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In search for novel anti-tumour agents targeting non-homologous end joining pathway, we conducted a virtual screening
using traditional Chinese medicine (TCM) on Ku heterodimer which plays an important role on DNA break repair system.
Docking results gave glycyrrhizic acid and macedonoside C as potential TCM candidates. Both glycyrrhizic acid and
macedonoside C were docked onto the Ku heterodimer with high-predicted binding affinities as evidenced in their Dock
Score. These two ligands also interact with key residues which have been previously shown to influence Ku DNA-binding
affinity. Both compounds show consistent hydrogen bonding interactions with key residues throughout the 10- ns dynamics
simulation run. Furthermore, glycyrrhizic acid and macedonoside C are able to form additional hydrogen bond interactions
with positively charged Ku heterodimer surface. Such interactions strengthen the binding interaction of the top two TCM
compounds with Ku heterodimer. Glycyrrhizic acid and macedonoside C are products of licorice (Glycyrrhiza glabra),
which is a commonly used herb in TCM formulations. Overall, we report glycyrrhizic acid and macedonoside C as potential
anti-tumour agents.
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1. Introduction

Non-homologous end joining (NHEJ) is the key

mechanism responsible for repairing DNA double-strand

breaks, the most lethal damage to genetic materials in a

cell. This repairing mechanism is active in all stages of cell

cycle, in contrast to homologous joining which is inactive

in cell division [1]. In NHEJ, the repairing process starts

with the binding of Ku protein (or also known as Ku86), to

DNA end, preventing further damages to DNA sequence.

More importantly, Ku protein functions as a molecular

scaffold for other recruited NHEJ proteins, including

DNA-dependent protein kinase catalytic subunit, Artemis,

XRCC4 and Ligand IV, to bind (reviewed in [2]).

The Ku protein is a heterodimer made up of Ku70

(70 kDa) and Ku80 (80 kDa) subunits. These two subunits

form a unique ring-like structure that encircles DNA with

high affinity but without apparent sequence specificity

[3,4]. The Ku heterodimer protein crystal also reveals that

the protein does not interact with any DNA bases [3].

Furthermore, in addition to be a crucial member in NHEJ,

Ku proteins have also been found to function at telomere

maintenance [5,6].

In the past, several studies were conducted to relate Ku

protein with radiosensitivity. In mice model, deletion of

Ku70 or Ku80 in a deficient level of p53 condition shows

hypersensitivity to ionising radiation [7]. In head and neck

cancer cell lines, the most radioresistant cell line has

been associated with an increase expression of Ku70 [8]. On

the basis of these studies, it can be deduced that disruption

in Ku DNA-binding affinity could lead to hypersensitivity

for ionising radiation. Moreover, it is possible that a

therapeutic agent targeting Ku protein in cancer cells could

enhance radiation responsive in radiation therapy.

We present a study focusing on designing novel anti-

tumour agents that target NHEJ mechanism. More specifi-

cally, our focus is on hindering binding and translocating

of Ku heterodimer to DNA ends using molecules identified

from the traditional Chinese medicine (TCM). It is not new

that potential anti-tumour compounds, such as gallic acid,

curcumin and quercetin, could be determined from TCM

through various biochemical assays [9–11]. We, however,
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used an in silico approach and used the world’s largest

TCM database (TCM Database@Taiwan, http://tcm.cmu.

edu.tw) for virtual screening. Molecular dynamic simu-

lations were also used to investigate interactions found

between Ku heterodimer and TCM molecules. Both virtual

screening by molecular docking and molecular dynamic

simulation were commonly applied in designing drugs

targeting protein such as influenza haemagglutinin,

phosphodiesterase five, epidermal growth factor receptor

HER2, HIV enzymes and many more [12–22]. We are

confident in using these two methods for finding potential

Ku heterodimer inhibitors.

2. Materials and methods

2.1 Protein preparation

The crystal structure for Ku heterodimer was downloaded

from Protein Data Bank (http://www.pdb.org), PDB ID:

1JEY [3]. Crystal water molecules, non-bonded heteroa-

toms and synthetic DNA construct were removed from the

protein crystal. The missing hydrogen atoms were added.

The CHARMm force field was applied to the Ku

heterodimer prior to any molecular simulation step. The

binding site for docking of TCM molecules was set to the

DNA-binding interface. In a study, Chen et al. [23]

demonstrated that acetylation at Lys282, Lys338, Lys539

and Lys542 of Ku70 can suppress the DNA end binding

activity. Mutagenesis study done by the same group also

showed similar results. Hence, we specifically set the

binding site covering Lys282 and Lys338 in an attempt to

achieve the same effect. As for Lys539 and Lys542, both

residues lie in COOH-terminal linker region which was

not solved in 1JEY crystal.

2.2 Docking

A total of 20,000 natural products were downloaded from

the TCM Database@Taiwan (http://tcm.cmu.edu.tw/) and

were ionised, according to the physiological setting, using

Discovery Studio 2.5. These compounds were also filtered

using ADMET module in Discovery 2.5 to remove any

potentially toxic compounds. TCM compounds that passed

the ADMET screen were docked into the Ku heterodimer

binding site using LigandFit module of Discovery Studio

2.5 [24]. In LigandFit, ligand conformations were

generated by Monte Carlo simulation. The conformations

were placed into the binding site using a shape-based

matching method. The protein was held rigid throughout

docking whereas the ligands were allowed to orientate

inside the binding pocket for sampling different binding

poses. Candidate ligand poses were energetically mini-

mised using Smart Minimizer. Dock Score (DS) was used

as the primary scoring function for ranking ligands poses.

LigScore (LigScore1 and LigScore2) and piecewise linear

potential (-PLP and -PLP2) were also calculated for

predicting binding affinities, but they were not used in

ranking the TCM compounds. DS was used to calculate

ligand–receptor interaction energy and ligand internal

energy [24]. LigScore was used to evaluate receptor–

ligand binding affinities by computing softened van der

Waal descriptor and polar surface area descriptors [25].

The two versions of LigScore differ in that LigScore2

introduces desolvation penalty. PLP predicts ligand

binding affinity by calculating hydrogen bond interactions

between hydrogen bond donor, hydrogen bond acceptor

and non-polar atom types [26]. The PLP2 function has an

additional scaling factor that is based on the angle formed

between receptor and ligand atoms.

2.3 Molecular dynamics simulation

The selected protein ligand complexes were taken for

molecular dynamics simulation. The molecular dynamics

simulation was conducted using the simulation module of

Discovery Studio 2.5. Each complex was solvated in a

water box using periodic boundary condition. The initial

minimisation process consisted of two cycles of minimis-

ation using 2000 steps of Steepest Descend and 2000 steps

of Conjugate Gradient. The heating step was performed for

20 ps with a time step of 1 fs. The protein–ligand complex

was heated from 50 to 310K without constraint. The

equilibration step was run for 100 ps at 310K. The

production run was conducted for 10 ns in NVT (constant

temperature dynamics using Berendsen weak coupling

method) condition at 310K. The SHAKE algorithm was

applied to constraint binding to hydrogen atoms. Rootmean

square deviation (RMSD) was calculated for both protein–

ligand complexes and ligands. Total energy of the protein–

ligand systems was also calculated.

3. Results

3.1 Docking of TCM compounds generates a list of
potential candidates

To screen for TCM compounds that can inhibit Ku

heterodimer function, we performed molecular docking.

Scoring function, DS, was used as the primary criterion for

ranking ligands and their associated poses. We used DS

because this scoring function results have been previously

demonstrated for having positive correlation with com-

pound bioactivities [24]. The docking result, ranked in

descending order according to DS, is shown in Table 1.

Glycyrrhizic acid, macedonoside C and lithospermic acid

all have extremely well-docking results. Although not used

in ranking the molecules, the top three TCM molecules all

show very reasonable LigScore1, LigScore2, -PLP and

-PLP2 values. Most significantly, glycyrrhizic acid has

leading -PLP and -PLP2 values suggesting that hydrogen

bond interactions are critical for binding of glycyrrhizic

acid with Ku heterodimer. The -PLP for lithospermic
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acid is significantly lower than for glycyrrhizic acid and

macedonoside C. Thus, we did not conduct further analysis

on lithospermic acid.

In addition to the high predicted binding affinity, there

are other characteristics that make glycyrrhizic acid and

macedonoside C as very potential Ku inhibitors. Both

compounds carry negative charges in physiological pH.

This characteristic favours the binding with Ku hetero-

dimer as the DNA-binding surface has a positively charged

lining. Furthermore, as shown in the protein synthetic DNA

crystal (1JEY), the Ku ring for DNA is narrower than the

actual diameter of DNA, and protein residues are in close

proximity with DNA [3]. In particular, Arg403 of Ku70 and

Arg400 are found in the DNA minor groove with less

than 6 Å away from DNA. Hence, the binding of the TCM

molecules to Ku protein inhibits the protein–DNA

interaction.

Both glycyrrhizic acid andmacedonoside C are extracts

of licorice (Glycyrrhiza glabra). Glycyrrhizic acid was

determined with a broad spectrum of antiviral activities

[27,28] and was also tested for anti-tumour activity [29].

However, this is the first study that investigates the effects of

Table 1. TCM molecules docking result.

Name DS LigScore1 LigScore2 -PLP -PLP2

Glycyrrhizic acid 225.369 6.4 5.72 66.65 85.02
Macedonoside C 225.187 5.81 5.34 53.19 60.25
Lithospermic acid 201.052 5.65 5.15 38.98 54
Salvianolic acid B 189.769 5.96 5.5 47.02 64.19
Chicoric acid 187.646 5.19 4.69 35.42 50.86
2-O-feruloyl tartaric acid 180.642 4.61 5.44 31.57 43.94
Mumefural 179.118 4.8 5.47 45.35 59.71
Glutinic acid 176.63 4.39 4.03 30.53 36.94
Crocetin 168.706 3.27 3.1 17.91 28.1
Kainic acid 150.39 3.79 3.4 19.92 19.19
Chebulinic acid 147.963 5.94 6.2 57.86 77.83
3,4,5-Tri-O-caffeoylquinic acid 145.91 6.52 6.1 51.74 68.33
Salvianolic acid A 139.26 5.9 5.22 42.21 60.28
Cynarin 135.617 5.61 4.74 34.96 51.63

Note: DS, Dock Score; PLP, piecewise linear potential.

Figure 1. Structure and docking pose of glycyrrhizic acid (colour online).
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glycyrrhizic acid and macedonoside C on Ku protein of

DNA repair pathway.

3.2 Glycyrrhizic acid and macedonoside C bind to key
area on Ku heterodimer and form extensive hydrogen
bond network with binding site residues

We have specified the binding site to regions covering

Lys282 and Lys338 of Ku70 that were demonstrated to

influence DNA-binding affinity. As illustrated in Figure 1,

glycyrrhizic acid has hydrogen bond interaction with

Arg318, Glu335 and Lys338 of Ku70 (Chain A), and

Lys291 and Arg486 of Ku80 (Chain B). Macedonoside C

has a slight different docking location from glycyrrhizic

acid, but also has hydrogen bond interactions with Lys279

and Lys282 of Ku70 (Chain A), and Lys325, Lys332,

Arg400 and Arg402 of Ku80 (Chain B; Figure 2). On the

basis of the docking result, both TCM products have

interactions with key residue, Lys282 or Lys338.

3.3 Molecular dynamic simulations show persistent
hydrogen bonding interactions between top two TCM
molecules and Ku heterodimer

Molecular docking provides a static view of protein–

ligand interaction but does not provide any information of

protein–ligand interaction in motion. Thus, we performed

molecular dynamics simulation on Ku heterodimer

in complex with glycyrrhizic acid or macedonoside

C. The RMSD trajectories for the whole protein–ligand

complexes and for the ligands are shown in Figure 3.

Significant difference is seen for whole molecule RMSD,

but the top two compounds still share similar ligand RMSD

trend. However, a close examination of the glycyrrhizic-

and macedonoside C-bound Ku heterodimers reveals that

there is no significant structural change at the binding

Figure 2. Structure and docking pose of macedonoside C (colour online).
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Figure 3. Whole molecule RMSD of Ku–ligand complexes and
ligand RMSD for TCM candidates.
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region. Thus, binding of macedonoside C to Ku protein

should not be the reason behind a smaller deviation from

the starting structure and a lower total energy state

in comparison with glycyrrhizic-bound Ku complex

(Figure 4). Both the RMSD graph and the energy trajectory

are ways to show that the protein–ligand complex reaches

equilibrium during the simulation run. On the basis of this,

the two TCM ligands all reach equilibrium during the

simulation.

Analysis of glycyrrhizic acid hydrogen bond inter-

action during the 10 ns of molecular dynamics simulation

shows that all of the interactions observed from docking

still persist during the molecular dynamics simulation

(Table 2). Additional interactions with Arg403 and Val278

are also observed. It is also apparent that there is at least one

interaction between key residue Lys338 and glycyrrhizic

acid during any given time of simulation run. Similarly,

macedonoside C has hydrogen bond interactions with most

of the residues observed from docking (Table 3). The

exception is for the interaction with Lys282, which is not

detected in the simulation run.

We selected hydrogen bond interactions between

glycyrrhizic acid and Arg318, Arg403, Glu335, Trp276

and Val278 for further investigation. The separating

distances between the ligand and the residues are shown in

Figure 5. The ligand interactions with Arg318, Trp276 and

Val278 are the most stable during the interaction run, with

averaging distance around 2.5 Å. As illustrated in Figure 5,

most of the interactions have similar trend that gradually

becomes more stable after 5 ns of simulation run. This is

most significant for the interaction of glycyrrhizic acid

with Arg318 (Figure 5). For the interaction with Glu335,

although there is a drop in interacting distance at the

beginning of the simulation (Figure 6(a) and (b)), there is

still no stable interaction, even to the end of simulation

(see Supplementary Video 1). For macedonoside C, except

for Lys279 and Lys325 that both have at least one

hydrogen bond interaction with the ligand at any time of

simulation, we selected all other interactions for further

analysis. During the simulation run, some of the ligand

interactions with Arg400 and Asn402 are among the most

stable during the simulation run (Figure 7). For interaction

between macedonoside C and Arg400, the most significant

disruption occurs around 6.5 ns. As illustrated in Figure 8,

Table 2. Hydrogen bond frequency of glycyrrhizic acid during molecular dynamics simulation.

Name Ligand atom Amino acid
Maximum
distance

Minimum
distance

Average
distance

Hydrogen bond
occupancy (%)

H-bond_1 O100 A:ARG318: HE 2.87 1.99 2.39 75.60
H-bond_2 O93 A:ARG318: HE 3.16 2.09 2.56 36.80
H-bond_3 O100 A:ARG318: HH21 3.63 1.88 2.63 38.40
H-bond_4 H113 A:GLU335: OE2 3.71 1.85 2.58 52.00
H-bond_5 O48 A:LYS338: HZ1 3.72 1.63 2.78 32.40
H-bond_6 O48 A:LYS338: HZ2 3.76 1.67 2.72 38.00
H-bond_7 O48 A:LYS338: HZ3 3.59 1.63 2.56 50.00
H-bond_8 O47 A:LYS338: HZ1 4.14 1.76 3.12 29.20
H-bond_9 O47 A:LYS338: HZ2 3.99 1.76 3.07 25.20
H-bond_10 O47 A:LYS338: HZ3 4.00 1.78 2.85 43.20
H-bond_11 O62 A:ARG403: HH11 3.73 2.03 2.67 35.20
H-bond_12 O62 A:ARG403: HH12 2.87 1.78 2.24 86.80
H-bond_13 O105 B:TRP276: HN 2.87 1.99 2.47 58.00
H-bond_14 H94 B:TRP276: O 6.72 2.16 3.42 13.20
H-bond_15 O89 B:VAL278: HN 2.96 2.01 2.39 77.60
H-bond_16 O86 B:LYS291: HZ1 3.55 1.62 2.28 65.60
H-bond_17 O86 B:LYS291: HZ2 3.49 1.59 2.81 28.00
H-bond_18 O86 B:LYS291: HZ3 3.41 1.66 2.62 34.80
H-bond_19 O85 B:LYS291: HZ1 4.57 1.62 2.48 61.20
H-bond_20 O85 B:LYS291: HZ2 4.43 1.70 2.93 18.40
H-bond_21 O85 B:LYS291: HZ3 4.06 1.67 3.12 18.00
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Figure 4. Energy trajectory of glycyrrhizic acid and
macedonoside C.
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Arg400 has a temporary shift in conformation. This

change, however, is later reverted back to the confor-

mation seen in Figure 8(a) and Supplementary Video 2. As

for interaction with Lys282, although there is no hydrogen

bonding observed during simulation run, macedonoside

C is found above Lys282 that can still hinder Lys282

from interacting with DNA (Figure 8 and Supplementary

Video 2).

Overall, several stable hydrogen bond interactions

between the two top ranking TCM molecules and the

binding site residues are observed. Glycyrrhizic acid forms

stable interactions with Lys338, whereas macedonoside C

forms interactions with residues close to Lys282 and

effectively shelter Lys282. With stable and continuous

hydrogen bond networks that could lock glycyrrhizic acid

and macedonoside C to Ku heterodimer, we suggest that

Figure 6. Snapshots of glycyrrhizic acid in Ku binding site at
(a) 2.50 ns and (b) 5.92 ns (colour online).
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Figure 5. Hydrogen bond distances of glycyrrhizic acid (colour
online).

Table 3. Hydrogen bond frequency of macedonoside C during molecular dynamics simulation.

Name Ligand atom Amino acid
Maximum
distance

Minimum
distance

Average
distance

Hydrogen bond
occupancy (%)

H-bond_1 O105 A:LYS279: HZ1 3.57 1.67 2.31 67.20
H-bond_2 O105 A:LYS279: HZ2 3.56 1.66 2.48 52.80
H-bond_3 O105 A:LYS279: HZ3 3.53 1.62 2.48 48.40
H-bond_4 O48 B:LYS325: HZ1 3.41 1.70 2.69 26.40
H-bond_5 O48 B:LYS325: HZ2 3.41 1.68 2.48 48.00
H-bond_6 O48 B:LYS325: HZ3 3.51 1.71 2.35 63.20
H-bond_7 O49 B:LYS325: HZ1 3.14 1.66 2.31 58.00
H-bond_8 O49 B:LYS325: HZ2 3.23 1.61 2.25 67.20
H-bond_9 O49 B:LYS325: HZ3 3.18 1.73 2.39 61.60
H-bond_10 O86 B:LYS332: HZ1 2.91 1.62 2.33 77.20
H-bond_11 H94 B:ARG400: O 2.49 1.70 1.97 100.00
H-bond_12 O86 B:ARG400: HH21 4.97 1.64 2.18 80.00
H-bond_13 O81 B:ARG400: HH21 4.13 1.89 2.88 12.80
H-bond_14 O93 B:ARG400: HH21 5.73 2.06 4.81 1.20
H-bond_15 O104 B:ASN402: HD21 5.14 1.84 3.02 19.20
H-bond_16 O105 B:ASN402: HD21 5.99 1.86 3.31 38.40
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these two TCM molecules can mimic the effect of

acetylation and be potential anti-tumour agents.

4. Conclusion

We report two TCM compounds, glycyrrhizic acid and

macedonoside C, as potential anti-tumour agents targeting

Ku heterodimer, a key protein in DNA repair pathway.

There are several important key features that make

glycyrrhizic acid and macedonoside C promising Ku

inhibitors. First, in physiological pH, both compounds are

negatively charged and can have favourable interaction

with positively charged Ku heterodimer DNA-binding

interface. Both compounds interact with key residues that

have been experimentally shown to influenceDNA-binding

affinity. Lastly, glycyrrhizic acid andmacedonoside C have

high predicted affinity for Ku heterodimer, as evidenced in

their DS and form stable interaction with key binding site

residues during the molecular dynamics simulation run.

We, therefore, present these two compounds as potential

anti-tumour agents.
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