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G-quadruplexes are attractive drug targets in cancer therapy. Understanding the mechanisms of the 

binding/unbinding processes involving biomolecules and molecular recognition is essential in 

designing new drugs of the G-quadruplexes. We performed steered molecular dynamics and umbrella 

sampling simulations to investigate the molecular mechanism and kinetics of ligands unbinding 10 

processes of the basket, propeller and hybrid G-quadruplex structures. Our studies of the ligand 

charge effect showed that Coulomb interaction plays a significant role in stabilizing the G-

quadruplex structure in the unbinding process. The free energy profiles were carried out and the free 

energy changes associated with the unbinding process were computed quantitatively, whereas these 

results could help to identify accessible binding sites and transients interactions. The dynamics of the 15 

hydration shell water molecules around the G-quadruplex exhibits an abnormal Brownian motion, 

and the thickness and free energy of the hydration shell were estimated. A two-step relaxation 

scheme was theoretically developed to describe the kinetic reaction of BMVC and G-quadruplex 

interactions. Our computed results fall in a reasonable range of experimental data. The present 

investigation could be helpful in the structure-based drug design. 20 
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A Introduction 

The genomic regions, such as telomeres and oncogene promoters, that have tandem repeats of the 

guanine (G)-rich sequences can form G-quadruplex structures1-5 that are attractive drug targets in 

cancer therapy.6,7 Human telomere is consisted of the repetitive sequence d(TTAGGG).8 Telomeres 

regulate many relevant biological function in cell replication processes.9 In somatic cells, telomeres 5 

shorten after each round of cell division in the absence of DNA polymerase. Once the telomeres reach 

a critically short length, the cells enter a senescent state and die.10,11 In cancer cells, telomere length is 

maintained by the action of the enzyme telomerase, which catalyzes the elongation of telomere repeats 

at the ends of chromosomes. Telomerase is activated in approximately 85% of tumor cells, and it is not 

expressed in most somatic cells.9,12 This finding has been extended to a wide range of human cancers, 10 

suggesting that inhibition of human telomerase may arrest cell proliferation, leading to cell death in 

tumors.13,14 It has become a strategy to design ligands that can stabilize G-quadruplex structures for 

anticancer therapy.15-25 

 

G-quadruplex contain a structural motif, the G-quartet, which is formed by four G bases that are 15 

held in a plane by Hoogsteen hydrogen bonds.26 Many compounds with planar aromatic chromophores 

and cationic groups have been used to study the binding affinity and activity of the G-

quadruplex.6,16,27-29 The binding modes of ligand to the G-quadruplex depend on variants such as the 

topology of G-quadruplexes, the nature of the ligands, the ionic concentrations, and the sample 

preparation. Known structures of the ligand-bound G-quadruplex complexes have shown that the 20 

ligands are bound by end-stacking G-quartets30-34 or by groove binding.35 There have been an 

increasing number of thermodynamic and kinetic experiments that were performed to unravel the 

stability and specificity of small ligands and the G-quadruplexes.36-42 In addition, a single-molecule-

based method was applied to study the G-quadruplex/pyridostatin interactions.43 Recently, 

metadynamics simulations have been used to study the mechanistic insights of ligand binding to the G-25 

quadruplex.44,45 

 

In structure-based drug design, the ability of a ligand to stabilize the G-quadruplex depends on not 
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only the binding affinity of the ligand but also the dynamic process. Thus, the proposition of new drugs 

for the G-quadruplexes is essential to understanding the specific interactions between ligand and 

receptor and to underlying the mechanisms of the binding/unbinding processes involving biomolecules 

and molecular recognition. Nevertheless, the molecular mechanisms behind the binding of drugs to the 

G-quadruplexes in atomic scale are less understood.44,45 Due to that the binding/unbinding interactions 5 

between a receptor and a ligand have high degrees of freedom including the reaction coordinate, the 

molecular recognition and the solvated water molecule, which contributes to the hydration shell free 

energy,46 it is a challenging task to unravel this problem. The surface water structure, namely the 

hydration shell, of the biomolecules plays a crucial role in the stabilization of biomolecular 

structure47,48 and involves in whether a ligand can pass through the interface region to reach a binding 10 

site or reaction center.49 The hydration shell free energy is also important thermodynamic property that 

might be estimated by experiments in biological systems.50 G-quadruplex structures are heterogeneous, 

and many aspects of the water molecules surrounding the G-quadruplex remain unclear. Thus, a deeper 

understanding of the dynamics of the ligand penetrating through the surface hydration shell is 

necessary in the ligand binding/unbinding process. 15 

 

The ligand 3,6-bis-(1-methyl-4-vinylpyridinium) carbazole diiodide (BMVC) (Fig. 1A) was 

applied to the human telomeric DNA and the results showed that BMVC could stabilize the G-

quadruplex structure by increasing Tm of 13 °C, have a high binding affinity of ~109 M-1 in vitro and 

the IC50 value of ~ 0.05 µM for telomerase.51-53 The experiments suggested that the binding of BMVC 20 

to the G-quadruplex follows a complex process with at least two binding modes.52,54 Assays of the 

binding strength of BMVC to the G-quadruplex using single-molecule tethered particle motion method 

suggested that BMVC is a better end-stacking ligand.55 In addition, the molecular docking and the 

binding affinity calculations revealed that BMVC prefers to be at the end of the G-quartet.56 Based on 

the results, BMVC is a candidate in the present study for further studying the molecular mechanism 25 

and kinetics of the unbinding process in the various G-quadruplex structures. 

 

Even though there have been extensive studies for the association/dissociation of the ligands and 

proteins by molecular dynamics (MD) and steered molecular dynamics (SMD) simulations,58-68 the 

mechanism of ligand intercalation in the G-quadruplex, a critical step in the formation of the ligand/G-30 

quadruplex complex, is still elusive. In the present study, the following questions are addressed. How 

does the ligand target with the G-quadruplex and stack with the G-quartet? What are the mechanical 
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properties and the relevant free energy in the ligand binding/unbinding processes? Because it is 

difficult to produce unfavorable states using the conventional MD simulation, we herein performed 

computer-based simulations by using SMD58-69 and umbrella sampling70,71 to investigate these 

problems. The SMD is able to pull a molecule out of its binding pocket by applying a guiding potential 

along a reaction coordinate and is used to generate the initial coordinate for the umbrella sampling 5 

computations.69,72,73 Upon the umbrella sampling to enhance extensive sampling along the reaction 

coordinate, the potential of mean force (PMF)67,74 can be constructed.  

 

Because there are multiple pathways of ligands unbinding from the G-quadruplex, the most-stable 

ligand-bound state and unbinding pathway have to be identified in the reaction coordinate. We here 10 

classified two appropriate unbinding pathway categories: direct pathway, in which the ligand escapes 

from the end-stacked binding site to the bulk state, and indirect pathway, which passes by surface 

sliding. Charged and neutral carbazole derivatives were used to study the charge effect on the 

unbinding mechanism. An analysis of the ligand charge effect revealed that Coulomb interaction 

exhibits a remarkable influence on the structural distortion of the G-quadruplex during the unbinding 15 

process. The Coulomb interaction shows significant contribution in the stabilization of the G-

quadruplex/ligand complex. Accordingly, we proposed, in energetics, a two-step reaction scheme to 

describe the kinetic process of ligand binding to a G-quadruplex. First of all, a ligand arrives at an 

accessible groove region, followed by shuffling on the groove surface, when the ligand is able to adjust 

its conformation in a manner that leads to a favourable groove surface state. Then, once the thermal 20 

motion overcomes the surface free energy, the ligand is therefore able to slide through beneath the 

loop region and stack onto the G-quartet, entering the bound state. In this scenario, there exists a free 

energy barrier between the bound state and the groove surface state. In addition, we explored the 

dynamics and thermodynamic properties of the hydration waters nearby the G-quadruplex surface. 

Notably, our computed results fall in a reasonable range compared with seminal experimental data. 25 

The simulations can provide detailed insights into the mechanical properties and structural changes in 

the G-quadruplex/BMVC complex. The results could be useful to complement experimental data 

obtained via atomic force microscopy (AFM).75,76
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B Computational Methods 

All simulations were performed using the CHARMM program77 and the CHARMM27 force 

field.78,79 The optimized structure and partial charges of the ligands (BMVC and 3,6-bis(1-methyl-4-

vinyltoluene) carbazole diiodide (BMVC0)) (Fig. 1A) were obtained using the Gaussian09 package 

with Hartree-Fock theory and a 6-31G* basis set.80 BMVC0 is an analogue of BMVC in which the N 5 

atom in the pyridinium group is replaced with a C atom. Force constants for variant parameters of 

ligands were taken from similar atoms in the CHARMM27 force field. The ligand structural properties 

and coordinates are summarized in the Supporting Information. The structure of the human telomeric 

DNA (PDB 143D)57 contains 22 nucleotides with the sequence 

d(AGGGTTAGGGTTAGGGTTAGGG), which has a basket structure consisting of two lateral loops 10 

and one diagonal loop (see Fig. 1B). Three Na+ ions were placed in the center of the G-quartet planes. 

A docking method was used to identify the ligand binding sites; more detailed procedures have been 

described previously.56 Each G-quadruplex/ligand complex structure was subjected to energy 

minimization using the steep descent (SD) and adopted basis Newton-Raphson (ABNR) algorithms 

with 100 kcal/(mol Å2) harmonic constraints for the heavy atoms of the G-quadruplex and the ligand, 15 

and then was solvated with TIP3P81 water molecules in a 72.0×72.0×72.0 Å3 cubic box. Sixteen Na+ 

ions were added to neutralize the system. The complex was subjected to heating to a temperature of 

300 K, followed by 100 ps of equilibration. Subsequently, an additional 1 ns of MD simulation was 

performed without the constraints. The particle mesh Ewald algorithm82 was used to treat the long-

range electrostatic interactions, and the SHAKE algorithm83 was applied to constrain the bonds 20 

involving hydrogen atoms. The non-bonding interaction was truncated at 12 Å. The solvated complex 

system was further performed using the MD simulation production. According to the trajectory 

analysis, the mean square displacement and the dipole-dipole correction function of the hydrated shell 

water molecules near the G-quadruplex complex surface were measured. The simulation of the 

diffusional association method84 was used to calculate the association rate between the G-quadruplex 25 

and the ligand. 

 

Steered Molecular Dynamics (SMD). The ligand-bound G-quadruplex complex was chosen for 

further SMD and umbrella sampling simulations. After energy minimization using SD and ABNR 

algorithms, each complex system was solvated with TIP3P water cubic box and counter ions were 30 

added to neutralize the system. Then, the system was equilibrated for 1ns MD simulation in the NVT 

and then NPT ensemble. The SMD simulation was performed with small constraint force of 0.5 
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kcal/(mol Å2) on the heavy atoms of G-quadruplex and three centered Na+ ions to retain the structure, 

and was used to extract the initial coordinates for umbrella sampling simulations along the unbinding 

pathway. A pulling force with a virtual spring constant of 7.2 kcal/(mol Å2) was imposed on the ligand 

center of mass and the speed was 0.01 Å/ps based on considerations of sampling accuracy and 

computational efficiency. The reaction coordinate, r, is defined as the distance between the ligand 5 

center of mass and the O5’ atom of the T5 base on the G-quadruplex when pulling the ligand out of the 

G-quadruplex (i.e., r = 0 in the bound state) (Fig. 1B). For each pathway, a 3 ns SMD simulation was 

performed to pull the ligand completely out of the G-quadruplex into bulk solvent. Ten repeats of the 

SMD runs were performed. 

 10 

Umbrella Sampling. This method adopts a biased potential function imposing on the structure 

generated by the SMD along the reaction coordinate, according to the following equation: 

'(r) (r) (r)u u w= +       (1) 

where (r)u  is the potential function and (r)w  is a weighting function with a quadratic form,  

2
0(r) (r ) / 2w k r= −       (2) 15 

where k  is the harmonic force constant and 0r  is the harmonic potential center. The ligand position 

probability distributions along the reaction coordinate were extracted from the simulations. The size of 

umbrella window was 1 Å and there were 35 windows along the reaction coordinate. For each 

umbrella window, the complex structure was subjected to a 500 ps equilibration, followed by a 3 ns 

production simulation under a harmonic force constant of 5 kcal/(mol Å2). Convergence of the 20 

calculations was examined by extending the simulation times. The weighted histogram analysis 

method (WHAM)85 was used to combine all windows to compute the PMF. 
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Fig. 1 Structures. (A) Structures and partial charges of BMVC and BMVC0. (B) The schematic 

bound-state G-quadruplex/ligand complex structure. The ligand binding site is indicated in the shadow 5 

region. The vector (solid line) connects a pair of atoms: the origin point is at the O5’ atom of base T5 

in the G-quadruplex, and the acting point is at the ligand center of mass. The two unbinding pathways 

are indicated by labeling I and II (dashed line); this defines the reaction coordinate for SMD simulation 

and PMF calculation. 

 10 

C Results and Discussion 

The root mean squared displacement (RMSD) analysis of the G-quadruplex/BMVC complex 

structure showed that during the 20 ns MD simulation the RMSDs of the G-quartets remain at a 

constant value of ~ 1.5 Å, whereas those of the loops are greater than 3.0 Å (Supplementary Fig. S1-A), 

implying that the G-quadruplex structure is relatively stable during the simulation. The force constant 15 

and pulling velocity were calibrated during the SMD simulation. Comparison of the pulling distance 

and the constrained distance measured in the SMD simulation of the G-quadruplex/BMVC complex 

performed with the force constant 7.2 kcal/(mol Å2) and the velocity 0.01 Å/ps showed that the stiff-

spring approximation was satisfied (Supplementary Fig. S1-B). 

 20 

Rupture Process. We performed the rupture of BMVC from a G-quadruplex bound state to explore 

the mechanism by which BMVC enters the end-stacked G-quartet binding sites and forms a stable 

complex. Indeed, there are apparent multiple pathways for ligand binding to the G-quadruplex. Based 
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on the experiment and simulation results52,55,56,86 that predicted BMVC binding sites, we performed 

PMF computations of BMVC unbinding from the lateral loops and the diagonal loop end-stacked 

binding sites (Supplementary Fig. S2). The result showed that the most appropriate pathway for 

BMVC was via a route beneath the loop region. Furthermore, two possible pathways for ligand 

unbinding from the ligand-bound G-quadruplex were proposed. Pathway I involves ligand escape from 5 

the bound state via the loop region followed by ligand entry into the bulk. Pathway II involves ligand 

movement via the loop region and then via the groove surface, followed by entry into the bulk (Fig. 

1B). 

 

Fig. 2A-(a) presents the profile of the rupture force associated with unbinding pathway I of the 10 

ligands BMVC and BMVC0 from the G-quadruplex along the reaction coordinate. Note that BMVC0 

is an analogue of BMVC in which the N atom in the pyridinium group is replaced with a C atom. All 

snapshot structures obtained by SMD simulation are shown in Supplementary Fig. S3. Two relatively 

broad peaks of the rupture forces are present at 2 < r < 10 Å and 10 < r < 28 Å. The rupture force 

decreases to zero at r = 10 Å and r > 28 Å. It is obviously shown that the maximum rupture force 15 

corresponds to a stable structure of the G-quadruplex/ligand complex in which the structures at r = 3 

and 21 Å have better stacking form than those at r = 10 Å (Fig. 2B). Our structural analysis revealed 

that the carbazole and pyridinium portions of BMVC could stack with the adjacent G-quartet and the 

TTA loops, where this structural stacking contributes to the rupture force in the process. A greater 

rupture force is required for BMVC than for BMVC0.  20 

 

Coulomb interaction and van der Waals interaction. In the bound state, the ligand stacks well on 

the G-quartet (bases G4, G8, G16 and G20) and is surrounded by various loops (bases T5, T6, A7, T17, 

T18 and A19); the G-quartet structure remains nearly intact throughout the simulation. However, in the 

SMD simulation, the hydrogen bonds in the G-quartet are disrupted, and the bases become flexible, as 25 

shown in Fig. 2B. In this scenario, it is important to examine the effect of the electrostatic and van der 

Waals interactions due to the ligand during the SMD simulation. Our analysis can estimate the strength 

of the influence of Coulomb interaction and van der Waals interaction on the structural distortion. 
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Fig. 2 Rupture process of the G-quadruplex/ligand complex. (A) (a) The effective force vs. the 

reaction coordinate. RMSD values for the heavy atoms of bases (b) G4, (c) G8, (d) G16, and (e) G20 

along the reaction coordinate for BMVC (pathway I) and BMVC0 (pathway III) comparing the G-5 

quadruplex/BMVC complex (red), the G-quadruplex/BMVC0 complex (blue), and the RMSD 

difference between the two complexes (black). (f) The number of hydrogen bonds among bases G4, 

G8, G16 and G20. (B) Snapshots of the G-quadruplex/BMVC complex as a side view (upper) and top 

view (bottom) from the SMD simulations. BMVC, guanine, adenine, thymine and the DNA backbone 

are shown in green, yellow, blue, purple, and gray, respectively. 10 
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The RMSD of bases G4, G8, G16 and G20 along the reaction coordinate versus the rupture force 

is shown in Fig. 2A-(b-e). In the BMVC0 system, these bases remain relatively intact, with only a 

small fluctuation in the RMSD of 1.0 Å throughout the process. However, in the BMVC system, at r < 5 

10 Å, these bases have an RMSD value of 1.0 Å, whereas at r > 10 Å, the BMVC slides above the 

contacted bases G4, G8 and G16, leading to an increase in their RMSD values. At r < 10 Å, the RMSD 

difference between the two ligand complex systems is very small (Fig. 2A-(b-e)). Because BMVC 

remain stacked with the G-quartet in which the bases are neutral, the charge effect could be negligible. 

Upon pulling, van der Waals interaction is a major contributor to the pulling force. At 15 < r < 28 Å, 10 

the RMSD values of these contacted bases increase considerably to 3 Å only for the BMVC system. 

This increase is attributable to the increased importance of electrostatic interactions as the positively 

charged BMVC moves closer to the negatively charged phosphodiester backbone; Coulomb interaction 

becomes the major force involved in breaking apart the planar G-quartet structure. Notably, no 

dramatic RMSD change is observed for base G20 because BMVC does not stack directly above it. 15 

After leaving the G-quartet (r = 21 Å), BMVC stacks with the bases T17 and A19, which act as a 

clamp to hold BMVC. Coulomb interactions pull the bases in the loop, causing it to depart from its 

original position along the pulling force, while the G-quartet structure twists to a limited degree 

relative to the loop (Fig. 2B). The RMSD values of the loops are shown in Supplementary Fig. S4. 

Remarkably, the displacements of the loops are relatively large. During the unbinding process, BMVC 20 

may stick to the nucleotides that are close to it and make them toward a maximum displacement, but 

they finally bounce back at r > 30 Å. In addition, the number of hydrogen bonds among bases G4, G8, 

G16 and G20 was measured (Fig. 2A-(f)). The H-bond number decreases upon BMVC leaving. When 

BMVC is at the separated state (r = 35 Å), the H-bond number is restored to its original value and the 

G-quartet planar structure can be reformed. These analyses demonstrated that electrostatic interactions 25 

contribute significantly to the stabilization of the complex structure, whereas the RMSD difference 

between the BMVC and BMVC0 complex systems is primarily caused by Coulomb interaction. 
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Fig. 3 Free energy profiles. (A) For BMVC, two pathways, I (black dashed dot) and II (black solid), 

are shown. The states are labeled AI-EI, etc. 
I IA B∆G , for example, denotes the free energy change for 

the step I IA B→ . Inset: Snapshots of the G-quadruplex/BMVC complex structures are depicted from 5 

the umbrella sampling simulations. The standard error is shown in parenthesis. (B) For BMVC0, two 

pathways, III (black dashed dot) and IV (black solid), are shown. All notations are the same as in (A). 

Pathways I (gray dashed dot) and II (gray solid) for BMVC are also shown for comparison. 
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PMF calculations along the Ligand Unbinding Process. The unbinding processes of both ligands 

(BMVC and BMVC0) from the G-quadruplex were further used to investigate the free energy (or PMF) 

profiles using WHAM analysis of the umbrella sampling simulations (Fig. 3). The convergence of the 

PMF calculations was examined using five repeats. When BMVC0 and the G-quadruplex are separated 5 

at r = 35 Å, the free energy has a zero value as a reference in the bulk state. According to our 

simulations, the solvation free energy difference between BMVC and BMVC0 can be obtained by 

calculating the free energy difference of the two ligands in the bulk state, 
(BMVC) (BMVC0)E EG 2.7 kcal/mol∆ = . 

Because the charged BMVC is more likely to dissolve in aqueous solution compared with the neutral 

BMVC0, the solvation free energy for BMVC is, thereby, more negative by ~2.7 kcal/mol than that for 10 

BMVC0. This difference makes the calibration of the referenced free energy in the bulk state for 

BMVC.  

 

(a) Pathways I and II for Charged BMVC. In Fig. 3A, pathways I and II are matched in the bound 

state and in the bulk state, as would be expected; however, pathway II is relatively steeper than 15 

pathway I. Pathway I for BMVC is characterized by the following stages: AI→BI→CI→DI→EI (Fig. 

3A). First, BMVC is in the bound state (AI) and forms a stable G-quadruplex/BMVC complex in 

which the carbazole and two pyridinium rings of BMVC stack on the G-quartet. In the process AI→BI, 

when the ligand is pulled away from the bound state to the loop region (TTA loop), the free energy 

change is 
I IA B∆G 8.3 0.5 kcal/mol≈ ± . The process BI→CI→DI indicates that BMVC subsequently 20 

passes through the loop region and enters the hydration shell; the free energy change is approximately 

5.7 ± 0.4 kcal/mol. Finally, in the process DI→EI, BMVC leaves the DI state and enters the bulk state, 

assisted by thermal fluctuation to overcome the free energy of the surface hydration shell. The 

properties of the hydration water molecules that are nearby DNA differ from those of bulk water,88 and 

it is difficult to measure the hydration shell free energy experimentally. In accordance with our analysis, 25 

the free energy of the surface hydration shell can be estimated as 
I ID E∆G ≈  2.0 ± 0.2 kcal/mol. This 

DNA hydration shell free energy is very close to that of a protein89 and is approximately three times 

the thermal fluctuation energy.  

 

Pathway II can be distinguished as the process AII→BII→CII→DII→EII, in which BMVC leaves 30 

the bound state (AII) via the loop region (BII), succeeded by sliding on the groove surface (CII), 
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penetrating the hydration shell and, finally, entering the bulk state (EII) (Fig. 3A, inset). As the results 

shown, 
II IIA B∆G  is greater than 

I IA B∆G  because the BMVC moiety is solvated by water molecules in 

pathway I and solvG∆  plays a key role in lowering the free energy change during this process. In 

contrast, for pathway II, the same BMVC moiety kinks and adsorbs on the groove surface in the loop 

region (BII). When BMVC arrives at the groove surface (CII) via the loop region (BII), there is an 5 

apparent barrier height with 
II IIA B∆G 10.1 0.6 kcal/mol≈ ± , implying that the loop region acts as a gate 

to prevent the ligand from drifting into the bulk or allowing it to enter the bound state; this is called the 

gate state. The motion of the loop region regulates the gate dynamics. BMVC at the groove surface 

state has a relatively local minimum free energy of -10.9 kcal/mol, and the free energy change for the 

process BII→CII is 
II IIB C∆G 2.3  0.6 kcal/mol= − ± . Furthermore, in the process II II IIC D E→ → , the 10 

corresponding groove surface unbinding free energy change is 
II IIC E∆G 8.2  0.4 kcal/mol= ± . 

 

These two pathways have an overall free energy change of approximately 16.0 kcal/mol that is 

associated with BMVC unbinding from the bound state to the bulk state. The docking results showed 

that the G-quadruplex groove surface is the most accessible binding site. Accordingly, a two-step 15 

ligand binding scheme is proposed. First, a ligand arrives at the G-quadruplex surface and then shuffles 

on the groove region. Eventually, the ligand enters the gate part, i.e., the loop region, and finally forms 

a stable end-stacked state with the G-quartet (bound state). In this scenario, a barrier height exists 

between the bound state and the groove surface state. 

 20 

(b) Pathways III and IV for Neutral BMVC0. To further study the ligand charge effect on the 

unbinding process, we performed the same procedures for BMVC0 to generate pathways III and IV 

(Fig. 3B). BMVC0 is a neutral molecule and thereby has weaker electrostatic interactions with the G-

quadruplex and a lower solvation free energy. Thus, the PMF values of pathways III and IV for 

BMVC0 are relatively less negative than those of pathways I and II for BMVC. Several features of the 25 

simulations are notably discussed (Fig. 3).  

 

(1) 
III(IV) III(IV)A E∆G <

I(II) I(II)A E∆G . Here, 
i(j) i(j)A E∆G  indicates the ∆G  values from Ai to Ei and from Aj to Ej, 

respectively. The 
III(IV) III(IV)A E∆G  required to rupture BMVC0 from the bound state (AIII(IV)) into the bulk 

(EIII(IV)) is approximately 13.1 ± 0.7 kcal/mol, which is 2.9 kcal/mol lower than the 
I(II) I(II)A E∆G  value for 30 

Page 13 of 28 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

14  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

BMVC (16.0 ± 0.4 kcal/mol). This difference is primarily due to the ligand charge effect.  

 

(2) 
IV IV II IIA B A B∆G < ∆G . In the region II(IV) II(IV)A B→ , BMVC and BMVC0 are in the same conformation 

on the G-quadruplex surface, and the solvation effect has not yet been established. In comparison, the 

nonbonding interaction between BMVC0 and the G-quadruplex is smaller than that of BMVC.  5 

 

(3) At r < 3 Å, 
III III IV IVA B A BPMF ~ PMF . Here, 

i iA BPMF  indicates the PMF value in the region from Ai to 

Bi and so on. In the processes AIII(IV)→BIII(IV) inside the loop region, the charge effect is weak. At r > 3 

Å, 
III III IV IVA B A BPMF PMF> , the BMVC0 moiety enters the hydration shell region, and the solvation 

effect is initiated in the process AIII→BIII. Note that the solvation effect is weak for BMVC0. However, 10 

in the process AIV→BIV, BMVC0 slides on the G-quadruplex surface, where the nonbonding 

interaction between BMVC0 and the G-quadruplex dominates the free energy change and the solvation 

effect is negligible. Hence, the difference of 
III III IV IVA B A B∆G - ∆G 2.1 kcal/mol≈  is mainly due to solvG∆ . 

Similarly, for 
II II I IA B A BPMF PMF> , the solvation effect plays a key role in lowering the PMF value in 

the process I IA B→ .  15 

 

(4) 
III(I) III(I)B CG∆  > 0 > 

IV(II) IV(II)B CG∆ . The groove surface binding interactions and the ligand charge effect 

make a significant difference in the free energy changes in these processes III(I) III(I)B C→  and 

IV(II) IV(II)B C→ . 

 20 

(5) 
IV IIC CPMF PMF>  and IV IIr(C ) < r(C ) . Due to electrostatic interactions, the ligand binding modes 

are remarkably different between the CII and CIV states (Figs. 3A and 3B, inset). In the CII state, the 

entire structure of BMVC remains bound to the G-quadruplex. In the CIV state, the BMVC0 moiety 

binds to the G-quadruplex, and the remainder is solvated by water molecules. At this stage, only half of 

BMVC0 is solvated by water molecules, and the solvation effect can be rewritten as 25 

IV II IV IIC C E E

1
G ~ G

2
∆ . 

 

(6) 
III IIIC EG∆ ~

I IC EG∆  and 
IV IVC EG∆ ~

II IIC EG∆ . These relationships imply that the ligand charge effect is 
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weak in the processes I(II) I(II)C E→  and III(IV) III(IV)C E→ . The groove surface unbinding free energy 

changes for BMVC0 and BMVC are approximately 
IV IVC EG 9.1 0.6∆ = ±  and 

II IIC EG 8.2 0.4∆ = ±  

kcal/mol, respectively.  

 

Consequently, we have computed all of the free energy changes associated with the ligand 5 

unbinding process. The binding constant of BMVC with the G-quadruplex was obtained as 1.12 × 109 

M-1 in Na+ solution;52 hence, the corresponding binding free energy change is estimated -12.42 

kcal/mol, which is in agreement with our computed end-stacking binding free energy change 
I(II) I(II)A E∆G  

(-16.0 ± 0.4 kcal/mol). In addition, our computational results are also supported by experimental 

evidence. Koirala et al.43 measured a groove binding free energy change bindG∆ of -8.6 kcal/mol for 10 

pyridostatin binding to the G-quadruplex. Di Leva et al.45 reported a groove binding free energy 

change bindG∆  of -9.4 ± 1.4 kcal/mol for a ligand of interest. Typically, the experimental bindG∆  values 

of lead compounds for drug development are -6.5 to -13.0 kcal/mol.90 Consistent with the similar 

chemical structures of BMVC and pyridostatin, the computed groove surface binding free energy 

changes 
II IIC E-∆G 8.2 kcal/mol= −  for BMVC and 

IV IVC E-∆G 9.1 kcal/mol= −  for BMVC0 are similar to 15 

that for pyridostatin (-8.6 kcal/mol).43 Notably, our computed bindG∆  values fall in a reasonable range 

of experimental values. Furthermore, when the finite concentration and ionic contribution free energy 

corrections91 are considered, we can correct the binding free energy change as 

corrected bind ion concG =∆G +∆G -∆G∆ , where bindG∆ , concG∆  and ionG∆  are the binding free energy change, 

the concentration and ionic contribution free energy corrections, respectively. In the present study, the 20 

corrected term is ion concG -∆G 0.4 kcal/mol∆ =  (see the Supplementary information, Table S1). 

 

Conformational Effect. The same approach was applied to other human G-quadruplex structures, 

such as propeller (PDB: 1KF1),92 hybrid-1 (PDB: 2HY9)93 and hybrid-2 (PDB: 2JPZ)94 types, and the 

PMF result was used to compare with that of the basket type. First, we searched for possible ligand-25 

binding sites using a docking method. The binding sites (i.e., end-stacked G-quartet, side loop and 

groove surface), that have higher ranking, and their docking score are shown in Supplementary Fig. S5. 

We found that the end-stacked G-quartet binding site has higher docking score among the binding sites 

and our docking results are in good agreement with the results obtained by Alcaro et al.95 Remarkably, 

the PMF calculation of BMVC unbinding process for each model displays a similar mechanism 30 
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involving the end-stacked G-quartet (A state), the groove surface (C state) and the bulk (E state) (Fig. 

4). For the three G-quadruplex structures, we found that the A state is the most stable G-quadruplex-

BMVC complex structure that the ligand stacks well on the G-quartet and the AEG∆  value is slightly 

less (~2.0 kcal/mol) than that in the basket type, where BMVC not only is end-stacked on the G-

quartet but also is bound by the lateral loops. In the propeller type, BMVC is initially intercalated in 5 

between the groove and the side loop binding site (S state) that has the highest docking score; however, 

after pulling BMVC to the A state, the PMF change is of about -3.7 kcal/mol, indicating that the end-

stacked binding is superior to the groove-side loop binding. There is a local minimum at the C state 

where BMVC is warped by the side loop. In comparison, the ABG∆  values and the associated groove 

widths are approximately: propeller (7.8, 14.4), hybrid-2 (8.8, 11.9), basket (10.1, 10.0) and hybrid-1 10 

(14.8, 16.4) (kcal/mol, Å). In the case of hybrid-1, while BMVC moves on the wide groove surface, 

there is no apparent conformation change for BMVC until it reaches the C state and the barrier ABG∆  

is larger than that in the other conformations. This is due to the larger contact area of BMVC with the 

wide groove surface. On the contrary, the lower barrier ABG∆  appears when BMVC moiety leaves the 

G-quartet region and kinks its conformation fit toward the medium groove surface in the propeller and 15 

hybrid-2 that is similarly observed in the basket type. Significantly, the groove width and the loop type 

are distinct for the various G-quadruplex structures; the PMF change of the ligand unbinding is groove 

pathway-dependent. The present studies demonstrate that the loops and groove pathway make 

important contributions to the ligand binding process. 

  20 
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Fig. 4 Free energy profile of BMVC unbinding process. The G-quadruplex-BMVC complex 

structures are propeller, hybrid-1 and hybrid-2 types. The states are labeled A-E, etc. Inset: Snapshots 

of the complex structures are depicted from the umbrella sampling simulations.  5 

 

 

Hydration Shell Thickness. To investigate the dynamic motion of the hydration shell water molecules 

near the G-quadruplex/BMVC complex surface, the mean square displacement 2
r∆  vs. time of these 

water molecules was measured (Supplementary Fig. S6-A). The result showed that these water 10 

molecules exhibit abnormal Brownian motion and follow a fractional diffusion process, which obeys 

the relationship, 2r tα∆ ∝  and 1α ≠ . The temperature-dependent 2
r∆  within a distance from the G-

quadruplex surface of 15 Å is also shown (Supplementary Fig. S6-B). Thus, a scaling power α value 

across the different regions was fitted (Table 1). When a water molecule is very close to the G-

quadruplex surface, the α value becomes smaller that reflects an aberrant Brownian motion for water 15 

molecule within the hydration shell. As the temperature increases, the hydration shell water molecule 

ultimately exhibits a normal Brownian motion. Notably, the computed α value for the G-quadruplex 

system is smaller than that for a protein system such as myoglobin.89 This discrepancy occurs because 

the G-quadruplex DNA is a polyelectrolyte, while a protein is a polyamphiphilic macromolecule. 
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Fig. 5 (A) Dipole-dipole autocorrelation function of the water molecule. The water dipole-dipole 

autocorrelation as a function of the distance between water molecules and the G-quadruplex surface is 5 

plotted vs. time. Inset: An enlarged correlation function within the time 0.2 ps is shown. (B) 

Liberation time ( 1ω − ) and dipole relaxation time 1τ  of the water molecules. The fitted liberation 

time (the solid square using the left scale) and the dipole relaxation time (the solid circle using the 

right scale) are shown vs. the distance (in Å) between the water molecules and the G-quadruplex 

surface. 10 

 

 

Table 1. Scaling power α parameters from the linear fitting. 

 Scaling power α 

 R = 4 Å R = 6 Å R = 15 Å 

T (K) 0-0.2 (ps) 1-50 (ps) 0-0.2 (ps) 1-50 (ps) 0-0.2 (ps) 1-50 (ps) 

277 1.57±0.03 0.60±0.01 1.60±0.03 0.75±0.01 1.63±0.03 0.91±0.01 

300 1.58±0.03 0.62±0.01 1.61±0.03 0.76±0.02 1.65±0.02 0.92±0.01 

350 1.62±0.03 0.69±0.01 1.64±0.02 0.79±0.01 1.68±0.02 0.93±0.01 

Pure water 

300  1.65±0.02 0.97±0.01     

 

 15 

Moreover, we computed the water dipole-dipole autocorrelation function ( )C t  relative to the 
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normal distance from the G-quadruplex surface (Fig. 5A). The autocorrelation function was fitted to 

the following typical expression: 

2 2
1/-1 / 2

1 2

( ) (0)
( ) cos  ( ) =A e A e

(0) (0)

i i tti
ii

i ii

t
C t N t τωµ µ

θ
µ µ

−−
< ⋅ >

= = < > +
< ⋅ >

∑ ∑
∑

uur uur

uur uur    (3) 

where ( )i tµ
ur

 is the dipole moment at time t, ( )i tθ  is the angle between ( )i tµ
uur

 and (0)iµ
uur

, N is the 

number of water molecules, ω  describes the liberational motion of the free water molecule, the longer 5 

dipole relaxation time 1τ  is an orientation autocorrelation time, and A1 and A2 are prefactors; all of 

these variables are hydration shell thickness-dependent. It is able to extract the liberation time and 

dipole relaxation time of the water molecules from the ( )C t . For bulk water the liberation time 1ω −  

and the longer dipole relaxation time 1τ  are approximately 179 fs and 2.3 ps, respectively (Fig. 5B). As 

shown in Fig. 5B, there is an abrupt decrease in the dipole relaxation time at around the thickness = 6.0 10 

Å, which relates to the hydration shell thickness of the G-quadruplex. 

 

In comparison, a seminal study of water relaxation around the coumarin 343 ion by Fleming et al. 

showed a strong oscillation of the time correlation function within 100 fs.96 In the G-quadruplex 

system, the present study also shows oscillation behavior similar to that obtained by Fleming et al.; 15 

however, the amplitude of the present oscillation is relatively small and damps within 50 fs (Fig. 5A, 

inset). This is because DNA is a polyelectrolytic ion and has a heterogeneous structure. Meanwhile, 

Zewail et al. reported that in a drug-duplex DNA system the water molecule has a liberation time of 

290 fs and a dipole relaxation time of ~1.7 ps.50 Surprisingly, both our computed liberation and 

relaxation time scales are consistent with Zewail’s experimental data.  20 
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Fig. 6 Model of the surface hydration shell free energy. (A) A solvated G-quadruplex system. The 

G-quadruplex, the hydration shell and the bulk water molecules are shown in yellow, red and cyan, 

respectively. Inset: the hydration shell free energy model. “A” and “B” denote the local minimum 5 

energy state and the energy barrier B, respectively. (B) Entropy potential and hydration shell free 

energy around the G-quadruplex surface. 

 

Theoretical Model of Hydration Shell Free Energy. The hydration shell barrier plays an important 

role for a ligand entering the biomolecule. Based on the preceding result, the free energy change in the 10 

last stage, I (II) I (II)D E→ , corresponds to the hydration shell barrier, 
II IID E∆G . Furthermore, we 

developed a theoretical model of the free energy surface to describe the unbinding of the ligand from 

the bound state to the separated state by passing through the surface hydration shell. A hydration shell 

free energy model of the G-quadruplex is depicted in Fig. 6A. In this model, the G-quadruplex itself is 

assumed as a hard sphere potential, whereas the hydration shell water molecules are stable and unable 15 

to penetrate the G-quadruplex. Outside the G-quadruplex, a local minimum “A” is located on the G-

quadruplex surface, the energy barrier top “B” is defined at the first hydration shell from the G-

quadruplex surface, and the free energy decays to an asymptotic value of zero while it approaches the 

bulk water (Fig. 6A, inset). 

 20 

The inside of G-quadruplex is modeled as a spherical cavity with a gate on its surface. Outside the 

cavity, we can use a cubic polynomial function to describe the hydration shell free energy:  

( ')V r = 3- ' / 3 'ar br+           (4) 
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Furthermore, the free energy can be decomposed according to the following equation:  

U W U= + ,           (5) 

where 2( ') ln( '/ ') ( ' ') ( ') ( ' ')BW r k T r R H R r V r H r R= − − + −  and lnsinBU k T θ= − .89 Here, ( )H x  is the 

Heaviside step function, 'r  is the distance from the cavity center, 'R  is the radius of the cavity, θ  is 

the polar angle of the gate part, Bk  is the Boltzmann constant, and T is the temperature (Fig. 6B). 5 

Inside the cavity, the angular part of the surface entropy potential is a logarithm of the sine function, U. 

On the cavity surface, once the ligand arrives at the gate parts, θ = 0 or π, the surface entropy potential 

approaches infinity. The radial part of the entropy potential is a logarithm of the 2'r  function inside the 

cavity, but outside, it is replaced by the function ( ')V r . When the ligand motion overcomes the top of 

the hydration shell barrier, it can escape. Based on our estimated barrier height and the hydration shell 10 

thickness, we obtained a = 0.11 kcal/(mol Å3) and b = 1.01 kcal/(mol Å) in ( ')V r . In Fig. 6B, 

pathways I and II indicate that the ligand moves in a restrained manner on the entropy potential surface. 

Pathway I shows that the ligand crosses over the barrier top and directly escapes. Pathway II shows 

that the ligand diffuses on the G-quadruplex surface, and then escapes. This theory confirms that the 

ligand unbinding process through the hydration shell in biomolecules is both enthalpy-dependent and 15 

entropy driven. 

 

Relaxation Process. Based on the results from pathway II, we proposed that the BMVC unbinding 

process follows a two-step reaction mechanism and that there is one intermediate state CII. Thus, we 

outline the following feasible reaction scheme: 20 

A C C EII II II II

C A E CII II II II
II II IIA C E L

k k

k k

→ → +← ←  

where AII, CII and EII denote the bound state, the groove state and the separated state, respectively, L is 

the ligand, and 
II IIA Ck  describes the transition rate from state AII to CII, etc. In the separated state, the 

association rate constant of a receptor and a ligand depends on the ligand concentration. The process 

II IIA C�  is a unimolecular reaction, which is independent of the ligand concentration. The 25 

association process of IIE  and L is a bimolecular reaction. Here, we assumed that the ligand 

concentration, [L] , is nearly constant, 0[L] [L ]≈ , where 0[L ]  is the initial concentration. The kinetic 

equation obeys Eq. (6), as follows: 

  M
t
φ φ

∂
=

∂
        (6) 
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where II II II=[[A ], [C ], [E ]]φ  and M is given in Eq. (7), as follows: 

 

0

0

( )

0 [L ]

II II II II

II II II II II II II II

II II II II

A C C A

A C C A C E E C

C E E C

k k

M k k k k

k k

 −
 

= − + 
 − 

     (7) 

Note that 
II IIE C

k  is an association rate constant. In the present study, we estimated the second-order 

bimolecular association rate of the G-quadruplex and the ligand using the simulation of the diffusional 

association method.84 The calculated rate constant 
II IIE C

k is 2.3 × 109 M-1 s-1 for BMVC and 9.3 × 105 5 

M-1 s-1 for BMVC0, illustrating that the charged ligand plays a key role in dictating the ligand 

association rate. By solving the eigenmodes of Eq. (7), (t)φ  can be exactly obtained according to the 

following equation: 

31 2 // /
1 2 3( ) tt tt c e c e c e

λλ λφ −− −= + + ,         (8) 

where ic  are constants and iλ  are relaxation times. Combined with the PMF results, we were able to 10 

obtain three relaxation times, 1 333 sλ = , 2 11 sλ =  and 3λ =∞  (Table 2), where the infinite relaxation 

time corresponds to a constant term. These relaxation times are also within the range of experimental 

data.97 Hence, we suggest further experiments to investigate these processes.  

 

 15 

Table 2. Contributions to the relaxation times of BMVC in pathway II(a). 

term 
II IIA CG∆  

(kcal/mol) 

II IIC AG∆  

(kcal/mol) 

II IIC EG∆  

(kcal/mol) 

II IIA Ck  

(s-1) 

II IIC Ak  

(s-1) 

II IIC Ek  

(s-1) 

0[ ]
II IIE Ck L  

(s-1) 

1λ  

(s) 

2λ  

(s) 

3λ  

(s) 

value 15.1 3.4 12.2 77.5 10−×  0.1 63.1 10−×  32.3 10−×  333 11 ∞ 

 

(a) ijG∆  is the activation energy from state i to j, ijk  is the transition rate from state i to j, ECk  is an 

association rate constant, 0[L ] =1 M is the initial concentration of ligand, iλ  are relaxation times, and 

ijG

ijk Ae
β− ∆= , where A is a pre-factor and 1/( )Bk Tβ =  ( Bk  is the Boltzmann constant and T is the 20 

temperature). 
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D Conclusion 

In this study, we have investigated the mechanical properties and kinetic pathways of the ligands 

(BMVC and BMVC0) unbinding from the G-quadruplex by using SMD and umbrella sampling 

simulations. By the structural analyses and the PMF calculations, we have shown detailed atomistic 

insights and relevant free energies involved in the unbinding processes, which have not been 5 

determined in ensemble assays. The simulations for both these ligands clearly reflect their distinct 

rupture force and PMF profiles, which can be correlated with G-quadruplex/ligand binding affinities, 

suggesting that this protocol could be applied to other G-quadruplex ligands to assess its robustness 

and rank a series of derivatives with similar potencies. Specifically, while a positively charged ligand 

could stack with the G-quartet, it might impact the interactions between two molecules. Our findings 10 

confirm the seminal experimental data, highlighting the importance of using computer-based 

simulations to predict and complement experiments. This demonstration of simulations combined with 

theoretical analyses is valuable for further investigations on various G-quadruplex systems and could 

be helpful in structure-based drug design. 

 15 
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