exhibits more than 3,00,000 guanine-rich regions[1] capable of forming G-

quadruplex (GQ) conformations via Hoogsteen hydrogen bonds.[2] The formation of GQ in 

deoxyribo and ribonucleic acids regulates gene expression at transcriptional[3] and 

translational level[4] respectively and thus act as a potential therapeutic target.[5] It has been 

suggested that the RNA GQ formation is more facile owing to the absence of a competing 

complementary strand, thermodynamically more stable and less polymorphic than their DNA 

counterparts.[6] However, RNA GQ folding has been found to be regulated by certain inherent 

and environmental factors. The environmental factors involve cations,[7] molecular crowding 

agents[8] and other abundant biomolecules like tRNAs.[9] While, the inherent factors consist 

of flanking sequences of the G rich regions,[10] number of G-quartets, loop base-pair identities 

and loop length.[11]   

Among the various inherent factors, the flanking sequences of the G rich region are very crucial 

since they can modulate the GQ folding and their regulatory functions.[9-10, 12] GQs have 

been observed to colocalize with hairpin (Hp) forming sequence[9-10] and in certain cases, the 

intramolecular conformational transitions between the two structures regulate biological 

functions such as protooncogene translation[9, 12b] and miRNA maturation.[12a, 13] 

Together, these observations suggest that the Hp-GQ conformational equilibria are promising 

therapeutic targets. In spite of the increasing understanding on the role of Hp-GQ 

conformational equilibria in certain diseases; reports on its use as therapeutic target for small 

molecules are scarce[14] and subsequently highlight the need to develop ligands to target  

specific RNA GQ functions.[15] Herein we have demonstrated for the first time that the HpGQ 

equilibria could be selectively targeted with small molecules to modulate translation for 

therapy. 

We[16] and others[17] have synthesized diverse tetraphenylethenes (TPE) derivatives as 

Aggregation Induced Emission (AIE) probes for biosensing applications including interactions 

with amino acids,[18] nucleotides,[19] nucleic acids,[20] and DNA G-quadruplexes.[21] The 

TPE core is believed to be an attractive starting point for developing GQ binding ligand 

therapeutics given its strong binding due to its appropriate size and selectivity for GQ over 

other DNA conformations.[21b] In light of the above facts, we envisioned that TPE derivatives 

might modulate the RNA conformational dynamics between hairpin and GQ structures in the 



5’ untranslated regions (UTRs) of certain oncogenes, ultimately impacting the cellular 

proliferation.  

We have synthesized a tetra(4‐pyridyl) tetraphenylethene (TPE-Py) as shown in Figure 1a by 

fusing the TPE with the pyridine rings (Figure S1a). The pyridine rings were fused to extend 

the -conjugated plane of TPE that could improve the stacking interactions. Furthermore, at 

physiological pH the nitrogen atom in the pyridine can be protonated, thus it can facilitate the 

electrostatic interaction between the neutral TPE scaffold and the negatively charged core of 

the GQ. In addition, we have also synthesized a cationic tetra (N-methyl-4‐pyridyl) 

tetraphenylethene (TPE-MePy) by methylation of TPE-Py as shown in Figure 1b and S1b. The 

N-methylated pyridines cationic groups in TPE can promote electrostatic interactions as well 

as can increase the water solubility as has been observed in case of porphyrin derivatives.[22] 

 

 

To evaluate the in vitro effect of TPE derivatives on the rate of hairpin-GQ conformational 

transitions, we have used a Fluorescence resonance energy transfer (FRET) technique. FRET 

has been used to detect the different conformations of nucleic acids including the GQs given 

its dependence on the distance and orientation of attached fluorophores.[9, 23] For this, we 

have chosen a RNA sequence HpGQ-1, (Figure 1c) which can adopt mutually exclusive hairpin 

and GQ structures and was covalently attached at 5’ end with 6-carboxyfluorescein (FAM) as 

a donor and at 3’ end tetramethylrhodamine (TAMRA) as an acceptor.[9] In the hairpin form 

the average distance between the two chromophores is relatively larger as compared to the GQ 

folded structure in which the folding brings two chromophores in close proximity to observe 

the energy transfer (Figure 1c). We envisioned that the TPE derivatives interaction with HpGQ 

 

 

 

 

 

Figure 1. Chemical structure of a) TPE-Py; b) TPE-MePy; and c) Graphical representation of predicted Hp-GQ 
conformational equilibria adopted by RNA HpGQ-1 sequence (FAM = 6-carboxyfluorescein; TAMRA = 
tetramethylrhodamine). 

 



RNA would result in change of the FRET signals and that can be monitored to evaluate its 

effect on the kinetics of hairpin-GQ conformational dynamics. 

 

First, to study the conformational transition of HpGQ-1 by FRET method, we pre-formed 

HpGQ-1 into hairpin conformation in presence of 1mM MgCl2. The conformational shift from 

hairpin to G-quadruplex was induced by addition of either 100 mM LiCl or KCl (Figures 2a, 

2b, S4a) and FRET signals were monitored as a function of time at 30 °C. We observed 

relatively significant increase in FRET signals in presence of K+ as compared to Li+ (Figure 

S4a), indicating the G-quadruplex formation in presence of K+. The G-quadruplex formation 

was also confirmed by CD using non-labeled HpGQ-1 RNA oligo (Figure S4b). Next, to 

evaluate the effect of TPE derivatives on the conformational transition we performed the same 

experiments in the presence of 100 mM KCl with TPE-Py (Figure 2a) and TPE-MePy (Figure 

2b) in concentration range of 60 nM to 1 μM. As a result, the FRET signals were increased in 

the presence of both the ligand derivatives with increase in incubation time. However, in 

presence of TPE-Py there was no change observed in FRET signal intensities at used 

concentration range i.e. 60 nM to 1 μM  relative to 0 μM concentrations. For the clarity we 

have shown the FRET signals data only for the highest concentration i.e. 1 μM  (Figure 2a). 

Notably, we also observed increase in FRET signal intensity in presence of LiCl and TPE-

MePy (Figure S5). This suggest that TPE-MePy can induce Hp-GQ conformational transition 

in the absence KCl. 

 

 

 

 

 

 

Figure 2. FRET kinetic and FRET melting profile of HpGQ-1 oligonucleotide in presence of TPE derivatives. 
FRET signals as a function of time after adding KCl and a) TPE-Py; or b) TPE-MePy as indicated. Time course 
of FRET signals changes after mixing 100 mM of KCl and a) TPE-Py; or b) TPE-MePy as indicated in a buffer 
containing 30 mM MOPS (pH 7.5), 1mM MgCl2, and 0.08%Tween20 at 30 °C. The black lines through the FRET 
data are the fits to double exponentials. The FAM fluorescence emission has been monitored as a function of 
temperature in presence of c) TPE-Py; and d) TPE-MePy in a buffer containing 10 mM lithium cacodylate (pH 
= 7.2), 1 mM KCl,1mM MgCl2, and 0.08%Tween20 at 30 °C. The plotted FAM emission intensity corresponds 
to normalized fluorescence. The FRET and melting curves are averages of triplicate experiments. 

 

 



In order to evaluate the effect of TPE-MePy on rate constants of the Hp-GQ conformational 

transition, we fitted the obtained FRET data (Figure 2b) to a double-exponential rate equation 

(Supporting Information Equation 1). The better fit of the double-exponential rate equation 

suggests formation of triplex-like intermediate in the GQ folding, which is consistent with the 

previous observations.[9] The observed rate constants for the first kinetic step (kobs1) and the 

second kinetic step (kobs2) are shown in Table 1. In the absence of TPE-MePy, both kobs1 

and kobs2 values obtained for HpGQ-1 are 1.33×10-4 s−1 and 0.93×10-4 s−1 respectively and 

are consistent with the previously observed values.[9] The kobs1 and kobs2 values were found 

to be increased with the  increase in the TPE-MePy concentration. In presence of 1 μM TPE-

MePy we observed 14.6-fold (19.4×10-4 s−1) and 2.6-fold (2.45×10-4 s−1)  increase in kobs1 

and kobs2 values, respectively relative to that in absence of ligand (Table 1). The rate of GQ 

folding is a crucial parameter to determine its capacity to regulate function in biologically 

relevant timescale.[24] Our data suggest that the TPE-MePy can facilitate GQ mediated 

regulatory function by faster folding. The TPE-MePy might  have lowered the activation 

energies of GQ folding by its binding with HpGQ oligo resulting in faster Hp-GQ 

conformational transition. The faster GQ folding rates in presence of TPE-MePy also suggest 

the displacement of Hp-GQ equilibrium to GQ conformer which is also evident from the 

significant increase in FRET signal intensities at the saturation points. The increase in FRET 

signal intensity as a function of TPE-MePy concentration suggests that the TPE-MePy shifts 

the hairpin-GQ equilibrium toward the GQ conformer. We further used FRET signals to 

determine the binding stoichiometry of TPE-MePy for HpGQ-1 RNA by conducting 

continuous variation i.e., Job’s plot analysis. FRET signals of a series of solution containing 

different molar fraction of TPE-MePy and HpGQ-1 were measured at 25°C (Figure S6). The 

result shows 2:1 binding mode i.e. two molecules of TPE-MePy binds to one molecule of 

HpGQ-1 RNA. 

 

Next, in order to assess the effect of TPE derivatives on the stability of GQ, FRET-melting 

assays were performed. The melting assay has been extensively used to evaluate the 

stabilization induced by GQ ligands based on a difference in melting temperature (Tm) 

between the GQ in the absence and presence of the ligands.[25] We have performed the melting 

assays at 1 mM monovalent cation concentration due to high stability of HpGQ-1. After folding 

and incubation of HpGQ-1 RNA with TPE derivatives the FAM signal was monitored as a 

function of temperature (Figures 2c, d). No differences in Tm were observed in presence of 

TPE-Py derivative (Figure 2c), however we observed increase in Tm with increase in 



concentration of TPE-MePy (Figure 2d, Table 1). The observed stabilization by TPE-MePy 

derivative is shown in Table 1, in terms of the difference in the mid-transition temperature with 

and without the TPE-MePy ( Tm). The TPE-MePy strongly stabilized the GQ with Tm 

values of 4.36 C at 1 μM TPE-MePy (Table 1). Notably, TPE-MePy also stabilized the GQ 

structures in presence of LiCl (Figure S7 ). This data suggest that the TPE-MePy can induce 

GQ even in absence of KCl and presence of LiCl .   

 

To further analyse the effect of the TPE derivatives on the Hp-GQ conformational equilibrium 

we have used Circular dichroism (CD) spectroscopy. CD is a very promising technique not 

only for the determination of the GQ structures, stability, and topology, but also  for studying 

the interaction of ligands with GQ structures.[26] We have performed CD experiment using 

non-labelled HpGQ-1 RNA in the presence of 1 mM KCl or LiCl and with or without the TPE 

derivatives at 25 °C. In the absence of TPE derivatives and presence of KCl, CD spectra 

showed negative peaks at 210 nm which is a characteristic of the formation of an  A-form RNA 

helix.[9] In addition, a positive peak at 265 nm and a negative peak at 240 nm, indicates 

formation of parallel G-quadruplex (Figures 3a, 3b). In presence of 20 M TPE-Py no 

differences in positions of peak or peak intensities were observed relative to 0 M TPE-Py 

(Figure 3a), suggesting no interaction with the RNA. On the other hand in the presence of TPE-

MePy, the intensities of the positive peak at 265 nm were increased and intensities of negative 

peak at 210 nm were decreased with increasing TPE-MePy concentration (Figure 3b). No 

significant differences were observed at 240 nm peaks intensities with or without the TPE 

derivatives. Notably, HpGQ-1 showed characteristic peaks of parallel G-quadruplex in 

presence of  TPE-MePy and 1 mM LiCl (Figure S8).  All these data suggest that the TPE-MePy 

was able to shifts the Hp-GQ equilibrium towards the GQ conformer in presence of both KCl 

and LiCl which is consistent with the FRET and FRET melting results.  

Table 1. Kinetic and melting temperature (Tm) parameters for hairpin to G-quadruplex conformational 
transition in the presence of indicated concentrations of TPE-MePy.[a]  

 

TPE-MePy 

Conc. 

[×10-6 M] 

kobs1 

[×10-4 s-1] 

kobs2 

[×10-4 s-1] 

Tm (℃) ∆Tm (℃) 

0.00 1.33 ± 0.12 0.93 ± 0.81 92.22 ± 1.38 
 

0.06 9.36 ± 0.37 0.79 ± 0.68 92.36 ± 1.17 0.14 ± 2.46 

0.12 12.4 ± 1.48 1.31 ± 0.12 92.14 ± 1.72 -0.08 ± 0.51 

0.25 8.52 ± 7.61 1.73 ± 0.35 93.49 ± 0.35 1.26 ± 1.48 

0.50 11.3 ± 6.15 1.69 ± 0.43 95.75 ± 0.24 3.52 ± 1.53 

1.00 19.4 ± 0.10 2.45 ± 0.12 96.59 ± 1.01 4.36 ± 1.95 

[a] kobs1, kobs2, and Tm are averages from the triplicate experiments and the indicated errors are standard deviations. 



Further, we have used changes in the CD ellipticity of a HpGQ-1 as a function of TPE-MePy 

concentration to determine the equilibrium folding constant (KF). CD has been used as a useful 

tool to follow the conformational transition in proteins as function of ligands to  determine 

KF.[27] The KF of the hairpin and the GQ conformers at each TPE-MePy concentration was 

estimated using a reversible two-state equilibrium model. In two state equilibrium model we 

assumed that the intermediate triplex structure does not significantly affects  the CD signal at 

equilibrium and that conversion of hairpin to GQ conformer is complete at 20 M TPE-MePy 

(Supporting Information Equations 2,3) since we observed saturation in CD signals at this 

concentration. The KF values increased with increasing TPE-MePy concentration (Figure 3c) 

calculated for 210 nm and 265 nm  wavelengths. The CD data suggested that in presence of 10 

μM  TPE-MePy, the GQ conformer predominated with KF values of 6.61 and of 3.61 at 265 

nm and 210 nm respectively. The data suggests equilibrium shift towards GQ conformer by  

72.6% (at 265 nm) and 65.9% (210 nm) relative to the absence of TPE-MePy respectively.  

 

In human cells, the natural as well as synthetic RNA GQ structures located in the 5’ -UTRs of 

mRNAs have been shown to suppress translation.[28] The small molecules that bind to GQ 

within 5’-UTR of eukaryotic mRNAs can interfere with the translation initiation, by blocking 

either the recruitment of ribosomes to mRNA or the ribosome scanning process.[28] Finally, 

 

 

Figure 3. Circular dichroism spectra of HpGQ-1 RNA in presence of indicated concentration of a) TPE-Py; b) 
TPE-MePy in 10 mM lithium cacodylate buffer (pH 7.2) containing 1 mM MgCl2, 0.08% Tween-20 and 1 mM KCl 
at 25°C. CD signals are average of three replicates. c) The equilibrium folding constant (KF) estimated at 265 nm 

and 210 nm wavelength at each TPE-MePy concentration.  

 

 



we have performed reporter gene translation assays to evaluate the influence of TPE-MePy on 

the HPGQ mediated  gene regulation. We have chosen two HpGQ sequences one is HpGQ-1 

(Figure 1c) which was used in FRET assays and the second is HpGQ-2 derived from the 5′ 

UTR of the humanTRF2 mRNA (Figure S9).[29] We also designed mutants i.e. HpGQ-1M 

and HpGQ-2M for HpGQ-1 and HpGQ-2 sequences respectively, in which we have disrupted 

the G-quadruplex structure but keeping the hairpin structure intact by replacing indicated 

guanine nucleotide with an adenosine (Figure S10, S11). The HpGQ sequences and its mutant  

were cloned into the 5′ UTR of the Renilla luciferase reporter gene (Figure S12). The 

translation efficiency of these constructs in the presence of TPE derivatives were evaluated in 

a cell-free system consisting extracts from the rabbit reticulocyte lysate system. 

 

To perform luciferase assay, we have synthesized the reporter mRNAs, by in vitro transcription 

with T7 RNA polymerase. The reporter mRNAs were refolded with and without the 10 M 

TPE derivatives and subsequently translated. The measured luciferase activity for each HpGQ 

construct was normalized to the luciferase activity obtained in the absence of the TPE 

derivatives (Figure 4). As a result, we found that in presence of 10 M TPE-Py no significant 

differences in translation levels were observed for both the constructs  (Figure 4a) which is 

 

 

 

 

 

 

 

Figure 4. Effect of TPE derivatives on the in vitro translation efficiency measured by luciferase activity. a) 
Relative translation efficiencies of HpGQ and its mutants construct in 5’ UTR of mRNAs in the presence of 
indicated concentration of TPE derivatives. The luciferase activity for each HpGQ construct was normalized to 
the obtained luciferase activity in the absence of the TPE derivatives, which was set as 100 %. The experiments 
were performed in triplicates and the average values are shown with the standard errors. TPE-MePy 
concentration dependent relative translation efficiencies of b) HpGQ-1 and c) HpGQ-2 containing mRNAs 
respectively. Unpaired t-test was applied to obtain statistical p values c) Docked structure of the TPE-MePy 
derivatives with HpGQ-1 RNA. 

 



consistent with our FRET and CD results. On the other hand, we have observed  that TPE-

MePy derivatives significantly suppressed the translation efficiency upto 27.20 % (3.7 fold) 

for HpGQ-1 and upto 17.46 % (5.7 fold) for HpGQ-2 compared to the absence of ligand (Figure 

4a). We did not observed any significant suppression in luciferase activity in mutant constructs 

suggesting the selective interaction of TPE-MePy with the GQ structures (Figure 4a). Upon 

gradually increasing the concentration of TPE-MePy from 0 to 10 μM the translation 

efficiencies of both the constructs were suppressed in dose dependent manner (Figure 4b, 4c). 

These results indicate that the observed suppression in translation efficiency is due to the 

equilibrium shifts in favor of GQ conformer in the presence of TPE-MePy derivative. 

 

In an effort to obtain further insights into the interaction between TPE derivatives and HpGQ 

structures at molecular level, we have performed molecular docking. Molecular docking has 

become an essential tool for screening of small molecule libraries against G-quadruplexes as 

well as to study structure-activity relationship for the selected small molecules toward the G-

quadruplex binding.[30] Unfortunately, the structure is not solved for the hairpin-G-

quadruplex forming RNA sequence. Thus we have chosen an NMR-refined structure of 

Monomeric Human CKIT-2 proto-oncogene promoter quadruplex (PDB ID: 1KF1) for the 

docking study. This parallel DNA GQ folded structure, which is believed to be similar to that 

of parallel RNA GQ was mutated using Discovery studio to generate RNA HpGQ structure for 

docking studies. The TPE derivatives were docked with the generated HpGQ-1 structure and 

the best binding configuration with the lowest energy was identified (Figures 4d, S13). The 

data suggests that both the TPE derivatives docks on the surface of the GQ structure mainly 

through -  stacking and van der waals interaction. Notably, the methyl group of TPE-MePy 

interacts with the 18th guanine residue of the HpGQ and Pyridine group of TPE-MePy interacts 

with the 13th guanine residues through carbon-hydrogen bond. However, TPE-Py does not 

show any carbon-hydrogen bond formation with HpGQ-1 (Figure S14). These observations 

suggest the role of methyl quaternary ammonium salt in binding and shifting of Hp-GQ 

equilibrium by stabilizing the GQ conformation.  

 

In conclusion in this work, the two TPE derivatives TPE-Py and TPE-MePy were synthesized 

and their potential for shifting the Hp-GQ equilibrium in 5’ UTR of proto-oncogene mRNAs 

was explored. The FRET and CD experiments suggested that the cationic TPE-MePy was able 

to shifts the Hp-GQ equilibrium towards the GQ conformer in concentration dependent 



manner. In presence of TPE-MePy the observed rate constant values for first and second 

folding step was increased up to 14.6 and 2.6-fold, respectively. The CD data also suggested 

that in presence of 10 μM TPE-MePy the GQ conformer predominated with KF values of 6.61 

at  265 nm and of 3.61 at 210 nm. Notably, the unmethylated derivative TPE-Py doesn’t show 

any influence on the Hp-GQ equilibrium. The FRET melting assay showed a strong stabilizing 

effect of TPE-MePy (Tm = 4.36 C). The molecular docking suggest that TPE-MePy 

molecule docks on the surface of the GQ structure mainly through - stacking and van der 

waals interaction. The methyl group of TPE-MePy interacts with HpGQ through carbon-

hydrogen bond indicating the role of methyl quaternary ammonium salt in Hp-GQ transition. 

Finally, the in vitro luciferase assay demonstrated that the TPE-MePy derivatives supressed 

the translation upto 27.20 % (3.7- fold) for HpGQ-1 and 17.46 % (5.7-fold) for HpGQ-2 

compared to the absence of ligand by shifting the hairpin-GQ equilibrium toward GQ 

conformers in synthetic constructs and in those containing 5’ UTR of oncogenes. Taken 

together, our results indicate that Hp-GQ conformational equilibria should be considered as 

potential therapeutic targets for treating cancer. Furthermore, our results provide a strategy for 

the development of synthetic ligands to target the selective GQ structures based on their 

adjacent flanking sequences for therapeutic applications.  
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