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Abstract

Non-homologous end joining (NHEJ) is a major DNA double strand breaks (DSBs) repair 
pathway that maintains genome integrity. However, this pathway may reduce radiotherapy 
efficacy by repairing DSBs on cancer cells. This research reported a computer-aided drug 
design (CADD) method to identify novel inhibitors from traditional Chinese medicine 
(TCM) that disrupt NHEJ. We aim to inhibit Ku86, the initiator of NHEJ. By integrating 
binding energy evaluation and molecular dynamics simulation methods, we reported glycyr-
rhizic acid, macedonoside C, lithospermic acid, and salvianolic acid B as potential Ku86 
inhibitors. All four TCM compounds show low binding energy and stable binding poses to 
Ku86. The carboxyl groups on a ligand are the major binding region by forming salt bridges 
at Ku86 binding sites. Additional features were defined by a carbonyl group or a dihydroxy-
phenyl group that form additional hydrogen bond or pi-cation respectively with the ligand 
binding site on Ku86. These features strengthen the binding affinity between Ku86 and the 
potential TCM ligand. We reported all four TCM compounds are potential Ku86 inhibitors 
and may be used to enhance radiotherapy for cancer treatment. 

Key words: Ku protein; Radiotherapy; Traditional Chinese Medicine; Docking; Molecular 
Dynamics.

Introduction

Radiotherapy is commonly used for the treatment of malignant cancer. The ionizing 
radiation kills targeted cells through inducing lesion in DNA, such as DNA double 
strand breaks (DSBs). Non-repaired DNA damages then can lead to cell death. 
Hence, radiation sensitivity of the target cancerous tumor cells plays an important 
role in efficacy of radiotherapy (1). Many researches suggest the disruption of non-
homologous end joining (NHEJ) pathway, an important DNA repair mechanism, 
leads to increased radiation sensitivity (2-4). Therefore, target-specific inhibition 
of NHEJ pathway in cancer cells may lead to enhanced efficacy and specificity of 
radiotherapy.

Ku protein (Ku86), is one of the key proteins involves in NHEJ pathway (5). Ku86 
heterodimer recognizes a DSB site and binds to the broken DNA ends. As shown 
in Figure 1, the Ku86-DNA complex functions as a moecular scaffold that recruits 
DNA repair protein assembly, such as DNA-PKcs, XRCC4, and Ligase IV (6). 
NHEJ ends with the Ligase IV-XRCC4 ligation that rejoins the DSB ends. An active 
Ku protein contains two subunits, Ku79 and Ku80, which dimerize and form a ring-
like structure that has high affinity to DNA broken ends (7, 8). This makes Ku86 not 
only involves in NHEJ, but also plays a role in telomere maintenance (9, 10). Ku86 
deficiency has been linked to high radiosensitivity of cells. Mouse model suggests 
that deletion of Ku70 or Ku80 lead to hypersensitivity to ionization radiation under 
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a p53 deficient condition (3). In addition, increased expression of Ku70 showed 
radioresistance in head and neck cancer cell lines (11). Hence, it is possible that 
inhibition of Ku protein function can abolish NHEJ and thus makes a cell more 
susceptible to ionizing radiation.

In the past, many potential drug-like compounds targeting proteins such as 
EGFR, PDE5, influenza hemagglutinin, HER2, HIV enzymes, and more were 
identified through computer-aid drug design (CADD) (12-27). This study 
was interested using CADD approaches for discovering novel drug leads 
that can disrupt NHEJ pathways and therefore enhance radiotherapy efficacy.  
The research focused on identifying potential Ku86 inhibitors from traditional  
Chinese medicine (TCM), from which many prospective anti-tumor com-
pounds, such as gallic acid, curcumin, and quercetin, have been identified 
(28-30). Compounds recorded in TCM database (TCM Database@Taiwan, 
http://tcm.cmu.edu.tw) (31) were used for in silico screening. The selected TCM  
compounds were further investigated for their interaction with the Ku protein 
using molecular dynamics (MD) simulation. Both virtual screening and MD 
simulation were common CADD methods often used for evaluate protein-
ligand interactions. Biomedical experiments will be applied to validate each 
identified Ku heterodimer inhibitors. 

Ku70 Ku70

Ku80 Ku80

Ku86 Ku86

Ku subunits bind to DSB sites

Recruit NHEJ protein and formation
of DNA-PK complexes

DNA-PKcsKu86

Ligase IV-XRCC4 ligation

Ku70 Ku80

Ku86 DNA-PKcs

Figure 1:  NHEJ pathway diagram. (A) Ku70 and Ku80 subunits form Ku86 protein after dimeriza-
tion. (B) Each Ku86 binds to broken DNA ends. (C) Ku86 acts as a scaffold for recruiting other NHEJ 
proteins and form DNA-PKcs. (D) Ligase IV-XRCC4 complx is recruited and ligate the broken DNA 
ends. DNA-repair proteins then diassociate.
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Materials and Methods

Protein Preparation

Ku heterodimer crystal structure was obtained from Protein Data Bank (www.pdb.
org PDB ID: 1JEY) (7). Pure protein structural information was extracted from 
the original pdb file and the missing hydrogen atoms were added. The CHARMm 
force field was then applied to the Ku protein prior docking or simulation. The 
DNA binding interface was defined as that ligand docking site. Acetylation and 
mutagenesis studies on Lys282, Lys338, Lys539 and Lys542 at Ku70 have been 
demonstrated to suppress the DNA end-binding activity (32). In this study, Lys282 
and Lys338 were the only two residues presents in the 1JEY crystal file, and hence 
were investigated further.

Docking

A total of 20,000 isolated products from TCM were obtained from the TCM Data-
base@Taiwan (http://tcm.cmu.edu.tw/) (31), where each compound was ionized 
according to the physiological setting, using Discovery Studio 2.5. These com-
pounds were also filtered using ADMET module in Discovery 2.5 to remove 
any potentially toxic compounds. LigandFit module in Discovery Studio 2,5 was 
applied to evaluate the binding energy between each TCM compound and DNA 
binding region of the Ku protein (33). Monte Carlo simulation was used to gen-
erate ligand conformations using a shape-based matching method. The docking 
site was held rigid for trying out ligand binding poses. Ligand conformations were 
energetically minimized using Smart Minimizer. Ligands were ranked according 
to the Binding Energy, which represents the binding affinity. In addition, LigScore 
(LigScore1 and LigScore2) and piecewise linear potential (-PLP and -PLP2) were 
applied to evaluate binding affinities. Binding Energy evaluates the free energy in 
a protein-ligand conformation. LigScore computes softened van der Waal descrip-
tor and polar surface area descriptors (34). LigScore2 differs from LigScore by 
the introduction of desolvation penalty. The piecewise linear potential calculate 
hydrogen bond interactions between hydrogen bond donor, hydrogen bond accep-
tor, and non-polar atom types (35). The PLP2 function further includes a scaling 
factor based on the angles between receptor atoms and ligand atoms. Top ranking 
TCM candidates were visually inspected to identify ligands that interact with key 
residues, Lys282 and Lys338 of Ku70.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulation was applied to the selected protein-ligand 
complexes using the simulation module in Discovery Studio 2.5. Each complex 
was solvated in a simulated water box with 0.9% NaCl concentration, which cor-
responds to physiological solution. Periodic boundary condition was applied. The 
initial minimization process consisted 2000 steps of Steepest Descent and 2000 
steps of Conjugate Gradient. The system was heated from 50 K to 310 K without 
constraint within 20 ps with a time step of 1fs. The equilibration step was run for 
100 ps at 310 K. The production was run under constant temperature condition 
(NVT) for 10 ns at 310 K. SHAKE algorithm was then applied to constraint bind-
ings to hydrogen atoms. Root mean square deviations (RMSDs) were calculated for 
both protein-ligand complexes and ligands.

Results

Identification of TCM Candidates from Screening TCM Database

Molecular docking was performed to screen for potential Ku protein inhibitors from 
the TCM database. Binding energy was employed to evaluate the protein-ligand 
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binding affinities. The screening results listed in Table 1 suggests that glycyrrhizic 
acid (top 1), macedonoside C (top 2), lithospermic acid (top 3), and salvianolic 
acid B (top 4) can form stable binding conformations at low energy stage, between 
-525.367 kcal/mol and -732.092 kcal/mol, with the DNA binding site on the Ku86 
heterodimer. The ligands shared structural similarities between top1 and top2, and 
betweem top3 and top4 (Figure 2). For glycyrrhizic acid and macedonoside C, nega-
tive charges of the carboxyl groups favored the bindings to the Ku86 DNA-binding 
domain, where most key residues contained positive charges (Figures 2 and 3). The 
binding conformations suggested that a hydrogen bond (H-bond) was the major 
intermolecular force in the protein-ligand binding (Figure 4). Glycyrrhizic acid and 
macedonoside C can be extracted from licorice (Glycyrrhiza glabra), which is a 
common TCM herb used in many formulations (36, 37). In the case of lithosper-
mic acid, and salvianolic acid B, less carboxyl groups (Figure 2) implied fewer 
instances of H-bonds observed. Nevertheless, the negative electrostatic potential on 
the top 3 and the top 4 compounds still favored the alkaline residues in Ku86 ligand 
binding site (Figures 2 and 3). Intriguingly, the binding affinity between Ku86 and 
each of these ligands were strengthened by the pi-cation interactions (Figure 4). 
Lithospermic acid, and salvianolic acid B are extracts of Salvia miltiorrhiza, which 
is commonly used for circulation disorders in TCM.

Ligands Bind to Ku84 DNA Binding Site Through Formation of Salt Bridge

The protein-ligand binding conformation in Figure 4 and Table 2 suggested a 
binding hot spot on Ku86 heterodimer at Ku70: Arg403 and Ku70: Lys338. Fur-
thermore, the binding conformation of glycyrrhizic acid, lithospermic acid, and 
salvianolic acid B on Ku86 shares similar binding position. The binding confor-
mations revealed that the carboxyl groups on these ligands formed H-bond with 
residues Ku70: Lys338, Ku70: Glu335, and Ku80: Arg446. In addition, the H-bond 
and the electrostatic interaction between oxygen and nitrogen, which in combina-
tion was defined as a salt bridge, made positive contribution to the binding affinity 
at Ku70: Lys338, Ku70: Glu335 (Figure 4). However, macedonoside C bound to 

Table I
TCM molecules docking result. The top 10 candi-
dates are listed and calculated binding energy. 

Name Binding energy (kcal/mol)

Glycyrrhizic acid -732.092
Macedonoside C -691.639
Lithospermic acid -527.754
Salvianolic acid B -525.367
Mumefural -514.916
Chicoric_acid -504.861
2-O-Feruloyl  
  tartaric acid -492.562
Crocetin -449.829
Glutinic acid -424.322
Chebulinic acid -419.415

Figure 2:  Chemical structures 
of (A) Glycyrrhizic acid, (B) 
Macedonoside C, (C) Lithospermic 
acid, (D) Salvianolic acid B. 
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a distinct set of residues, which concentrated at Ku80 subunit, at Lys265, Arg271, 
and Lys332. Despite the distinct binding poses, the salt bridges formed between 
carboxyl group and the alkaline residues are the major interaction for the Ku-ligand 
binding affinity.

Stable RMSD Trajectories Suggest Stable Ku-ligand Bindings During MD 
Simulation 

The molecular docking provided a static protein-ligand model for predicting a pre-
ferred binding orientation. To further evaluate the binding poses in motion, we 
applied molecular dynamics (MD) simulation for 10ns on each of the selected  
Ku-ligand pair. The RMSD trajectories for Ku-ligand complex, C-alpha, and ligand of 
each binding pair were investigated and showed stable poses which the average atom 
movements were under 1Å range (Figure 5). This implied relatively stable bindings 

Figure 3:  Ku heterodimer DNA-binding site, and presumed inhibitor binding 
site. (A) The ring structure Ku heterodimer DNA-binding site. (B) Close look 
of binding site, where key binding site residues were shown. The Ku70 and the 
Ku80 subunits and residues are colored in blue and purple, respectively. 
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between Ku86 and the selected ligands from molecular docking. Intriguingly, the 
ligand RMSD showed that lithospermic acid experienced a leap of change for over 
1 Å at 5-6ns of the simulation period before stabilizing (Figure 5). However, the 
complex and protein RMSD displayed no significant change over the same period. 
This implied the change in the ligand pose of lithospermic acid had limited impact 
on protein-ligand interaction. By tracking the changes in total energy (Figure 6), 
glycyrrhizic acid and macedonoside C reached minimum energy state at around 5ns 

Figure 4:  The docking poses of (A) Glycyrrhizic acid, (B) Macedonoside C, (C) Lithospermic acid, (D) 
Salvianolic acid B in Ku 86 binding site. Residues on Ku70 and Ku80 are colored in blue and purple 
respectively. The pi-cation interaction is indicated in orange line. 

Table II
Hydrogen bond frequency of top 4 TCM candidates during 10 ns simulation. Residues from Ku70 
subunit and Ku80 subunits were included.

Compound Ligand Atom Subunit Amino Acid H-Bond Occupancy

Glycyrrhizic acid O100 Ku70 ARG318 : HE 75.60%
H113 Ku70 GLU335 : OE2 52.00%
O47 Ku70 LYS338 : HZ3 43.20%
O62 Ku70 ARG403 : HH12 86.80%
O89 Ku80 VAL278 : HN 77.60%
O86 Ku80 LYS291 : HZ1 65.60%

Macedonoside C O105 Ku70 LYS279 : HZ1 67.20%
O48 Ku80 LYS325 : HZ3 63.20%
O49 Ku80 LYS325 : HZ3 61.60%
O86 Ku80 LYS332 : HZ1 77.20%
H94 Ku80 ARG400 : O 100.00%

Lithospermic acid H8 Ku70 GLU335:OE2 98.00%
O1 Ku70 ARG403:HH22 71.20%

O21 Ku70 LYS338:HZ1 42.40%
O37 Ku80 ARG271:HH11 88.00%
O20 Ku80 ARG486:HH22 88.80%

Salvianolic acid B O63 Ku70 ARG403:HH21 77.20%
O21 Ku70 LYS338:HZ1 62.40%
O21 Ku70 LYS338:HZ3 86.00%
O41 Ku80 VAL278:HN 16.00%
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and 6ns simulation time respectively. All four selected TCM compounds reached 
minimum energy after 8ns, and hence implied stable Ku-ligand complexes.

MD Simulation show Stabilization of Ku-ligand Interaction Through  
Persistent Hydrogen Bonds

To further investigate the binding poses during MD simulation, we compared 
the structure snapshots at a set of selected time points. For glycyrrhizic acid, the 
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carbonyl group O62 moved close to Ku70: Arg403 at range of 2.0-2.5 Å during 
MD simulation (Figures 4A, and 7). Furthermore, the calculated H-bond occu-
pancy was 86.80% (Table II). These observations implied formation of a new 
H-bond that was not observed from molecular docking. Glycyrrhizic acid also 
periodically formed H-bonds with Glu335 and Lys338 at Ku70 subunit (Figure 7,  
supplementary video 1) during the 10 ns MD simulation, suggesting possible 
presence of polar interactions that maintain the binding conformation.

Macedonoside C has a distinct binding conformation to Ku86, and the ligand 
favored interaction with Ku80 subunit. During MD simulation, all three carboxyl 
groups on macedonoside C formed salt bridges with the lysine residues, Ku70: 
LYS279, Ku80: LYS325, and Ku80: LYS332 at Ku86 DNA-binding site (Figure 4, 
Table II). It is possible that the missing carbonyl O62 on macedonoside C decreased 
the ligand binding affinity to Ku70 subunit, and resulted in a distinct binding con-
formation compare to Ku-glycyrrhizic acid complex. Nevertheless, most H-bonds 
in Ku-macedonoside C remained stable with occupancies maintained at range 
61.60%-77.20% (Table II) A notable stable H-bond was observed at Ku80: Arg400, 
which maintained a 100% H-bond occupancy to the ligand, in spite of conformation 
change on the same residue (supplementary video 2). The hydrogen bonding inter-
action on each alkaline residue stabilized near the end of MD simulation (Figure 8). 
These analysis presented stable molecular interactions between ligand and the key 
residues.

The MD simulation on lithospermic acid and salvianolic acid binding conforma-
tions revealed that Ku70: Lys338 and Ku70: Arg403 were potential binding resi-
dues on the Ku86 DNA-binding site. Both alkaline residues were found to form 
salt bridges with the carboxyl groups on each ligand. The high H-bond occupan-
cies observed (Table II) and the decreasing hydrogen bonding distances over time  
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during MD simulations (Figures 9 and 10) implied stable molecular interactions on 
these potential residues. We further investigated the RMSD leaps observed around 
5-6ns with regard to the lithospermic acid MD simulation (Figure 5). The confor-
mation analysis (Figure 11, supplementary video 3) revealed that the Ku80: Arg486 

1.5

2.0

2.5

3.0

3.5

4.0

1.5

2.0

2.5

3.0

3.5

4.0

1.5
0 2 4 6 8 10

2.0

2.5

3.0

3.5

O105 / A:LYS279 : HZ1

D
is

ta
nc

e

O48 / B:LYS325 : HZ3
  O86 / B:LYS332 : HZ1

Time (ns)

O86 / B:LYS332 : HZ1
  H94 / B:ARG400 : O

Figure 8:  Hydrogen bond distances of Macedonoside C during 10 ns simulation.

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

1.5

2.0

2.5

3.0

3.5

4.0

4.5D
is

ta
nc

e

H8  / A:GLU335:OE2
  O1 / A:ARG403:HH22 
  O21 / A:LYS338:HZ1 

Time (ns)
0 2 4 6 8 10

O37 / B:ARG271:HH11 
  O20 / B:ARG486:HH22 

Figure 9:  Hydrogen bond distances of Lithospermic acid during 10 ns simulation.



904

Sun et al.

1.5

2.0

2.5

3.0

3.5

4.0

4.5

1.5
0 2 4 6 8 10

2.0

2.5

3.0

3.5

4.0

4.5D
is

ta
nc

e

O63 / A:ARG403:HH21 
  O21 / A:LYS338:HZ1 

Time (ns)

O21 / A:LYS338:HZ3 
O41 / B:VAL278:HN 

Figure 10:  Hydrogen bond distances of Salvianolic acid B during 10 ns simulation.

Figure 11:  Snapshots of lithospermic acid in Ku binding site at (A) 
5.31 ns and (B) 5.39 ns. Residues of Ku70 and Ku80 are colored in 
blue and purple, respectively.

pose was altered and pulled the ligand carboxyl group closer and formed 
more H-bonds that resulted conformation change on lithospermic acid 
within the binding site. In addition, the conformation change moved the 
ligand dihydroxyphenyl group closer to the Ku70: Lys338, from 5.32 Å 
to 4.83 Å, and result high pi-cation binding affinity. Hence, the observed 
RMSD leap may imply a conformation change that further stabilize the 
protein-ligand binding.

Conclusion

The alkaline residues on Ku86 DNA binding site plays important role in 
ligand binding. In particular, the Lys338 and Arg403 on Ku70 subunit 
were the binding hot spots for interacting with glycyrrhizic acid, lith-
ospermic acid, and salvianolic acid B. On the other hand, macedonoside 
C lacked a carbonyl group, which was required to form H-bond with 
Ku70: Arg403, and results stronger interaction with Ku80 subunit of the 
Ku heterodimer. Nevertheless, the three carboxyl groups on macedono-
side C form stable H-bonds with the alkaline residues on Ku80 subunit, 
which results stable binding conformation. Based on the CADD design, 
an efficient Ku86 inhibitor is expected to form strong binding affinity 
with both Lys338 and Arg403 on Ku70 subunit. Figure 12 demonstrated 
that the carboxyl groups played a major role in protein-ligand interac-
tion. Moreover, the carbonyl group (Figure 12A) and the dihydroxy-
phenyl group (Figure 12B) that formed additional H-bond and pi-cation 
interaction respectively were the key features for stable Ku86-ligand 
binding. The selected TCM compounds, glycyrrhizic acid, macedonoside 
C, lithospermic acid, and salvianolic acid B, demonstrated low binding 
energy and formation of stable Ku86-ligand complexes. We conclude 
that all four compounds are potential enhancers for radiotherapy.

Supplementary Material

Supplementary videos of the MD simulations are displayed at the  
website of the article at jbsdonline.com.
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