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Abstract 

The cationic porphyrin, TMPyP4, is a well-established DNA G-quadruplex (G4) 

binding ligand that can stabilize different topologies via multiple binding modes. 

However, TMPyP4 has completely opposite destabilizing and unwinding effect on 

RNA G4 structures. The structural mechanisms that mediate RNA G4 unfolding 

remains unknown. Here, we report on the TMPyP4-induced RNA G4 unfolding 

mechanism studied by well-tempered metadynamics (WT-MetaD) with supporting 

biophysical experiments. The simulations predict a two-state mechanism of TMPyP4 

interaction via a groove-bound and a top-face bound conformation. The dynamics of 

TMPyP4 stacking on the top tetrad disrupts Hoogsteen H-bonds between guanine 

bases resulting in the consecutive TMPyP4 intercalation from top-to-bottom G-tetrads. 

The results reveal a striking correlation between computational and experimental 

approaches and validate WT-MetaD simulations as a powerful tool for studying RNA 

G4-ligand interactions. 
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Introduction 

Guanine rich sequences in single-stranded DNA/RNA can self-associate, in a co-planar, 

cyclic arrangement called G-tetrads.1,2 Each tetrad comprise of four guanine bases, 

stabilized by eight Hoosteen hydrogen bonds reinforced by π and σ bonds.3,4 The G-

tetrads can stack on top of one another, held together by π-π stacked non-bonded 

attractive interactions to form a G-quadruplex (G4).5,6 G4 structure is further 

stabilized by the presence of mono or divalent cations as they coordinate between 

two successive G-tetrads and shield the electrostatic repulsion between the carbonyl 

oxygens of guanines.5 G4-DNA structures are polymorphic and can adopt varied 

topologies influenced by strand stoichiometry (one to four), polarity (parallel, 

antiparallel, hybrid), glycosidic conformation (syn/anti), intervening length of loops 

and guanine stretches.7 G4-RNA structures, however, are limited to predominantly 

parallel topology, primarily due to the anti-conformation of the glycosidic bonds and 

the presence of an additional 2’-OH group that contributes to enhanced hydrogen 

bond networks.8,9  

G4s are widespread throughout the human genome. Extensive human genomic 

analyses have identified >500,000 DNA and >6000 RNA putative G-quadruplex 

forming sequences (PQFS).10–13 They are found to colocalize with functional regions 

of the genome including specific sites such as telomeres and promoter regions of 

genes.14–18 Their presence has important implications in regions involved in telomere 

maintenance and persistent DNA damage response in ageing.19 Human telomeric DNA 

d(TTAGGG) and the non-coding TERRA RNA r(UUAGGG) can both adopt 
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characteristic G4 structures and are important participants in telomere biology and 

epigenetic regulation.9,20 Exhaustive mapping of the genome-wide location of DNA 

replication origins have revealed that ~90% of start sites contain the PQFS.21 Such 

high genomic distribution of PQFS in gene transcription start sites is indicative of G4-

mediated role in regulating the process of transcription.22,23 Furthermore, significant 

enrichment of PQFS in the vicinity of somatic copy-number alterations breakpoints is 

an epigenetic determinant driving tissue-specific mutational landscapes in cancer.24 

New functional roles of G4-RNA have also been reported in the regulation of RNA 

expression in mitochondria,25 in phase separation mechanisms leading to the 

formation of membrane-less organelles,26,27 and epitranscriptomics.28 A high 

frequency of PQFS has also been reported in region specifying the 5’-UTR of the 

encoded mRNAs, suggesting G4-mediated role in regulating translation.29,30 Moreover, 

the formation of G4-DNA in cells has been shown to be linked to replication and 

transcription, and that of G4-RNA with translation.31 Based on these observations, it 

has thus been proposed that G4 (un)folding in vivo could possibly represent another 

layer of non-genetic, but structural regulation of gene expression.32 Besides the 

human genome, PQFS are also present extensively in bacteria,33 and viruses.34  

The involvement of G4s in several biological processes has made them a potential 

target for therapeutic intervention. The structural features of G4s have been exploited 

to increase their thermodynamic stability via induced formation by small 

molecules.15,35 G4s with high thermodynamic stability are obstruction to processivity 

by the cellular replicative machinery. This was the central idea behind the design of 

G4s stabilizing agents targeting telomere maintenance,36 or associated suppression of 
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transcriptional activation in proliferative cancer cells.37 Most of the G4 interacting 

small molecules present in the literature focus on the stabilization of G4 structure.38–40 

On the other hand, the importance of destabilizing G4 structures has been 

underexplored. Destabilization of G4 structures have been shown to enhance 

translational efficiency in the FMR1 gene and the 5’ UTR of the FMR1 mRNA in 

Fragile X syndrome.41,42 Furthermore, a genetic loss or age-related changes in G4 

modulating proteins, compounded by over representation of G4s have been shown to 

accelerate brain aging and foster neurological disorders.43 Thus, destabilization of G4 

structures can be another means of controlling gene expression or find applications in 

treating age-associated neurobiological disorders. However, it has not been trivial to 

reliably assess G4 destabilization by small molecules due to the lack of standard 

assays and protocols.32 It is only recently (while this manuscript was under review) 

that Monchaud and co-workers have published a G4-helicase based destabilization 

assay.44 Nevertheless, there are small molecules that have been reported to destabilize 

G4s. For example, TMPyP4 disrupted the G4 structure in the Fragile X FMR1 gene,42 

and in the MT3 endopeptidase mRNA sequence;45 a triarylpyridine derivative 

disrupted G4 in the cKit-1 and 2 sequences;46 an anthrathiophenedione,47 and a stiff-

stilbene derivative was shown to unfold a sodium form of telomeric G4.48 

The omnipresence of G4 structures in a cell-based setting presents a formidable 

challenge to stabilize or unwind a specific topology. The formation and dissolution of 

G4s have been studied by a wide variety of biophysical and chemical probe 

methods.45,48–50 Several G4-ligand complexes have been characterized by 

crystallographic and NMR studies.51–57 Recently, the DEAH/RHA helicase DHX36-G4 
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complex structure laid the structural foundation to explore the G4 unfolding 

mechanism by a helicase.58 Besides, numerous helicases that unwind G4 have been 

identified and are being used as molecular tools to study G4 unwinding.32  

In the absence of crystal structures, computational methods have been an 

indispensable tool to study such processes. Recently, Moraca et al. showed the 

binding mechanism of berberine (a polycyclic aromatic compound) to human 

telomeric G4-DNA and its stabilization through a combined effort using well-

tempered metadynamics (WT-MetaD) simulation and steady-state fluorescence 

spectroscopy experiments.59 In another study, O’Hagan et al. studied the reversible 

unfolding mechanism of G4-DNA by a photo responsive stiff-stilbene ligand in the 

presence of sodium buffer using WT-MetaD simulations, circular dichroism and NMR 

spectroscopy.48 In particular, this study used human telomeric antiparallel G4-DNA to 

investigate unfolding. One common feature that was identified while looking at the 

ligand-complex structures that the binders are mostly one or more polycyclic and 

planar aromatic chromophores, able to engage in π−π stacking interactions with the 

terminal G-tetrads, and a positive charge that is necessary to interact with the DNA 

backbone phosphate groups.40 Specifically, this study also showed that the unfolding 

of G4-DNA initiated from the groove via the formation of the π−π stacking interaction 

between the stilbene moiety and G-tetrads.48 

Among all classical G4 interacting ligands, TMPyP4 is a paradox that exhibits both G4 

stabilizing and destabilizing properties. TMPyP4 has been shown to stabilize G4 

structures and exert anti-tumor,60,61 and anti-viral activity.62 In the NMR structure 
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(PDB id 2A5R), TMPyP4 was reported to stabilize the c-Myc Pu24I by stacking with 

the surface of 5’-quartet.57 Neidle and co-workers explored the interactions between 

TMPyP4 and biomolecular human telomeric quadruplex (PDB id 2HRI), in which, 

TMPyP4 exhibits an alternative binding mode by stacking with the loop TTA 

nucleotides instead of the G-quartet.63	 However, TMPyP4 is also reported to have a 

completely opposing effect on G4-RNA structure and unwinds them.45,49 Until now, 

there is no structural insight on how TMPyP4 or any small molecule unwinds G4-RNA 

structures.   

We approached this issue by studying the interactions between TMPyP4 and an RNA 

G4 forming sequence (PQS18-1; r(GGCUCGGCGGCGGA)) from the non-coding 

region of Pseudorabies virus (PRV).64 The structure of PQS18-1 (PDB id 6JJH, 6JJI) 

has been published recently.65 It is a bimolecular, all-parallel stranded G4-RNA 

consisting of 4-stacked tetrads with three K+ ions positioned along the central axis. 

The structure contains two molecules of TMPyP4 ligand bound to the G4; one 

intercalated at the 3’ end between the top G-tetrad plane and an A-diad formed from 

A14:A14’ bases and one external to the G4-RNA in a stacked arrangement between a 

pair of uracils (U4:U4’) and a pair of cytosines (C11:C11’) (Figure 1). 

Herein we report a computational study of the unfolding of an RNA G4 topology by 

porphyrin TMPyP4 ligand from a well-balanced WT-MetaD enhanced sampling 

simulation. Our simulation data (~1.5 µs) showed that TMPyP4 binds on the top-face 

as well as in the groove side of the RNA G4 mimicking the X-ray crystal structure 

binding poses.65 Moreover, extending the simulation to a further 1.1 µs (a total of 
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~2.6 µs) highlighted the complete unfolding of the RNA G4 topology. Further to 

validate our theoretical results and assess the reliability of the method used, we 

performed several experiments. Through WT-MetaD simulations, circular dichroism 

(CD), ultraviolet-visible (UV-vis) absorbance, fluorescence titrations (FRET), and 

Isothermal Titration Calorimetry (ITC) experiments, we hypothesize that the 

unfolding process could be divided into three states: 1) an initial binding between the 

ligands and RNA G4, 2) dynamic movement of the intermediates or formation of the 

intermediate complex through opening of the G-tetrads via intercalation and 3) 

unfolding. Finally, our results indicate that computational simulations can predict 

ligand-induced unfolding of G4s with precision. The WT-MetaD data complements 

experimental findings and provides extensive structural information for the TMPyP4 

mediated RNA G4 unfolding process, therefore it can be used as a useful tool for 

investigating G4/ligand interactions.    
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Results 

Unbiased MD simulations 

To gain insights into TMPyP4 ligand binding to RNA G4, we carried out unbiased 

classical MD simulations of both the native RNA G4 and all available TMPyP4-PRV 

PQS18-1 RNA G4 complexes (PDB id 6JJH, 6JJI).65 Crystal structures revealed a top-

face bound state of TMPyP4 where it is sandwiched in between the top fraying base 

A14 and A14’ and the bases from the first G-tetrad such as G10, G10’, G13 and 

G13’.65 In the second bound state, TMPyP4 is mainly solvent exposed and stacked on 

the C11 base of RNA G4 loop (Figure 1a). We performed 1 µs (x3) of classical MD 

simulation of both the native and TMPyP4 groove bound states to test the stability of 

these systems. Further, we carried out Principal Component Analysis (PCA) of all the 

systems investigated and then compared the results to understand the dynamic 

behaviour of the RNA G4 structure. PCA analysis on the native G4 shows that the 

RNA G4 is highly flexible in water and can rapidly change conformations between 

open and closed states. At the start, both the C5 and C5’ bases are positioned adjacent 

to one another on the top plane of the terminal G-tetrad, (Figure 1b, 1c) resulting in 

the backbones of chain A and chain B to spread out. We consider this as the open like 

conformation as found in the crystal structure (Figure 1b, Bottom). In the closed state, 

both the C5 and C5’ bases are found to be stacked on top of each other, and the RNA 

G4 shrinks by bringing the backbone of chains A and B close to each other relative to 

the open state. Intermediate states (I and II, Figure 1) shows how the C5 and C5’ 

bases transform their position from open-to-closed states (Figure 1c).  
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Figure 1: Crystal structure of the RNA-TMPyP4 complex (PDB id- 6JJH). (a) the top-face view 

highlighting the two different bound states of TMPyP4. TMPyP4 shown in orange is sandwiched 

between A14, A14’ and guanine bases, G10, G10’, G13, G13’, from the first G-tetrad. TMPyP4 shown in 

magenta is π-π stacked with C11 base. (b) the bottom-face view of the RNA-TMPyP4 complex 

highlighting a H-bond network between the capped bases C5 and C5’ in an open like conformational 

arrangement. (c) The dynamic equilibrium between open and closed conformational transitions via 

two intermediate states (I and II). Both the C5 and C5’ bases are highlighted for better visuals with 

default colors of the atoms (Carbon in red, Oxygen in light red and Nitrogen in blue).   
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Further, MD simulation demonstrates that the top-face bound state is stabilized in the 

open like conformation whereas the groove-bound state resembles the closed 

conformation. Figure 1 shows the sequence of transformation from open-to-closed 

conformation and vice-versa. (See Supplementary Information for more details on the 

discussion of PCA analysis of native RNA G4 and its complexes).  

Free energy calculations using well-tempered metadynamics simulations 

To study the complete binding and unfolding of TMPyP4 ligand to RNA G4, we 

performed WT-MetaD simulation. Metadynamics (MetaD) is an enhanced sampling 

simulation technique which allows simulating long time scale events considered as 

rare events such as protein-ligand binding,66 protein folding/unfolding mechanism,67 

in a reasonable computational time cost.68 At the end of the simulation, the free 

energy landscape of the simulated process of interest can be computed using the 

history-dependent biasing potential which was added during the simulation on a 

chosen degree of freedom called Collective Variables (CVs).68 This technique has 

already been successfully used by us and also by few other research groups to 

simulate biological processes like folding/unfolding mechanism of RNA tetraloops,69,70 

G4-ligand binding48,71 and also in the materials science such as binding of small 

ligands to the surfaces. 72,73 

In the present study, MetaD simulation was used to (a) explore the available binding 

modes of TMPyP4 ligand around the RNA G4, (b) identify a possible unfolding 

mechanism of the RNA G4 and (c) compare the observed aforementioned phenomena 
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to the available experimental data. Two collective variables were used for WT-MetaD 

to study binding and unbinding of TMPyP4 ligand around the RNA G4. These are the 

distance (D) between the center of mass (COM) of the ligand to the COM of the 

middle G-tetrad in the RNA G4 and a torsion (T) angle between the ligand and the 

G4. The torsion angle between the ligand and G4 was measured as the two points 

from ligand to two points from the RNA G4 (see Table S1 in Supplementary 

Information for details). The simulation took over 2.6 µs to converge with the 

following protocol: first, a single WT-MetaD simulation is performed to reach a 

semiquantitative convergence where we have sampled all the possible free energy 

minima for the ligand binding to RNA G4. Particularly, two separate binding 

conformations (basins) are sampled and they are the top-face and groove-binding 

conformations. To further accelerate the sampling of these conformations, four 

consecutive walkers are placed along the path from successive basins using the 

multiple walkers technique for rigorous sampling (see below). A two-dimensional 

representation of the free energy surface (FES), as a function of D and T, is shown in 

Figure 2. Further, to have a quantitatively well-characterized free energy profile, 

various recrossing events between the different states such as bound and unbound 

states, visited by the system should be seen. To provide a picture of the convergence 

of the binding free energy estimation, the free energy difference between the bound 

and unbound states was computed as a function of the simulation time (Figure S1). 

The estimate of free energy of binding of TMPyP4 to RNA G4 converges to -10.5 

kcal/mol (ΔGcal), which is close to the experimentally obtained binding free energy 

(ΔGexpt) of -10.2 kcal/mol (Table 1).   
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Figure 2: Free energy calculations of TMPyP4 binding to PQS18-1 RNA G4. (a) Free energy surface 

(FES) of binding of TMPyP4 to RNA G4 topology illustrated as a function of distance (D) and torsion 

(T) collective variables. Each box in the FES represents a different state of RNA such as TMPyP4 bound 

to the RNA top-face (0.9 ≤ D ≤ 1.4), TMPyP4 bound to the RNA Groove (1.4 ≤ D ≤ 2.1), Unbound state, 

(>3.0) and TMPyP4 mediated RNA unfolded state (U) (0.0 ≤ D ≤ 0.9). Two most pronounced basins 

are found in the top-face bound state, T1 and T2. (b) The most populated clusters are shown for both 

the top-face bound states. In T1, TMPyP4 binds on the extreme top of the RNA interacting with A14 

and A14’ fraying bases whereas, in T2, TMPyP4 is found to be slightly tilted relative to the T1 pose, 

interacting with first G-quartet bases, G10, G10’ G13, and A14 and A14’ nucleotide bases and 

mimicking the native crystal TMPyP4-RNA G4 bound complex. (c) The one-dimensional potential of 

mean force (PMF) is plotted as a function of distance (D) in nm, showing the ΔGcal = -10.5 kcal/mol. 

Free energy basins such as Tx, Mx, and U represent the corresponding top-face, groove-bound and 

unfolded states. (d) The one-dimensional PMF plotted as a function of torsion (T) CV in radians, 

illustrating the absolute free energy difference between T1 and T2 basin.  
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TMPyP4-RNA G4 interactions: Top-face and major groove binding modes 

The available crystal structure confirmed the top-face and groove-binding modes of 

TMPyP4 to RNA G4.65 The two-dimensional FES (Figure 2a) can distinguish different 

states including top-face bound state, groove-bound state, unbound state and the 

unfolded state. Top-face bound states are represented as Tx where x corresponds to 

the number of bound states based on their position and orientation (Figure 2). The 

top-face bound states are assigned within the distance 0.9 ≤ D ≤ 1.4 nm in the D 

versus T curve.  In basin T1, a cluster analysis using an RMSD cutoff value of 0.17 nm 

indicated that TMPyP4 acquire a top-face binding conformation (with 93.4 % 

population) where the major contribution comes from the stacking interaction with 

both the top A14 and A14’ nucleotide bases (Figure 2). In particular, all four pyrrole 

rings are involved in the π−π stacking interaction with the aforementioned bases (see 

T1, Figure 2). We note that few ionic interactions are also seen between the 

pyridinium cation and negatively charged oxygen atoms of the phosphate backbone 

of RNA G4. Basin T2 shows a rather tilted top-face binding conformation where 

TMPyP4 is intercalated in between the A14 and A14’ fraying bases. Further, TMPyP4 

is also seen to partially stack with G10, G13 and G10’ bases with a population of 75.6 % 

as calculated from the cluster analysis. This pose is found to be very similar to the 

available top-face TMPyP4-RNA G4 binding pose in the X-ray crystal structure (Figure 

1). Energetically, both the top-face bound states (T1 and T2) are found to be very 

similar in their binding free energy with a difference being 0.3 kcal/mol (Figure 1). 

Although the present WT-MetaD simulation is not able to capture the exact crystal 

structure top-face binding conformation but has been quite successful to sample the 
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near-native binding conformations (Figure 1). Further, Principal Component Analysis 

(PCA) on the top-face binding pose revealed that TMPyP4 binding on the top-face 

allows the RNA to adopt an open like conformation (Figure S3). Moreover, the PCA 

analysis is also performed on the native RNA itself to differentiate the open to closed 

conformational changes and compare it with the bound states (Figure S2).  

Major groove binding modes are represented as Mx where x accounts for the number 

of TMPyP4 groove bound states differing in their position interacting with different 

nucleotide bases around the RNA G4. The groove bound states are assigned within 

the distance 1.4 ≤ D ≤ 2.1 nm in the D versus T curve.  A cluster analysis on the most 

stable basin (M1, Figure 1 and Figure S5) in the groove binding region revealed a 

high degree of heterogeneity on the ligand binding position i.e. towards different 

binding sites; since the RNA G4 has a top-face and four groove binding sites. Three 

equally populated clusters from the basin M1 were obtained (Figure S5).  TMPyP4 is 

either bound to the top-face of the RNA G4 interacting with fraying adenine (A14 and 

A14’) bases or in the groove site binding individually to C11 and C11’ bases (see 

Supporting Information for more details). Thus, the groove-binding sites have not 

well been separated by the FES portrayed with D and T CVs in Figure 2.  

To address this issue, we explored several variants of CVs. Following a previous study 

by O’Hagan et al.,74 we have adopted two new CVs such as ligand position in the x- 

and y-axis (taken as the vector of the distance in the x and y direction i.e. d.x and d.y, 

respectively). This condition does only apply when the RNA principal axis is aligned 

with the z-axis (Figure S6). The vectors are able to describe the possible groove-

binding modes of TMPyP4 since the groove sides lie in the x and y plane (Figure 3). 
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The major advantage of using these two CVs is to separate each groove bound-state in 

the four-fold symmetry.  These CVs are also able to separate the top-face bound state 

as well. Looking at the FES, four additional basins are found along with T, the most 

stable one which represents the top-face TMPyP4 bound state (Figure 3). In basin M1, 

a cluster analysis revealed that TMPyP4 adopts a groove binding conformation in 

which it is mostly interacting with C11 base via π−π stacking interaction. This pose 

agrees well with our crystal structure (PDB id 6JJH).65 In particular, one of the 

pyrrole rings from TMPyP4 is involved in the stacking interaction. We carried out a 1 

µs (x3) unbiased MD simulation with ligand-bound in this pose. The TMPyP4 

remained stacked with C11 and no significant deviation from starting structure was 

observed indicating that this pose was stable (Figure S7). Further, a PCA analysis on 

the MD data of RNA G4 with TMPyP4 in the groove-bound state suggests that the 

RNA G4 topology remains in a closed conformation for the M1 binding mode (Figure 

S4). This finding has great importance on the TMPyP4-mediated unfolding 

mechanism of the RNA G4 topology.  
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Figure 3: Free energy surface of groove binding states. (a) Free energy surface plot considering d.x 

and d.y as the two major collective variables (CVs). The CVs were able to capture the TMPyP4-RNA G4 

groove bound state. Basin T at the centre represents the top-face binding conformation whereas Mx 

corresponds to the groove binding conformations. (b) Basin M1 and M2 represent the X-ray crystal 

structure-like groove bound states where TMPyP4 interacts with C11 and C11’ bases, respectively. In 

basin M3, TMPyP4 partially interacts with C3’ base, in addition to the negatively charged oxygen 

atoms from the RNA backbone with its positively charged pyridine nitrogen’s. Basin M4 is the least 

stable free energy basin where TMPyP4 mainly interacts with C3’ base.  
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A cluster analysis was performed for basin M2 where TMPyP4 remains on the 

opposite side to C11-C11’ base stacking interactions. In particular, several 

electrostatic interactions are established between pyridinium cation and backbone 

oxygen atoms of the G3’, G12’, G10’, G7’ and U4’ nucleotides. The stability of this 

pose is again validated with ~1 µs (x3) unbiased MD simulation. As no significant 

deviation from the starting structure was observed, we concluded that it is a stable 

binding pose (Figure S7). This pose was similar to the available X-ray crystal 

structure 65 since C11’ base is equivalent to C11 due to the observed symmetry 

between both RNA strands (chain A and chain B). Basin M3 is a groove-binding pose 

involving mainly electrostatic interactions and partially one of the ligands pyridine 

ring interacting with C3’ base via π−π stacking interactions. Moreover, in this 

conformation, one of the pyrrole rings of TMPyP4 makes stacking interaction with G1’ 

sugar pucker ring. Furthermore, an electrostatic interaction is established between 

the pyridinium cation and RNA backbone oxygen atoms of C8 and G6 nucleotides. In 

basin M4, a solvent-exposed conformation of TMPyP4 is observed where it interacts 

with the C3’ base via π−π stacking interaction. In particular, one of the pyrrole ring 

from the porphyrin moiety and the pyridine ring is involved in the π−π stacking 

interaction with C3’ base. The only difference between basin M3 and M4 is that in the 

present conformation, TMPyP4 has slightly shifted towards C3’ base by breaking the 

non-covalent interaction between G1’ sugar pucker and pyrrole ring and at the same 

time rotate slightly on the plane perpendicular to the G-RNA stabilizing the 

mentioned π−π stacking interaction.   
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The available X-ray crystal structure 65 resolves two binding modes of TMPyP4: 

(a) top-face and (b) groove site interactions with specific bases such as C11 and C11’ 

bases. The results from WT-MetaD simulation complements the crystalline data and 

captures other binding possibilities of TMPyP4 to RNA G4 such as binding to C3’ base 

and also π−π interaction between pyrrole ring and sugar pucker ring, thereby 

highlighting the robustness of the present simulation. At the end of the simulation, 

basin M3 is found to be equally stable with the groove bound mode such as M1 and 

M2. Furthermore, the free energy difference between the top-face binding mode and 

groove binding mode is calculated to be ~3.8 kcal/mol (ΔΔGcal) which is in good 

agreement with experimental ITC data (ΔΔGexpt= 2.3 kcal/mol) (Table 1) The FES is 

able to identify a suitable pathway of binding/unbinding events of TMPyP4. The 

possible binding/unbinding events generally occur via the interaction between 

TMPyP4 and C11 nucleotide base resulting in the formation of the M1 basin (Figure 

3). This particular base plays a key role in bringing TMPyP4 back to the top-face of 

the RNA G4 from bulk solvent. The rebinding mechanism of TMPyP4 to RNA G4 is 

shown in the Movie S1 in the Supplementary Information. 

We then employed several orthogonal biophysical methods to further explore our 

computational findings. To study the conformational states of G4 structures formed 

from the RNA PQS18-1 sequence we employed circular dichroism (CD), a widely 

used analytical method that gives information about DNA structure and folding.75 The 

RNA PQS18-1 was first annealed in a buffer containing 10 mM lithium cacodylate 

(pH 7.0) with a metal ion concentration of 100 mM KCl.  
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Figure 4. Left: CD titration of PQS18-1 RNA (10 µM) and TMPyP4 (0-70 µM) in 10 mM Lithium 

cacodylate 100 mM KCl, pH 7.0. Right: Plot of ellipticity at 264 nm against concentration of TMPyP4 

and corresponding Hill fitting.  

 
 

The CD spectra of RNA PQS18-1 under these buffer conditions gave rise to a positive 

peak at 264 nm and a negative peak at 240 nm, which is consistent with a parallel-

stranded RNA G4 topology (Figure 4). CD titration methods were then utilized to 

investigate the formation of the G4/ligand complex using TMPyP4.76 We observed 

that as TMPyP4 was added to the RNA PQS18-1, a concentration-dependent decrease 

in the CD signal at 264 nm was observed across all the concentrations, to a plateau at 

~60-70 eq. (60-70 μM). Meanwhile, although initially there was no signal observed 

at 295 nm, after addition of 1 eq of TMPyP4 (10 μM) a shoulder appears at this 

wavelength, consistent with remodeling of the RNA in an antiparallel formation 

during the binding process. As further equivalents of TMPyP4 are added, this signal 

increases up to 15 μM, reaches a plateau and then also decreases in a similar fashion 

to the parallel signal at 264 nm. Plotting the ellipticity at 264 nm against 

concentration of TMPyP4 added gave a sigmoidal shaped curve, indicating a co-

operative process. We fitted this curve to the Hill equation, which identified Hill 
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coefficients (n) of 4.1 ± 1.3. This reveals that the binding of TMPyP4 to PQS18-

1 exhibits positive cooperativity (n > 1). The half degrading concentration ([DC]50) 

was determined to be 42 ± 0.5 μM. These results are consistent with the unfolding 

mechanism observed in our modelling experiments. As a direct comparison we also 

performed a similar titration with the analogous DNA sequence using CD (Figure 5). 

In the DNA sequence equivalent, on addition of TMPyP4 there was no unfolding 

effect observed, however a prominent band at 445 nm appeared which increased in 

intensity with further additions of the ligand. We attribute this to an induced circular 

dichroism (ICD), indicative of strong binding between the DNA G4 and the TMPyP4. 

This direct comparison between both the DNA and RNA highlights the differences 

between the manner TMPyP4 interacts with G4 structures, depending on its 

composite nucleic acid.     

 

Figure 5. Left CD titration of PQS18-1 RNA (10 µM) in the presence of 0-70 μM TMPyP4. Right CD 

titration of PQS18-1DNA (20 µM) in the presence of 0-100 μM TMPyP4. Both experiments performed 

in 10 mM Lithium cacodylate 100 mM KCl, pH 7.0.  
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To	further	analyze	the	effect	of	TMPyP4	on	RNA PQS18-1 we performed a Job’s analysis 

using CD to indicate the stoichiometry is between 1:1 and 2:1, averaging at 1.5:1 

(Figure S8). We performed CD melting analysis to determine the ligand-induced 

effect of TMPyP4 on the stability of RNA PQS18-1. The melting of RNA PQS18-1 in 

the CD seemed to give rise to two melting events, one at 45°C and another at 73°C 

(Figure 6). On addition of 1 eq of TMPyP4 the shape of the curve starts to change but 

the overall Tm values did not change. Addition of another equivalent of TMPyP4 

changed the shape of the curve again, to give an overall Tm of 71°C, which indicates a 

ΔTm of -2°C. This change in the shape of the melting curve is further increased when 

the number of equivalents of TMPyP4 is increased to 5 eq where again there are two 

clear transitions at 37°C and 70°C, indicative of ΔTm values of of -8°C and -3°C. These 

results indicate TMPyP4 has a destabilizing effect on the RNA G4 structure. After the 

melting experiments, we also studied the corresponding annealing experiments in the 

absence and presence of ligand. These indicated that the melting and annealing 

processes in the presence of TMPyP4 are not reversible, which is not unexpected for 

the liganded complexes (Figures S9-11). However, we did also observe precipitation 

of complex in the annealed samples, so the results from the annealing experiments 

are complicated by precipitation and aggregation processes. The corresponding UV-

vis melting and annealing experiments were performed in parallel, but were also 

affected by TMPyP4 absorption in the same region as the DNA (Figures S12-15).  
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Figure 6. CD melting of PQS18-1 RNA (10 µM) in the presence of 0 eq (black stars), 1 eq (blue 

squares), 2 eq (red circles) and 5 eq (green triangles) of TMPyP4 in 10 mM Lithium cacodylate 100 

mM KCl, pH 7.0.  

We considered that some of the signal losses in the CD spectra might be through the 

effects of aggregation, rather than unfolding or disruption of the G4 structure, so 

during the CD titrations we also monitored the UV absorption spectra (Figure S16). 

Using this we were able to observe a linear dose-response on addition of TMPyP4 at 

217 nm, consistent with Beer-Lambert law, indicating no aggregation at the 

concentrations examined at room temperature. Beyond these concentrations we 

sometimes observed precipitation, easily recognized as TMPyP4 is coloured. The 

apparently unfolding effects was observed at much lower concentrations than this 

and here we present data only at concentrations where precipitation was not evident. 

 UV-vis titrations of TMPyP4 with RNA titrated in (Figure 7) gave rise to a reduction 

and shift in the visible absorption spectra of TMPyP4 in the absence and presence of 

RNA PQS18-1 was observed. The strength and type of binding are indicated by the 

significant changes in wavelength maxima of absorption spectra upon addition of 

RNA G4, both the bathochromic shifts (Δλ = 20 nm) and hypochromicity (70%) shift 
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to hyperchromicity (13%). Here the high values of bathochromic shifts and 

hypochromicity indicate strong stacking interactions between TMPyP4 and G-tetrads.  

 

Figure 7: UV titration spectra. UV titration of TMPyP4 with RNA PQS18-1 in solution buffer (10 mM 

K2HPO4/KH2PO4 pH 7.0, 100 mM KCl). Conditions: [Ligand] = 4 µM; titrant: [RNA] = 0-20 µM. 

The vertical arrow indicates the decrease in the absorbance of TMPyP4 and the horizontal arrow 

indicates the shifted Soret band.  

We also recorded UV spectra during the CD titrations between RNA PQS18-1 and 

TMPyP4 i.e. RNA with TMPyP4 added. Plotting the absorption	 at	 440	 nm against 

concentration gave a binding curve (Figures S17), which we fitted to a 2:1 binding 

model to indicate Kds of 19 ±	0.7	μM	and	188 ±	19	μM.	 

As an alternative to UV and CD, we also explored the apparent unfolding using FRET 

titrations, using dual labelled RNA PQS18-1, with FAM and TAMRA as a FRET pair. 

When in the folded G4 conformation the fluorophores will be in close proximity and 

FRET will occur, and it is possible to follow unfolding of G4 using this method. 

Folded RNA PQS18-1, when excited at 490 nm, gives rise to an emission spectrum 

with maxima at 515 nm and 585 nm, from the fluorophores FAM and TAMRA 

respectively. Addition of 0-5 eq of TMPyP4 to the folded RNA PQS18-1 caused a 

decrease in emission at 585 nm, indicative that TAMRA emission is decreasing, and 
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potentially unfolding (Figure S18). TMPyP4 was also observed to cause an overall 

decrease in fluorescence emission through quenching, so we determined the FRET 

efficiency (EFRET) between the two fluorophores. A concentration-dependent decrease 

in EFRET was observed on addition of TMPyP4, consistent with unfolding of the RNA 

PQS18-1 structure in the presence of TMPyP4.  

 

Figure 8: ITC of TMPyP4-RNA G4 complex ITC binding profile of titration of 500 µM TMPyP4 

solution into 20 µM RNA PQS18-1 solution in 10 mM K2HPO4/KH2PO4 pH 7.0, 100 mM KCl buffer at 

25 °C. Raw and fitted isotherms are shown in the panel. It is corrected for the corresponding heat of 

dilution by blank titration of titration of 500 µM TMPyP4 solution into buffer. 

Finally, we next investigated the interaction between TMPyP4 and RNA PQS18-1 G4 

by calculating complete thermodynamic parameters, including the stoichiometry and 

the values of free energy (ΔG), enthalpy (ΔH), and entropy (ΔS) changes of the 

binding reaction using Isothermal Titration Calorimetry (ITC). Correlating such 

thermodynamic data with a structural description increases our understanding of the 
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molecular recognition process involved in complex formation and maintenance. The 

TMPyP4 (500  µM) was titrated into RNA solution (20 µM, 200 µl) with 10 mM 

K2HPO4/KH2PO4 pH 7.0, 100 mM KCl buffer at 25 °C. Figure 8 shows the integrated 

heat change data (after the correction of heat of dilution) and the corresponding heat 

changes are fit with multiple sites binding model. All the fitting parameters are 

summarized in Table 1. The two-site binding data was then fitted to a two-

independent site binding model to determine the affinity and binding enthalpy of 

each of the two sites. Hence, the ITC experiments resulted in Ka1 value of (5.74 ± 

0.46) × 105 M-1, ΔH1 of -21.7 ± 0.9 kcal/mol, and ΔS1 of -46.5  cal/mol/deg (low 

affinity site), while the high affinity site has a Ka2 value of (2.83 ± 2.67) × 107 M-1, 

a ΔH2 of -0.68 ± 0.4 kcal/mol, and a ΔS2 of 31.8 cal/mol/deg. The results indicated 

that the binding of TMPyP4 to two sites was different. The non-sigmoidal binding 

curve revealed that TMPyP4 could bind to the RNA at more than one site. The ITC 

data indicates that the stoichiometry of this multi-site interaction is two-site binding 

as the thermogram saturates after the addition of four molar equivalents of TMPyP4. 

The dip at the start of the ITC thermogram indicates that the second (lower affinity) 

site is more exothermic than the first (higher affinity) site (Figure 7). The enthalpy of 

the system starts decreasing as the second site starts to be populated. The total 

enthalpy is negative when both sites are saturated with the ligand. This data is 

strikingly correlated with our WT-MetaD simulation results where we found two 

stable binding sites as described above. The high and low affinity sites correspond to 

the top-face and groove-bound states, respectively. Since the groove bound state is 

completely solvent exposed as seen in the crystal data as well as from the WT-MetaD 

simulation, therefore it is evident that while moving from top-face bound state to 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 27 

groove bound state, the enthalpic contribution to the free energy of binding decreases 

as the solvation entropy plays a vital role in the ligand binding. The binding 

mechanism predicts that TMPyP4 is being caught by the fraying base C11 through 

π−π stacking interaction, where it forms the groove-bound state, showing the 

importance of the C11 base on the G4-TMPyP4 association. While sampling this 

particular state, the two top-face fraying bases A14 and A14’ remain in a wide-open 

conformational state due to the loss of H-bond between themselves, exposure to the 

bulk solvent and excessive flexible nature. Finally, TMPyP4 transfers from groove to 

the top-face of RNA and forms the top-face bound state by stacking on the terminal 

G-tetrad. This is followed by the loop closure and TMPyP4 is eventually sandwiched 

between the bases from terminal G-tetrad and top fraying bases A14 and A14 (for 

better understanding of the binding mechanism, see Movie S1 in Supplementary 

Information).  

Table 1: Thermodynamic parameters of ITC experiments 

Experiment Ka (M-1) ΔH (cal/mol) ΔS 
(cal/mol/deg) 

n ΔGexpt* 
(kcal/mol) 

ΔGcalc 
(kcal/mol) 

RNA 
PQS18-1 

with 
TMPyP4 

5.74(±0.46) 

× 105 

−2.17(±0.09) 

× 104 

-46.5 1.24±0.02 7.86 6.7 

2.83(±2.67) 
× 107 

−6.87(±4.08) 
× 102 

31.8 0.32±0.04 10.17 10.5 

The ΔGexpt is calculated from the equation of -RTlnKa where R, T and Ka are the universal gas constant, 

standard temperature of the reaction and binding constant, respectively.   
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Figure 9: The unfolding mechanism. (a) Two-dimensional free energy surface plotted as a function 

of POA (position on the axis as d.z in nm) and DFA (distance from axis as R in nm), highlighting the 

pathway between various states. TMPyP4 mediated unfolding is initiated via stacking interactions 

identified in the top-face bound state. (b) The RMSD of the RNA G4 backbone throughout the 2.6 µs of 

simulation time (top). As observed in the last replica (walker-4), RMSD increased from an average 

value of ~3.5 nm to > 1.0 nm (thereby decreasing the CV distance from being ~1.0 nm i.e., from the 

top-face bound state to ~0.2 nm) indicating unfolding via intercalation. The simulation statistics, 

illustrating the distance between TMPyP4 and RNA G4 where all the walkers are combined together 

(bottom). (c) Proposed model for ion-assisted recognition and unfolding mechanism of G4 by TMPyP4. 

Guanine nucleotides are in blue (chain A) and green (chain B). Loop nucleotides are in pink. 

Potassium ions are in blue. TMPyP4 is illustrated in green sticks with nitrogen atoms are in yellow. 
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The Unfolding Mechanism 

To trace the unfolding mechanism of a bio-macromolecule using molecular 

simulation technique, such as MD simulation, one has to simulate the system 

sufficiently long since the sampling time for a typical unfolding remains on the scale 

of microsecond to millisecond.77	 However, one can overcome this time scale problem 

using an enhanced sampling technique.78,79 A combination of WT-MetaD and multiple 

walkers method has enabled us, for the first time, to characterize a possible TMPyP4 

mediated unfolding mechanism of an RNA G4 topology.  

In this report, we have identified two novel CVs, POA (position on the axis as d.z in 

nm) and DFA (distance from axis as R in nm), initially applied to study DNA ligand 

association process by O’Hagan et al.74 and adapted them to study RNA PQS18-1 G4 

and its interaction with TMPyP4. These CVs can configure and describe all the 

possible bound/unbound states along with unfolded states. The FES highlights the 

connections between the described states (Figure 9a). The groove-bound state, top-

face and unfolded states are assigned with the following distance in the d.z versus R 

curve: -1.5 ≤ d.z ≤ 0.7 nm and 1.0 ≤ R ≤ 2.0 nm; 0.8 ≤ d.z ≤ 1.5 nm and 0.0 ≤ R ≤ 0.5 

nm; and -0.5 ≤ d.z ≤ 0.2 nm and 0.0 ≤ R ≤ 0.5 nm, respectively. A cartoon 

representation on the possible mechanism of the TMPyP4 mediated unfolding is 

illustrated in Figure 9c. As observed in the FES, the unfolding region is close to ~0.0 

nm, suggests that the unfolding occurs via the intercalation process as the CV 

distance between the DNA and ligand decreases. In the first step, C11 base pulls 

TMPyP4 back on the top-face of the RNA i.e. the rapid transfer of ligand occurs from 
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groove-bound state to the top-face (see T1 and T2 in Figure 2 and Supplementary 

Information, Movie S1, where the ligand rebinding process is illustrated). Before 

TMPyP4 jumps toward top-face bound state, the groove bound-state remains in a 

closed-like conformation (Figure S3). As TMPyP4 moves to the top-face, the RNA 

conformation shifts from a closed to an open state. This open conformation of the 

RNA is also observed in our unbiased MD simulation and resembles the top-face 

bound state (Figure S3). In the second step, TMPyP4 slides down towards the groove, 

stays in a slight tilted conformation and interacts with the bases from the first G-

tetrad such as G10 and G13’. In the next step, TMPyP4 intercalates through the first 

and second G-tetrad by breaking their associated Hoogsteen-bonds. As a result, 

TMPyP4 finally reaches the third G-tetrad by breaking the RNA G4 topology 

completely to an unwound state (Supplementary Information, Movie S2). 

Discussion  

 The present work reflects on the complexity of ligand interactions on the stability of 

the G4s. We show that the ligands could behave both as stabilizers or destabilizers of 

G4s based on how they interact with the G4s. TMPyP4, has been reported to both, 

stabilize and unfold G4s.42,45,49,80 The scarcity of the dynamic structural information 

about the ligand binding makes it necessary to rely heavily on biophysical 

characterization. Job plot indicated that the stoichiometry of TMPyP4 binding to 

PQS18-1 RNA G4 is more than 1:1, indicating binding at two or more distinct sites or 

modes (Figure S9). The “two independent sites” model exhibited in the ITC assay 

showed that more than two states exist in the unfolding processes (Figure 8). When 
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ligand:DNA = 3:4 (ITC experiment)/ 2:3 (UV experiment), both the UV absorption 

and ITC thermogram exhibited a big change. This concentration-dependent 

biophysical character variance suggests the existence of a structural intermediate in 

the titration process. Importantly, our biophysical experiments were performed at a 

range of concentrations of RNA, from 0.1 μM (in the FRET titrations) to 20 μM (in 

the ITC experiments). This indicates the unfolding effect is observed at a wide range 

of concentrations of RNA, and is not limited to when the RNA is at higher 

concentrations. 

The ITC experiments show that TMPyP4 could completely disrupt the RNA G4 

structure. This extent of TMPyP4 disruption was plausibly due to the higher melting 

temperature of the RNA PQS18-1 G4 structure (Tm=68.4°C). A lower concentration of 

TMPyP4 was required for RNA PQS18-1 destabilization at higher temperatures. We 

found that the apparent initial rates of G4 unfolding decreased as a function of 

thermal stability imparted by ligand binding. While previous reports have indeed 

shown that high potassium concentrations have a stabilizing effect on the Tm of 

various G4s, it is not trivial to conclude that the unfolding kinetics positively 

correlates with the thermal stability.  

Based on our simulation and experimental results we propose that the observed 

unfolding could be broadly divided into three steps: (a) TMPyP4 approaches PQS18-1 

RNA G4 and forms an initial complex structure; (b) The stability of the intermediate 

complex depends upon the dynamic interactions between the ligand and the G4 

structure. The dynamic interactions determine whether small molecules stabilize or 
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unfold a G4 structure and (c) the strength of the dynamic interactions between the 

ligand and G4 structure determines the fate of the inter-quartet cations. In the case of 

destabilizers, like TMPyP4, the inter-quartet cations are expected to be ejected, which 

accelerates the unfolding process.  

The binding mode of TMPyP4 to G4 remains controversial: some reports say that it 

binds and stabilizes G4s,57,61 a few suggest that TMPyP4 alters the G4 

structure,80 while others have demonstrated that it unfolds G4s.41,45,49 Here we show 

that all types of binding coexist, and that the distribution of final states depends on 

the ligand concentration ratio and the temperature. Finally, it is becoming 

increasingly clear that it is extremely difficult to predict the behavior of G4 

interacting ligands on different G4 topologies and nucleic acids. This emphasizes that 

ligands cannot be designed based on the traditional approaches of exploiting the 

topology, without taking dynamic interactions into account.  
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Methods  

Standard (Unbiased) MD simulations 

We carried out standard (unbiased) MD simulations of all the available TMPyP4 

bound poses to RNA G4. Initial crystal structure revealed a top-face bound state of 

TMPyP4 where it is sandwiched in between the top fraying base A14 and A14’ and 

the bases G10, G10’, G13 and G13’ from the first G-tetrad. In the second bound state 

TMPyP4 stack on the C11 base and it is mainly found to be a solvent exposed (Figure 

1).     

All the unbiased simulations were performed in triplicates using the Gromacs-5.0 

software package.82 The bsc0χOL3 force field was used for the RNA parameterization.84–

86  For the ligand, the General Amber Force Field (GAFF) were used to generate 

parameters.87 The charges were calculated using the restrained electrostatic potential 

(RESP) fitting procedure.88,89 The RESP fit was performed onto a grid of electrostatic 

potential points calculated at the HF/6-31G(d) level as recommended by many 

works.90,91  

The K+ ion in the central axis of the structure were treated as an integral part of the 

structure. The RNA-TMPyP4 complex was solvated in a cubic box with the dimension 

of 7.8 x 7.8 x 7.8 nm3 along with 15364 TIP3P explicit water molecules.92 The Joung 

and Cheatham cations optimized for TIP3P water were used to generate 100 mM KCl 

concentration of the system.93 The RNA-TMPyP4 complexes were minimized before 
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the equilibration and production run as follows: the minimization of the solute 

hydrogen atoms on the RNA and TMPyP4 was followed by the minimization of the 

counterions and the water molecules within the box. In the next step, the RNA 

backbone along with the all the heavy atoms on TMPyP4 were restrained, and the 

solvent molecules with counter ions were allowed to move during a short 50 ps MD 

run, therefore, relaxing the density of the whole system. In the next step, the 

nucleobases were relaxed in several minimization runs with decreasing force 

constants applied to the RNA backbone atoms, however, only few phosphate atoms 

were kept restrained with a force constant of 0.239 kcal/mol/nm2. After the full 

relaxation, the system was slowly heated to 300K using velocity rescaling thermostat 

94 with a coupling constant of 0.5 ps employing NVT ensemble. As the system reached 

to the temperature of interest (300 K), the equilibration simulation was performed for 

10 ns using an NPT ensemble with Berendsen thermostat and Berendsen barostat,95 

and 0.5 ps was used again as the coupling constant for both temperature and 

pressure, respectively. Finally, the production run was set for 1 μs using Nose-Hoover 

thermostat 96 and Parrinello-Rahman barostat 97 with the same coupling constant as 

previously taken in the equilibration simulation in the NPT ensemble. All the 

simulations were carried out under the periodic boundary conditions (PBC). The 

particle-mesh Ewald (PME) method was used to calculate the electrostatic 

interactions within a cut-off of 10 Å.98,99 The same cut-off was used for Lennard-Jones 

(LJ) interactions. All simulations were performed with a 1.0 fs integration time 

step.979697  

Well-tempered Metadynamics simulation: 
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We performed a well-tempered variant of the metadynamics simulation of TMPyP4 

binding to RNA G-quadruplex. The WT-MetaD helps to understand a complete 

binding/unbinding mechanism of TMPyP4. Further, a pathway for the TmPyP4 

mediated unfolding of the RNA G4 is disclosed for the very first time. The WT-MetaD 

simulation was started with a well-equilibrated structure generated from the crystal 

structure of the RNA-TMPyP4 top-face bound state. In particular, the starting 

structure for the WT-MetaD simulation was taken after 20 ns of unbiased MD 

simulation, which was found to be a rather stable ligand-binding conformation. We 

performed over 2.5 µs of WT-MetaD simulation 100 in order to obtain an accurate 

estimate of RNA-TMPyP4 binding free energies through sampling all the individual 

states such as bound, unbound and unfolded states. We used a combination of the 

following scheme: 

1. Well-tempered variant (WT) of the metadynamics 

2. The multiple walker technique, placing four walkers based on the TMPyp4 

binding sites:  

a. Top-face bound state (one-replica) 

b. Groove bound state (two-replica) 

c. Unbound state (one-replica)   

The same systems and MD settings as described previously were used for the WT-

MetaD simulation. The plumed 2.3 plugin 101,102 was used to carry out the simulation 
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with the Gromacs-5.0.7 code.82 The bias potential was calculated according to the 

WT-MetaD scheme as follows:  

𝑉(𝑠, 𝑡) = 𝜔𝜏! 𝑒  !!(! ! !! ,!! ) ∆!
!!!!

!!!!,!!,!!!,…

𝑒
! [(!! ! !!! ! !′ )! !!!

!]!
!!!  

where the deposition rate, ω, and deposition stride, τG, of the Gaussian hills were set 

to 0.358 kcal/mol/ps (1.5 kJ/mol/ps) and 1.0 ps, respectively. The bias factor (T + 

ΔT)/T was set to 15, and the final FES was calculated as follows:  

𝐹 𝑠, 𝑡 = −
𝑇 + ∆𝑇
∆𝑇 (𝑉 𝑠, 𝑡 − 𝐶(𝑇)) 

where the V(s,t) is the bias potential added to the Collective Variables (CV) used and 

the T represents the simulation temperature. ΔT is the difference between the 

temperature of the CV and the simulation temperature. The bias potential is grown as 

the sum of the Gaussian hills deposited along the chosen CV space and finally the 

sampling of particular CV space can be controlled with the tuning of the ΔT 

parameter.66 The torsions used in the metadynamics simulations are illustrated in 

Figure S19. 

Analysis 

As discussed in the previous section, the X-ray crystal structures 103 were downloaded 

from the PDB data bank and prepared for the MD simulation. The visualization and 
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analysis of the MD statistics are performed through VMD molecular visualization 

program.104 Hydrogen bond analysis of the quartets (Figure S20) was carried out 

using analysis tools implemented in the VMD. All the necessary graphs are first 

prepared with Gnuplot program (http://gnuplot.info) and later modified with Gimp 

2.0  (https://www.gimp.org) program. The analysis of the Metadynamics simulation 

is performed through the Plumed 2.3 package.102 The high resolution figures are 

prepared through PyMOL program (www.schrodinger.com).  

Materials 

Experiments based in China (UV and ITC) were performed using oligonucleotide 

sequence RNA PQS18-1 5ʹ-[r(GGCUCGGCGGCGGA)]-3ʹ purchased from Tsingke 

biological technology (Beijing, China) and TMPyP4 were purchased from Frontier 

Scientific (Logan, Utah, USA) and Sigma Aldrich. The concentration was determined 

using the Beer–Lambert law by measuring the absorbance at 260 nm using Nanodrop 

Photometer N60 (Implen, Germany). The extinction coefficients were obtained from 

the IDT Web site (https://sg.idtdna.com/calc/analyzer). Further dilutions were 

carried out in buffer containing 10 mM K2HPO4/KH2PO4 pH 7.0, 100 mM KCl. The 

starting oligonucleotide solution were annealed in the corresponding buffer by 

heating to 95 °C for 5 min, followed by gradual cooling to room temperature. 

Experiments based in the UK (CD, UV and FRET) were performed using 

oligonucleotides purchased from Eurogentec (PQS18-1 5′-[r(GGCUCGGCGGCGGA)]-

3 ′  PQS18-1DNA 5 ′ -[d(GGCTCGGCGGCGGA)]-3 ′ and PQS18-1FRET 5 ′ -[FAM-
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r(GGCUCGGCGGCGGA)-TAMRA]-3′), each of them were purified using reverse phase 

HPLC and supplied dry. The dry RNA/DNA was dissolved in nuclease-free water in 

order to preTpare stock solution, the FRET-labelled RNA sample weas prepared at 

approximately 100 µM and the unlabelled RNA prepared at 1 mM. The concentration 

of the stock solutions was identified from their UV absorbance at 260 nm with a 

NanoDrop by using extinction coefficients that provided by Eurogentec, further 

dilutions were carried out in buffer containing 10 mM lithium cacodylate pH 7.0, 100 

mM KCl.  RNA and DNA samples were annealed using a heating block, samples were 

put into the block for 95 °C for 5 minutes followed by gradual cooling to room 

temperature and left overnight.  

 

Circular dichroism (CD) and UV-vis spectroscopy 

CD experiments were performed with the JASCO 1500 spectropolarimeter (JASCO, 

Japan) under a constant flow of nitrogen. All measurements were done at 25°C with 

1 mm quartz cuvette and covering a spectral range of 200–650 nm using a scan rate 

of 200  nm/min and with a 1 s response time, and 1 nm bandwidth. Each spectrum 

was obtained as an average of 4 measurements and was buffer/ligand subtracted, 

zero-corrected at 320 nm and smoothed using a Savitsky-Golay 5 point window. 

During titrations with TMPyP4 spectra were taken immediately after addition of 

TMPyP4. Unfolding data was fitted using the Hill equation θ	=	Cn/(DC50n+Cn)	where	θ = 

fraction of bound TMPyP4, C = concentration of TMPyP4, n = Hill coefficient, DC50	=	

the	half	degrading	concentration. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 39 

Corresponding UV-vis absorption data was also collected at the same time as the CD. 

UV-vis binding data was fitted to a two inequivalent sites binding model: θ = (K1C+ 

2K1K2C2)/(1 + K1C + 2K1K2C2) where θ = fraction of bound TMPyP4, C = 

concentration of TMPyP4, K1 and K2 are the association constants for the first and 

second sites. 

CD/UV-vis melting/annealing profiles were recorded by monitoring the CD at 264 nm, 

as a function of temperature using a sealed cuvette. RNA samples were cooled to 5°C 

and then heated to 95°C with a heating rate of 1°C/min held at 95°C for 5 minutes 

and then cooled to 5°C at the same rate. The Tm values of the complexes were 

calculated by normalizing the experimental curves to give fraction folded and the 

data fitted to sigmoidal fittings to determine the Tm values. Final data was analysed 

in OriginPro 2020. 

UV-vis spectroscopy  

Initially, 150 µL solutions of the blank buffer and the ligand sample (4 µM) were 

placed in the reference and sample cuvettes (1.0 cm path length), respectively, and 

then the first spectrum was recorded in the range of 200–600 nm. During the titration, 

an aliquot of buffered RNA solution was added to cuvette. Complex solutions were 

incubated for 5 min before absorption spectra were recorded. The absorption spectra 

were recorded on a UV1800 spectrophotometer (Shimadzu Technologies, Japan) at 

25 °C.  

Fluorescence (FRET) Experiments 
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FRET titration experiments were performed in Edinburgh Instruments FS5 

Spectrofluorometer, using a quartz cuvette with 10 mm path length. The sample 

volume was 250 µL. The FRET labelled RNA was diluted in pH 7.0 buffer to 0.1 µM. 

the sample was excited at 490 nm and the fluorescence emission was measured from 

500 nm to 650 nm. TMPyP4 was diluted in buffer and added into sample in 0.025 µM 

increments from 0.025 µM to 0.5 µM. The relative FRET efficiency (EFRET) was 

calculated using EFRET = (Ia/Id+Ia ) where Id is the fluorescence intensity of the donor 

and Ia is the fluorescence intensity of the acceptor. The experiment was performed in 

triplicate and the error bars represent the standard deviation. The data was analysed 

by OriginPro 2020.  

Isothermal titration calorimetry (ITC) 

ITC experiments were performed on a Auto-iTC100 titration calorimetry (MicroCal) 

at 25 °C. All solutions (buffer, RNA and ligand) were degassed before carrying out the 

experiments. A 20 μM solution of RNA PQS18-1 was placed into the cell and 500 μM 

TMPyP4 were taken in the rotating syringe (750 rpm). A total of 40 μL TMPyP4 was 

added to the RNA in 20 injections and the time gap for two injections was 150 s, 

while the first injection was 0.4 μL to account for diffusion from the syringe into the 

cell during equilibration. This initial injection was not used in fitting the data. 

Similarly, dilution experiments were also carried out taking buffer (10 mM 

K2HPO4/KH2PO4 pH 7.0, 100mM KCl) in the cell and TMPyP4 was kept in the syringe. 

We have used Microcal ITC Analysis Software for the analysis of the ITC raw data 

using two site-binding model. We have subtracted the dilution data from the raw data 
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of the interaction of TMPyP4 with RNA before analysis. After fitting these 

experimental data, the enthalpy change during the process was obtained. 

Supporting Information 

PC analysis of bound states, native RNA, top-face RNA-TMPyP4 bound statem groove 

site RNA-TMPyP4 bound state; description of the free energy surface; circular 

dichroism melting; 1D PMF; FES of native RNA G4 topology, top-face TMPyP4-RNA, 

groove bound TMPyP4-RNA complex, most populated clusters of RNA-TMPyP4 

complex; Construction of CVs; MD simulation statistics; Job plot; CD 

melting/annealing; UV melting/annealing; UV-vis titration; Fluorescence titrations; 

details of CVs; movies. 

Data Availability 

The unbiased simulation trajectories have been uploaded to zenodo (doi 

10.5281/zenodo.5594466). Metadynamics simulation trajectories can be obtained 

from the authors upon request. 

Acknowledgements 

DGW is supported by the National Natural Science Foundation of China (21732002, 

22077043, 31672558). AJM and Susanta Haldar would like to acknowledge EPSRC 

grant for this study (EP/N024117/1 and EP/M022609/1). SH would like to thank Dr 

Gary N Parkinson for critical reading of the manuscript.  

Competing interests 

The authors declare no competing interests. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 42 

References 

(1)  Gellert, M.; Lipsett, M. N.; Davies, D. R. Helix Formation by Guanylic Acid. 
Proceedings of the National Academy of Sciences 1962, 48 (12), 2013–2018. 
https://doi.org/10.1073/pnas.48.12.2013. 

(2)  Laughlan, G.; Murchie, A.; Norman, D.; Moore, M.; Moody, P.; Lilley, D.; Luisi, B. 
The High-Resolution Crystal Structure of a Parallel-Stranded Guanine Tetraplex. 
Science 1994, 265 (5171), 520–524. https://doi.org/10.1126/science.8036494. 

(3)  Gilli, G.; Bellucci, F.; Ferretti, V.; Bertolasi, V. Evidence for Resonance-Assisted 
Hydrogen Bonding from Crystal-Structure Correlations on the Enol Form of the .Beta.-
Diketone Fragment. J. Am. Chem. Soc. 1989, 111 (3), 1023–1028. 
https://doi.org/10.1021/ja00185a035. 

(4)  Fonseca Guerra, C.; Zijlstra, H.; Paragi, G.; Bickelhaupt, F. M. Telomere Structure and 
Stability: Covalency in Hydrogen Bonds, Not Resonance Assistance, Causes 
Cooperativity in Guanine Quartets. Chemistry – A European Journal 2011, 17 (45), 
12612–12622. https://doi.org/10.1002/chem.201102234. 

(5)  Burge, S.; Parkinson, G. N.; Hazel, P.; Todd, A. K.; Neidle, S. Quadruplex DNA: 
Sequence, Topology and Structure. Nucleic Acids Research 2006, 34 (19), 5402–5415. 
https://doi.org/10.1093/nar/gkl655. 

(6)  Sen, D.; Gilbert, W. Formation of Parallel Four-Stranded Complexes by Guanine-Rich 
Motifs in DNA and Its Implications for Meiosis. Nature 1988, 334 (6180), 364–366. 
https://doi.org/10.1038/334364a0. 

(7)  Lightfoot, H. L.; Hagen, T.; Tatum, N. J.; Hall, J. The Diverse Structural Landscape of 
Quadruplexes. FEBS Letters 2019, 593 (16), 2083–2102. https://doi.org/10.1002/1873-
3468.13547. 

(8)  Lyu, K.; Chow, E. Y.-C.; Mou, X.; Chan, T.-F.; Kwok, C. K. RNA G-Quadruplexes 
(RG4s): Genomics and Biological Functions. Nucleic Acids Research 2021, 49 (10), 
5426–5450. https://doi.org/10.1093/nar/gkab187. 

(9)  Collie, G. W.; Haider, S. M.; Neidle, S.; Parkinson, G. N. A Crystallographic and 
Modelling Study of a Human Telomeric RNA (TERRA) Quadruplex. Nucleic Acids 
Research 2010, 38 (16), 5569–5580. https://doi.org/10.1093/nar/gkq259. 

(10)  Kwok, C. K.; Merrick, C. J. G-Quadruplexes: Prediction, Characterization, and 
Biological Application. Trends in Biotechnology 2017, 35 (10), 997–1013. 
https://doi.org/10.1016/j.tibtech.2017.06.012. 

(11)  Chambers, V. S.; Marsico, G.; Boutell, J. M.; Di Antonio, M.; Smith, G. P.; 
Balasubramanian, S. High-Throughput Sequencing of DNA G-Quadruplex Structures 
in the Human Genome. Nat Biotechnol 2015, 33 (8), 877–881. 
https://doi.org/10.1038/nbt.3295. 

(12)  Yang, S. Y.; Lejault, P.; Chevrier, S.; Boidot, R.; Robertson, A. G.; Wong, J. M. Y.; 
Monchaud, D. Transcriptome-Wide Identification of Transient RNA G-Quadruplexes 
in Human Cells. Nat Commun 2018, 9 (1), 4730. https://doi.org/10.1038/s41467-018-
07224-8. 

(13)  Kwok, C. K.; Marsico, G.; Sahakyan, A. B.; Chambers, V. S.; Balasubramanian, S. 
RG4-Seq Reveals Widespread Formation of G-Quadruplex Structures in the Human 
Transcriptome. Nat Methods 2016, 13 (10), 841–844. 
https://doi.org/10.1038/nmeth.3965. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 43 

(14)  Huppert, J. L.; Balasubramanian, S. G-Quadruplexes in Promoters throughout the 
Human Genome. Nucleic Acids Research 2007, 35 (2), 406–413. 
https://doi.org/10.1093/nar/gkl1057. 

(15)  Bochman, M. L.; Paeschke, K.; Zakian, V. A. DNA Secondary Structures: Stability 
and Function of G-Quadruplex Structures. Nat Rev Genet 2012, 13 (11), 770–780. 
https://doi.org/10.1038/nrg3296. 

(16)  Todd, A. K. Highly Prevalent Putative Quadruplex Sequence Motifs in Human DNA. 
Nucleic Acids Research 2005, 33 (9), 2901–2907. https://doi.org/10.1093/nar/gki553. 

(17)  Lipps, H. J.; Rhodes, D. G-Quadruplex Structures: In Vivo Evidence and Function. 
Trends in Cell Biology 2009, 19 (8), 414–422. 
https://doi.org/10.1016/j.tcb.2009.05.002. 

(18)  Maizels, N.; Gray, L. T. The G4 Genome. PLoS Genet 2013, 9 (4), e1003468. 
https://doi.org/10.1371/journal.pgen.1003468. 

(19)  Hewitt, G.; Jurk, D.; Marques, F. D. M.; Correia-Melo, C.; Hardy, T.; Gackowska, A.; 
Anderson, R.; Taschuk, M.; Mann, J.; Passos, J. F. Telomeres Are Favoured Targets of 
a Persistent DNA Damage Response in Ageing and Stress-Induced Senescence. Nat 
Commun 2012, 3 (1), 708. https://doi.org/10.1038/ncomms1708. 

(20)  Parkinson, G. N.; Lee, M. P. H.; Neidle, S. Crystal Structure of Parallel Quadruplexes 
from Human Telomeric DNA. Nature 2002, 417 (6891), 876–880. 
https://doi.org/10.1038/nature755. 

(21)  Besnard, E.; Babled, A.; Lapasset, L.; Milhavet, O.; Parrinello, H.; Dantec, C.; Marin, 
J.-M.; Lemaitre, J.-M. Unraveling Cell Type–Specific and Reprogrammable Human 
Replication Origin Signatures Associated with G-Quadruplex Consensus Motifs. Nat 
Struct Mol Biol 2012, 19 (8), 837–844. https://doi.org/10.1038/nsmb.2339. 

(22)  Tian, T.; Chen, Y.-Q.; Wang, S.-R.; Zhou, X. G-Quadruplex: A Regulator of Gene 
Expression and Its Chemical Targeting. Chem 2018, 4 (6), 1314–1344. 
https://doi.org/10.1016/j.chempr.2018.02.014. 

(23)  Rhodes, D.; Lipps, H. J. G-Quadruplexes and Their Regulatory Roles in Biology. 
Nucleic Acids Research 2015, 43 (18), 8627–8637. https://doi.org/10.1093/nar/gkv862. 

(24)  De, S.; Michor, F. DNA Secondary Structures and Epigenetic Determinants of Cancer 
Genome Evolution. Nat Struct Mol Biol 2011, 18 (8), 950–955. 
https://doi.org/10.1038/nsmb.2089. 

(25)  Pietras, Z.; Wojcik, M. A.; Borowski, L. S.; Szewczyk, M.; Kulinski, T. M.; Cysewski, 
D.; Stepien, P. P.; Dziembowski, A.; Szczesny, R. J. Dedicated Surveillance 
Mechanism Controls G-Quadruplex Forming Non-Coding RNAs in Human 
Mitochondria. Nat Commun 2018, 9 (1), 2558. https://doi.org/10.1038/s41467-018-
05007-9. 

(26)  Fay, M. M.; Anderson, P. J.; Ivanov, P. ALS/FTD-Associated C9ORF72 Repeat RNA 
Promotes Phase Transitions In Vitro and in Cells. Cell Reports 2017, 21 (12), 3573–
3584. https://doi.org/10.1016/j.celrep.2017.11.093. 

(27)  Jain, A.; Vale, R. D. RNA Phase Transitions in Repeat Expansion Disorders. Nature 
2017, 546 (7657), 243–247. https://doi.org/10.1038/nature22386. 

(28)  Roundtree, I. A.; Evans, M. E.; Pan, T.; He, C. Dynamic RNA Modifications in Gene 
Expression Regulation. Cell 2017, 169 (7), 1187–1200. 
https://doi.org/10.1016/j.cell.2017.05.045. 

(29)  Kharel, P.; Becker, G.; Tsvetkov, V.; Ivanov, P. Properties and Biological Impact of 
RNA G-Quadruplexes: From Order to Turmoil and Back. Nucleic Acids Research 
2020, 48 (22), 12534–12555. https://doi.org/10.1093/nar/gkaa1126. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 44 

(30)  Bugaut, A.; Balasubramanian, S. 5’-UTR RNA G-Quadruplexes: Translation 
Regulation and Targeting. Nucleic Acids Research 2012, 40 (11), 4727–4741. 
https://doi.org/10.1093/nar/gks068. 

(31)  Monchaud, D. Quadruplex Detection in Human Cells. In Quadruplex nucleic acids as 
targets for medicinal chemistry; Annual reports in medicinal chemistry; 2020; Vol. 54, 
p 133. 

(32)  Lejault, P.; Mitteaux, J.; Sperti, F. R.; Monchaud, D. How to Untie G-Quadruplex 
Knots and Why? Cell Chemical Biology 2021, 28 (4), 436–455. 
https://doi.org/10.1016/j.chembiol.2021.01.015. 

(33)  Beaume, N.; Pathak, R.; Yadav, V. K.; Kota, S.; Misra, H. S.; Gautam, H. K.; 
Chowdhury, S. Genome-Wide Study Predicts Promoter-G4 DNA Motifs Regulate 
Selective Functions in Bacteria: Radioresistance of D. Radiodurans Involves G4 DNA-
Mediated Regulation. Nucleic Acids Research 2013, 41 (1), 76–89. 
https://doi.org/10.1093/nar/gks1071. 

(34)  Abiri, A.; Lavigne, M.; Rezaei, M.; Nikzad, S.; Zare, P.; Mergny, J.-L.; Rahimi, H.-R. 
Unlocking G-Quadruplexes as Antiviral Targets. Pharmacol Rev 2021, 73 (3), 897–
923. https://doi.org/10.1124/pharmrev.120.000230. 

(35)  Ruggiero, E.; Richter, S. N. G-Quadruplexes and G-Quadruplex Ligands: Targets and 
Tools in Antiviral Therapy. Nucleic Acids Research 2018, 46 (7), 3270–3283. 
https://doi.org/10.1093/nar/gky187. 

(36)  Sun, D.; Thompson, B.; Cathers, B. E.; Salazar, M.; Kerwin, S. M.; Trent, J. O.; 
Jenkins, T. C.; Neidle, S.; Hurley, L. H. Inhibition of Human Telomerase by a G-
Quadruplex-Interactive Compound. J. Med. Chem. 1997, 40 (14), 2113–2116. 
https://doi.org/10.1021/jm970199z. 

(37)  Siddiqui-Jain, A.; Grand, C. L.; Bearss, D. J.; Hurley, L. H. Direct Evidence for a G-
Quadruplex in a Promoter Region and Its Targeting with a Small Molecule to Repress 
c-MYC Transcription. Proceedings of the National Academy of Sciences 2002, 99 
(18), 11593–11598. https://doi.org/10.1073/pnas.182256799. 

(38)  Monchaud, D.; Teulade-Fichou, M.-P. A Hitchhiker’s Guide to G-Quadruplex 
Ligands. Org. Biomol. Chem. 2008, 6 (4), 627–636. 
https://doi.org/10.1039/B714772B. 

(39)  Neidle, S. Quadruplex Nucleic Acids as Novel Therapeutic Targets. J. Med. Chem. 
2016, 59 (13), 5987–6011. https://doi.org/10.1021/acs.jmedchem.5b01835. 

(40)  Neidle, S. Quadruplex Nucleic Acids as Targets for Anticancer Therapeutics. Nat Rev 
Chem 2017, 1 (5), 1–10. https://doi.org/10.1038/s41570-017-0041. 

(41)  Ofer, N.; Weisman-Shomer, P.; Shklover, J.; Fry, M. The Quadruplex r(CGG)n 
Destabilizing Cationic Porphyrin TMPyP4 Cooperates with HnRNPs to Increase the 
Translation Efficiency of Fragile X Premutation MRNA. Nucleic Acids Research 
2009, 37 (8), 2712–2722. https://doi.org/10.1093/nar/gkp130. 

(42)  Weisman-Shomer, P. The Cationic Porphyrin TMPyP4 Destabilizes the Tetraplex 
Form of the Fragile X Syndrome Expanded Sequence d(CGG)n. Nucleic Acids 
Research 2003, 31 (14), 3963–3970. https://doi.org/10.1093/nar/gkg453. 

(43)  Moruno-Manchon, J. F.; Lejault, P.; Wang, Y.; McCauley, B.; Honarpisheh, P.; 
Morales Scheihing, D. A.; Singh, S.; Dang, W.; Kim, N.; Urayama, A.; Zhu, L.; 
Monchaud, D.; McCullough, L. D.; Tsvetkov, A. S. Small-Molecule G-Quadruplex 
Stabilizers Reveal a Novel Pathway of Autophagy Regulation in Neurons. eLife 2020, 
9, e52283. https://doi.org/10.7554/eLife.52283. 

(44)  Mitteaux, J.; Lejault, P.; Wojciechowski, F.; Joubert, A.; Boudon, J.; Desbois, N.; 
Gros, C. P.; Hudson, R. H. E.; Boulé, J.-B.; Granzhan, A.; Monchaud, D. Identifying 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 45 

G-Quadruplex-DNA-Disrupting Small Molecules. J. Am. Chem. Soc. 2021, 143 (32), 
12567–12577. https://doi.org/10.1021/jacs.1c04426. 

(45)  Morris, M. J.; Wingate, K. L.; Silwal, J.; Leeper, T. C.; Basu, S. The Porphyrin 
TmPyP4 Unfolds the Extremely Stable G-Quadruplex in MT3-MMP MRNA and 
Alleviates Its Repressive Effect to Enhance Translation in Eukaryotic Cells. Nucleic 
Acids Research 2012, 40 (9), 4137–4145. https://doi.org/10.1093/nar/gkr1308. 

(46)  Waller, Z. A. E.; Sewitz, S. A.; Hsu, S.-T. D.; Balasubramanian, S. A Small Molecule 
That Disrupts G-Quadruplex DNA Structure and Enhances Gene Expression. J. Am. 
Chem. Soc. 2009, 131 (35), 12628–12633. https://doi.org/10.1021/ja901892u. 

(47)  Kaluzhny, D.; Ilyinsky, N.; Shchekotikhin, A.; Sinkevich, Y.; Tsvetkov, P. O.; 
Tsvetkov, V.; Veselovsky, A.; Livshits, M.; Borisova, O.; Shtil, A.; Shchyolkina, A. 
Disordering of Human Telomeric G-Quadruplex with Novel Antiproliferative 
Anthrathiophenedione. PLoS One 2011, 6 (11), e27151. 
https://doi.org/10.1371/journal.pone.0027151. 

(48)  O’Hagan, M. P.; Haldar, S.; Duchi, M.; Oliver, T. A. A.; Mulholland, A. J.; Morales, J. 
C.; Galan, M. C. A Photoresponsive Stiff‐Stilbene Ligand Fuels the Reversible 
Unfolding of G‐Quadruplex DNA. Angew. Chem. Int. Ed. 2019, 58 (13), 4334–4338. 
https://doi.org/10.1002/anie.201900740. 

(49)  Zamiri, B.; Reddy, K.; Macgregor, R. B.; Pearson, C. E. TMPyP4 Porphyrin Distorts 
RNA G-Quadruplex Structures of the Disease-Associated r(GGGGCC)n Repeat of the 
C9orf72 Gene and Blocks Interaction of RNA-Binding Proteins. Journal of Biological 
Chemistry 2014, 289 (8), 4653–4659. https://doi.org/10.1074/jbc.C113.502336. 

(50)  Liu, H.; Zheng, K.; He, Y.; Chen, Q.; Hao, Y.; Tan, Z. RNA G-Quadruplex Formation 
in Defined Sequence in Living Cells Detected by Bimolecular Fluorescence 
Complementation. Chem. Sci. 2016, 7 (7), 4573–4581. 
https://doi.org/10.1039/C5SC03946K. 

(51)  Ohnmacht, S. A.; Marchetti, C.; Gunaratnam, M.; Besser, R. J.; Haider, S. M.; Di Vita, 
G.; Lowe, H. L.; Mellinas-Gomez, M.; Diocou, S.; Robson, M.; Šponer, J.; Islam, B.; 
Barbara Pedley, R.; Hartley, J. A.; Neidle, S. A G-Quadruplex-Binding Compound 
Showing Anti-Tumour Activity in an in Vivo Model for Pancreatic Cancer. Sci Rep 
2015, 5 (1), 11385. https://doi.org/10.1038/srep11385. 

(52)  Wirmer-Bartoschek, J.; Bendel, L. E.; Jonker, H. R. A.; Grün, J. T.; Papi, F.; 
Bazzicalupi, C.; Messori, L.; Gratteri, P.; Schwalbe, H. Solution NMR Structure of a 
Ligand/Hybrid-2-G-Quadruplex Complex Reveals Rearrangements That Affect Ligand 
Binding. Angew. Chem. Int. Ed. 2017, 56 (25), 7102–7106. 
https://doi.org/10.1002/anie.201702135. 

(53)  Haider, S. M.; Parkinson, G. N.; Neidle, S. Structure of a G-Quadruplex–Ligand 
Complex. Journal of Molecular Biology 2003, 326 (1), 117–125. 
https://doi.org/10.1016/S0022-2836(02)01354-2. 

(54)  Collie, G. W.; Promontorio, R.; Hampel, S. M.; Micco, M.; Neidle, S.; Parkinson, G. 
N. Structural Basis for Telomeric G-Quadruplex Targeting by Naphthalene Diimide 
Ligands. J. Am. Chem. Soc. 2012, 134 (5), 2723–2731. 
https://doi.org/10.1021/ja2102423. 

(55)  Liu, W.; Lin, C.; Wu, G.; Dai, J.; Chang, T.-C.; Yang, D. Structures of 1:1 and 2:1 
Complexes of BMVC and MYC Promoter G-Quadruplex Reveal a Mechanism of 
Ligand Conformation Adjustment for G4-Recognition. Nucleic Acids Research 2019, 
gkz1015. https://doi.org/10.1093/nar/gkz1015. 

(56)  Chung, W. J.; Heddi, B.; Hamon, F.; Teulade-Fichou, M.-P.; Phan, A. T. Solution 
Structure of a G-Quadruplex Bound to the Bisquinolinium Compound Phen-DC 3. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 46 

Angew. Chem. Int. Ed. 2014, 53 (4), 999–1002. 
https://doi.org/10.1002/anie.201308063. 

(57)  Phan, A. T.; Kuryavyi, V.; Gaw, H. Y.; Patel, D. J. Small-Molecule Interaction with a 
Five-Guanine-Tract G-Quadruplex Structure from the Human MYC Promoter. Nat 
Chem Biol 2005, 1 (3), 167–173. https://doi.org/10.1038/nchembio723. 

(58)  Chen, M. C.; Tippana, R.; Demeshkina, N. A.; Murat, P.; Balasubramanian, S.; 
Myong, S.; Ferré-D’Amaré, A. R. Structural Basis of G-Quadruplex Unfolding by the 
DEAH/RHA Helicase DHX36. Nature 2018, 558 (7710), 465–469. 
https://doi.org/10.1038/s41586-018-0209-9. 

(59)  Moraca, F.; Amato, J.; Ortuso, F.; Artese, A.; Pagano, B.; Novellino, E.; Alcaro, S.; 
Parrinello, M.; Limongelli, V. Ligand Binding to Telomeric G-Quadruplex DNA 
Investigated by Funnel-Metadynamics Simulations. Proc Natl Acad Sci USA 2017, 114 
(11), E2136–E2145. https://doi.org/10.1073/pnas.1612627114. 

(60)  Rha, S. Y.; Izbicka, E.; Lawrence, R.; Davidson, K.; Sun, D.; Moyer, M. P.; Roodman, 
G. D.; Hurley, L.; Von Hoff, D. Effect of Telomere and Telomerase Interactive Agents 
on Human Tumor and Normal Cell Lines. Clin Cancer Res 2000, 6 (3), 987–993. 

(61)  Grand, C. L.; Han, H.; Muñoz, R. M.; Weitman, S.; Von Hoff, D. D.; Hurley, L. H.; 
Bearss, D. J. The Cationic Porphyrin TMPyP4 Down-Regulates c-MYC and Human 
Telomerase Reverse Transcriptase Expression and Inhibits Tumor Growth in Vivo. 
Mol Cancer Ther 2002, 1 (8), 565–573. 

(62)  Artusi, S.; Ruggiero, E.; Nadai, M.; Tosoni, B.; Perrone, R.; Ferino, A.; Zanin, I.; 
Xodo, L.; Flamand, L.; Richter, S. N. Antiviral Activity of the G-Quadruplex Ligand 
TMPyP4 against Herpes Simplex Virus-1. Viruses 2021, 13 (2), 196. 
https://doi.org/10.3390/v13020196. 

(63)  Parkinson, G. N.; Ghosh, R.; Neidle, S. Structural Basis for Binding of Porphyrin to 
Human Telomeres. Biochemistry 2007, 46 (9), 2390–2397. 
https://doi.org/10.1021/bi062244n. 

(64)  Zhang, Y.; Liu, S.; Jiang, H.; Deng, H.; Dong, C.; Shen, W.; Chen, H.; Gao, C.; Xiao, 
S.; Liu, Z.-F.; Wei, D. G-Quadruplex in the 3’UTR of IE180 Regulates Pseudorabies 
Virus Replication by Enhancing Gene Expression. RNA Biology 2020, 17 (6), 816–
827. https://doi.org/10.1080/15476286.2020.1731664. 

(65)  Zhang, Y.; El Omari, K.; Duman, R.; Liu, S.; Haider, S.; Wagner, A.; Parkinson, G. 
N.; Wei, D. Native de Novo Structural Determinations of Non-Canonical Nucleic Acid 
Motifs by X-Ray Crystallography at Long Wavelengths. Nucleic Acids Research 2020, 
48 (17), 9886–9898. https://doi.org/10.1093/nar/gkaa439. 

(66)  Saladino, G.; Gauthier, L.; Bianciotto, M.; Gervasio, F. L. Assessing the Performance 
of Metadynamics and Path Variables in Predicting the Binding Free Energies of P38 
Inhibitors. J. Chem. Theory Comput. 2012, 8 (4), 1165–1170. 
https://doi.org/10.1021/ct3001377. 

(67)  Marinelli, F.; Pietrucci, F.; Laio, A.; Piana, S. A Kinetic Model of Trp-Cage Folding 
from Multiple Biased Molecular Dynamics Simulations. PLoS Comput Biol 2009, 5 
(8), e1000452. https://doi.org/10.1371/journal.pcbi.1000452. 

(68)  Valsson, O.; Tiwary, P.; Parrinello, M. Enhancing Important Fluctuations: Rare Events 
and Metadynamics from a Conceptual Viewpoint. Annu. Rev. Phys. Chem. 2016, 67 
(1), 159–184. https://doi.org/10.1146/annurev-physchem-040215-112229. 

(69)  Kührová, P.; Best, R. B.; Bottaro, S.; Bussi, G.; Šponer, J.; Otyepka, M.; Banáš, P. 
Computer Folding of RNA Tetraloops: Identification of Key Force Field Deficiencies. 
J. Chem. Theory Comput. 2016, 12 (9), 4534–4548. 
https://doi.org/10.1021/acs.jctc.6b00300. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 47 

(70)  Haldar, S.; Kührová, P.; Banáš, P.; Spiwok, V.; Šponer, J.; Hobza, P.; Otyepka, M. 
Insights into Stability and Folding of GNRA and UNCG Tetraloops Revealed by 
Microsecond Molecular Dynamics and Well-Tempered Metadynamics. J. Chem. 
Theory Comput. 2015, 11 (8), 3866–3877. https://doi.org/10.1021/acs.jctc.5b00010. 

(71)  Di Leva, F. S.; Novellino, E.; Cavalli, A.; Parrinello, M.; Limongelli, V. Mechanistic 
Insight into Ligand Binding to G-Quadruplex DNA. Nucleic Acids Research 2014, 42 
(9), 5447–5455. https://doi.org/10.1093/nar/gku247. 

(72)  Haldar, S.; Spiwok, V.; Hobza, P. On the Association of the Base Pairs on the Silica 
Surface Based on Free Energy Biased Molecular Dynamics Simulation and Quantum 
Mechanical Calculations. J. Phys. Chem. C 2013, 117 (21), 11066–11075. 
https://doi.org/10.1021/jp400198h. 

(73)  Miriyala, V. M.; Lo, R.; Haldar, S.; Sarmah, A.; Hobza, P. Structure and Properties of 
Double-Sandwich Complexes at the Graphene Surface: A Theoretical Study. J. Phys. 
Chem. C 2019, 123 (23), 14712–14724. https://doi.org/10.1021/acs.jpcc.8b11867. 

(74)  O’Hagan, M. P.; Haldar, S.; Morales, J. C.; Mulholland, A. J.; Galan, M. C. Enhanced 
Sampling Molecular Dynamics Simulations Correctly Predict the Diverse Activities of 
a Series of Stiff-Stilbene G-Quadruplex DNA Ligands. Chem. Sci. 2021, 12 (4), 1415–
1426. https://doi.org/10.1039/D0SC05223J. 

(75)  del Villar-Guerra, R.; Trent, J. O.; Chaires, J. B. G-Quadruplex Secondary Structure 
Obtained from Circular Dichroism Spectroscopy. Angew. Chem. Int. Ed. 2018, 57 (24), 
7171–7175. https://doi.org/10.1002/anie.201709184. 

(76)  Murat, P.; Singh, Y.; Defrancq, E. Methods for Investigating G-Quadruplex 
DNA/Ligand Interactions. Chem. Soc. Rev. 2011, 40 (11), 5293. 
https://doi.org/10.1039/c1cs15117g. 

(77)  Gray, R. D.; Trent, J. O.; Chaires, J. B. Folding and Unfolding Pathways of the Human 
Telomeric G-Quadruplex. Journal of Molecular Biology 2014, 426 (8), 1629–1650. 
https://doi.org/10.1016/j.jmb.2014.01.009. 

(78)  Zhang, J.; Chen, M. Unfolding Hidden Barriers by Active Enhanced Sampling. Phys. 
Rev. Lett. 2018, 121 (1), 010601. https://doi.org/10.1103/PhysRevLett.121.010601. 

(79)  Laio, A.; Parrinello, M. Escaping Free-Energy Minima. Proceedings of the National 
Academy of Sciences 2002, 99 (20), 12562–12566. 
https://doi.org/10.1073/pnas.202427399. 

(80)  Martino, L.; Pagano, B.; Fotticchia, I.; Neidle, S.; Giancola, C. Shedding Light on the 
Interaction between TMPyP4 and Human Telomeric Quadruplexes. J. Phys. Chem. B 
2009, 113 (44), 14779–14786. https://doi.org/10.1021/jp9066394. 

(81)  Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for 
Highly Efficient, Load-Balanced, and Scalable Molecular Simulation. Journal Of 
Chemical Theory And Computation 2008, 4 (3), 435–447. 

(82)  Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.; Hess, B.; Lindahl, E. 
GROMACS: High Performance Molecular Simulations through Multi-Level 
Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1–2, 19–25. 
https://doi.org/10.1016/j.softx.2015.06.001. 

(83)  Ivani, I.; Dans, P. D.; Noy, A.; Pérez, A.; Faustino, I.; Hospital, A.; Walther, J.; 
Andrio, P.; Goñi, R.; Balaceanu, A.; Portella, G.; Battistini, F.; Gelpí, J. L.; González, 
C.; Vendruscolo, M.; Laughton, C. A.; Harris, S. A.; Case, D. A.; Orozco, M. 
Parmbsc1: A Refined Force Field for DNA Simulations. Nature methods 2015, 13 (1), 
55–58. https://doi.org/10.1038/nmeth.3658. 

(84)  Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.; Ferguson, D. M.; 
Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A. A Second Generation 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 48 

Force Field for the Simulation of Proteins, Nucleic Acids, and Organic Molecules. J. 
Am. Chem. Soc. 1995, 117 (19), 5179–5197. https://doi.org/10.1021/ja00124a002. 

(85)  Zgarbová, M.; Otyepka, M.; Šponer, J.; Mládek, A.; Banáš, P.; Cheatham, T. E.; 
Jurečka, P. Refinement of the Cornell et al. Nucleic Acids Force Field Based on 
Reference Quantum Chemical Calculations of Glycosidic Torsion Profiles. J. Chem. 
Theory Comput. 2011, 7 (9), 2886–2902. https://doi.org/10.1021/ct200162x. 

(86)  Pérez, A.; Marchán, I.; Svozil, D.; Sponer, J.; Cheatham, T. E.; Laughton, C. A.; 
Orozco, M. Refinement of the AMBER Force Field for Nucleic Acids: Improving the 
Description of α/γ Conformers. Biophysical Journal 2007, 92 (11), 3817–3829. 
https://doi.org/10.1529/biophysj.106.097782. 

(87)  Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D. A. Development and 
Testing of a General Amber Force Field. J Comput Chem 2004, 25 (9), 1157–1174. 
https://doi.org/10.1002/jcc.20035. 

(88)  Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Kollman, P. A. Application of RESP Charges 
to Calculate Conformational Energies, Hydrogen Bond Energies, and Free Energies of 
Solvation. J. Am. Chem. Soc. 1993, 115 (21), 9620–9631. 
https://doi.org/10.1021/ja00074a030. 

(89)  Bayly, C. I.; Cieplak, P.; Cornell, W.; Kollman, P. A. A Well-Behaved Electrostatic 
Potential Based Method Using Charge Restraints for Deriving Atomic Charges: The 
RESP Model. J. Phys. Chem. 1993, 97 (40), 10269–10280. 
https://doi.org/10.1021/j100142a004. 

(90)  Wang, J.; Wang, W.; Kollman, P. A.; Case, D. A. Automatic Atom Type and Bond 
Type Perception in Molecular Mechanical Calculations. Journal of Molecular 
Graphics and Modelling 2006, 25 (2), 247–260. 
https://doi.org/10.1016/j.jmgm.2005.12.005. 

(91)  Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. A Well-Behaved Electrostatic 
Potential Based Method Using Charge Restraints for Deriving Atomic Charges: The 
RESP Model. Journal of Physical Chemistry 1993, 97 (40), 10269–10280. 
https://doi.org/10.1021/j100142a004. 

(92)  Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.; 
Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L. 
Comparison of Simple Potential Functions for Simulating Liquid Water Comparison of 
Simple Potential Functions for Simulating Liquid Water. 2001, 926 (May 2016). 
https://doi.org/10.1063/1.445869. 

(93)  Joung, I. S.; Cheatham, T. E. Determination of Alkali and Halide Monovalent Ion 
Parameters for Use in Explicitly Solvated Biomolecular Simulations. J Phys Chem B 
2008, 112 (30), 9020–9041. https://doi.org/10.1021/jp8001614. 

(94)  Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling through Velocity 
Rescaling. The Journal of Chemical Physics 2007, 126 (1), 014101. 
https://doi.org/10.1063/1.2408420. 

(95)  Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; DiNola, A.; Haak, J. R. 
Molecular Dynamics with Coupling to an External Bath. The Journal of Chemical 
Physics 1984, 81 (8), 3684–3690. https://doi.org/10.1063/1.448118. 

(96)  Evans, D. J.; Holian, B. L. The Nose–Hoover Thermostat. The Journal of Chemical 
Physics 1985, 83 (8), 4069–4074. https://doi.org/10.1063/1.449071. 

(97)  Parrinello, M.; Rahman, A. Polymorphic Transitions in Single Crystals: A New 
Molecular Dynamics Method Polymorphic Transitions in Single Crystals. Journal of 
Applied Physics 1981, 52 (1981), 7182–7190. https://doi.org/10.1063/1.328693. 

(98)  Wells, B. A.; Chaffee, A. L. Ewald Summation for Molecular Simulations. J. Chem. 
Theory Comput. 2015, 11 (8), 3684–3695. https://doi.org/10.1021/acs.jctc.5b00093. 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/


 49 

(99)  Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N⋅log(N) Method for 
Ewald Sums in Large Systems. The Journal of Chemical Physics 1993, 98 (12), 
10089–10092. https://doi.org/10.1063/1.464397. 

(100)  Bussi, G.; Laio, A. Using Metadynamics to Explore Complex Free-Energy 
Landscapes. Nat Rev Phys 2020, 2 (4), 200–212. https://doi.org/10.1038/s42254-020-
0153-0. 

(101)  Bonomi, M.; Branduardi, D.; Bussi, G.; Camilloni, C.; Provasi, D.; Raiteri, P.; 
Donadio, D.; Marinelli, F.; Pietrucci, F.; Broglia, R. A.; Parrinello, M. PLUMED: A 
Portable Plugin for Free-Energy Calculations with Molecular Dynamics. Computer 
Physics Communications 2009, 180 (10), 1961–1972. 
https://doi.org/10.1016/j.cpc.2009.05.011. 

(102)  Tribello, G. A.; Bonomi, M.; Branduardi, D.; Camilloni, C.; Bussi, G. PLUMED 2: 
New Feathers for an Old Bird. Computer Physics Communications 2014, 185 (2), 604–
613. https://doi.org/10.1016/j.cpc.2013.09.018. 

(103)  Zhang, L.; Lin, D.; Sun, X.; Curth, U.; Drosten, C.; Sauerhering, L.; Becker, S.; Rox, 
K.; Hilgenfeld, R. Crystal Structure of SARS-CoV-2 Main Protease Provides a Basis 
for Design of Improved α-Ketoamide Inhibitors. Science 2020, 368 (6489), 409–412. 
https://doi.org/10.1126/science.abb3405. 

(104)  Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J Mol 
Graph 1996, 14 (1), 33–38, 27–28. https://doi.org/10.1016/0263-7855(96)00018-5. 

 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2021. ; https://doi.org/10.1101/2021.10.26.465985doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.26.465985
http://creativecommons.org/licenses/by-nd/4.0/

