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Abstract: 

DNA topoisomerase II catalyzes the changes in DNA structure by cleaving and rejoining one strand 

of the double stranded DNA. Due to their importance in several vital cell processes, topoisomerase II is 

one of the popular targets for design and development of newly potent anticancer drugs. Mansonones 

can be extracted from Mansonia gagei Drumm, a traditional medicinal plant in the Sterculiaceae family in 

Thailand, and many isolated and synthesized mansonones have shown the cytotoxicity towards various 

human cancer cell lines. Chalcones, the extracted compounds from several plants such as Piper 

methysticum or Angelica, showed the highly cytotoxicity against urinary bladder, cervical and breast 

cancer and exhibited an inhibitory activity towards DNA topoisomerase IIα. Herein, mansonones and 

chalcones against DNA topoisomerase were successfully screened by in silico and in vitro studies. 

However, mansonones show relatively low solubility and low physicochemical stability, leading to 

difficulties in pharmaceutical and biomedical applications. Solubility of mansonones was improved by 

complexation with cyclodextrins. In addition to the pharmaceutical and biomedical benefits, the results of 

this research would increase the values of mansonones, chalcones and cyclodextrins which are rich 

natural resources in Thailand with a consequence of local economy development.    
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1. Abstract  

In Thai:   

ดเีอน็เอโทโปไอโซเมอเรส II เป็นเอนไซม์ที่เร่งปฏกิริยิาการคลายเกลยีวสายเดี่ยวหรอืสายคู่ของ DNA  เนื่องจาก

เอนไซมด์เีอน็เอโทโปไอโซเมอเรส II มคีวามบทบาทส าคญัต่อกระบวนการแบ่งเซลล ์จงึท าใหเ้อนไซมด์งักล่าวเป็นหนึ่งใน

โปรตนีเป้าหมายเพื่อใชใ้นการออกแบบและพฒันาสารตา้นมะเรง็ใหม่ๆ สารแมนโซโนนเป็นสารทางธรรมชาตทิีส่กดัจาก

แก่นไมข้องตน้จนัทน์ชะมด (Mansonia gagei Drumm) ซึง่เป็นพชืสมุนไพรไทยทีใ่ชท้างการแพทยต์ระกลู Sterculiaceae 

จากงานวจิยัพบว่าทัง้สารสกดัและสารสงัเคราะห์แมนโซโนนมฤีทธิต์้านมะเรง็ได้หลากหลายชนิด ชาลโคนเป็นสารทาง

ธรรมชาตทิีส่ามารถสกดัไดจ้ากพชืหลายชนิด ตวัอย่างเช่น Piper methysticum หรอื Angelica ซึ่งจากการศกึษาพบว่า

สารกลุ่มน้ีมฤีทธิต์้านมะเรง็ปัสสาวะ มะเรง็ปากมดลูกและมะเรง็เต้านมได้ดยีิง่ อกีทัง้ยงัมฤีทธิย์บัยัง้เอนไซม์โทโปไอโซ

เมอรเ์รส IIα จากการศกึษานี้โดยเทคนิคทางคอมพวิเตอรแ์ละในหลอดทดลองพบว่าทัง้สารแมนโซโนนและสารชาลโคน

สามารถยบัยัง้เอนไซม์โทโปไอโซเมอรเ์รส IIα อย่างไรกต็ามสารแมนโซโนนมคี่าการละลายน ้าและความเสถยีรต ่า ซึ่ง

เป็นอุปสรรคต่อการน าไปประยุกต์ใชด้า้นเภสชักรรมและชวีการแพทยต่์อไป ดงันัน้การสรา้งสารประกอบเชงิซ้อนกบัไซ

โคลเด็กทรนิจงึเป็นทางเลอืกหนึ่งที่สามารถเพิม่ค่าการละลายน ้าของสารแมนโซโนนได้  ผลการทดลองจากงานวจิยันี้

สามารถเพิม่มลูค่าของสารแมนโซโนนชาลโคนและไซโคลเดก็ทรนิซึง่เป็นผลติภณัฑท์ีส่กดัจากสมุนไพรไทย และสามารถ

น าไปต่อยอดการไดใ้นอนาคต 

 

In English:  

DNA topoisomerase II catalyzes the changes in DNA structure by cleaving and rejoining one strand of the 

double stranded DNA. Due to their importance in several vital cell processes, topoisomerase II is one of the 

popular targets for design and development of newly potent anticancer drugs. Mansonones can be extracted from 

Mansonia gagei Drumm, a traditional medicinal plant in the Sterculiaceae family in Thailand, and many isolated 

and synthesized mansonones have shown the cytotoxicity towards various human cancer cell lines. Chalcones, 

the extracted compounds from several plants such as Piper methysticum or Angelica, showed the highly 

cytotoxicity against urinary bladder, cervical and breast cancer and exhibited an inhibitory activity towards DNA 

topoisomerase IIα. Herein, mansonones and chalcones against DNA topoisomerase were successfully screened 

by in silico and in vitro studies. However, mansonones show relatively low solubility and low physicochemical 
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stability, leading to difficulties in pharmaceutical and biomedical applications. Solubility of mansonones was 

improved by complexation with cyclodextrins. In addition to the pharmaceutical and biomedical benefits, the 

results of this research would increase the values of mansonones, chalcones and cyclodextrins which are rich 

natural resources in Thailand with a consequence of local economy development.    

 

2. Executive Summary 

Main findings of publications generated from this RSA grants are given as follows:   

 Project 1: In silico screening of mansonones against DNA topoisomerase IIα 

 The two molecular docking approaches suggested that mansonone derivatives (MGs) preferentially target 

to the ATPase domain of DNA topoisomerase IIα (TopoIIα) rather than to the etoposide pocket and the 

central domain. The eight potent MGs with higher binding affinities than that of salvicine, an ATP-

competitive inhibitor, were selected for MD simulations and binding free energy calculations based on 

MM/PB(GB)SA methods. According to per-residue decomposition free energy analysis, the residues 87-88, 

91-92, 94-95, 98-99, 125, 141-142, 147, 150, 161-162, 164-168, 215, and 217 were associated with ligand 

binding, by which van der Waals interactions mainly contributed for protein-ligand complexation rather than 

electrostatic forces and H-bond formations. Both MM/PB(GB)SA binding free energies showed that MG12, 

MG14, and MG15 exhibited the greater binding affinities with low solvent accessibility than those of 

salvicine and 1,4-BQ. Accordingly, the C-6 to C-10 lengths were suitable for aliphatic carbon sidechain of 

MG, whereas the C-12 length might cause the steric effect within ATP-binding pocket. Moreover, the 

ligand binding affected the secondary structures of TopoIIα for both inside and outside ATP-binding 

pocket. Especially, the binding of the most predicted potent compound MG14 promoted the conformational 

change of the turn structure (residues 145-151 of chain A) to become significantly located closer to the 

ligand and Mg2+. Thus, this occurrence could be one of the crucial mechanisms underlying TopoIIα 

inhibition for this naphthoquinone-containing compound against ATPase domain of TopoIIα. Taken 

together, these theoretical calculations can provide useful structural information in terms of: (i) the suitable 
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length of carbon sidechain and/or aromatic moiety for the predictably potent MGs, (ii) binding orientation of 

ligands, and (iii) key amino acids involved in ligand binding, for further design and development of new 

targeted drugs containing naphthoquinone core against TopoIIα. 

 

 

 

Figure 1. (A) Porcupine plot of MG14/TopoIIα complex showing the significant motion, especially turn 

region (residues 145-151). (B) The 2D projection of MD trajectories on the first two PCs. (C) PCA scree 

plot of quantitative characters. 

 

 Project 2: In silico and in vitro screening of chalcones against DNA topoisomerase IIα 

Targeted cancer therapy has become one of the high potential cancer treatments. Human topoisomerase II 

(hTopoII), which catalyzes the cleavage and rejoining of double-stranded DNA, is an important molecular 

target for the development of novel cancer therapeutics. In order to diversify the pharmacological activity of 

chalcones and to extend the scaffold of topoisomerase inhibitors, a series of chalcones were screened 

against hTopoIIα by computational techniques, and subsequently tested for their cytotoxicity. From the 
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experimental IC50 values, chalcone 3d showed a high cytotoxicity with IC50 values of 10.8, 3.2 and 21.1 µM 

against the HT-1376, HeLa and MCF-7 cancer-derived cell lines, respectively, and also exhibited an 

inhibitory activity against hTopoIIα-ATPase that was better than the known inhibitor, salvicine. The 

observed ligand-protein interactions from a molecular dynamics study affirmed that 3d strongly interacts 

with the ATP binding pocket residues. Altogether, the newly synthesized chalcone 3d has a high potential 

to serve as a lead compound for topoisomerase inhibitors. 

 

Figure 2. Superimposed structures of the three most active chalcones (3c, 3d and 3f) from the docking 

study with that of salvicine in the ATP-binding pocket of the hTopoIIα ATPase domain. 

 

Project 3: Formation of mansonone/cyclodextrin complex 

From MD simulation, mansonone molecules are able to form inclusion complexes quite well and that they 

are mostly positioned nearby the secondary rim of β-cyclodextrin (βCD) due to the effect of steric 

hindrance, which was supported by the highest amount of n(r) values of the unmodified βCD from RDF 

calculations. On the other hand, when the height of cavity was significantly increased in hydroxypropylated 

βCDs (i.e., 2,6-DHPβCD and 2-HPβCD), such steric hindrance was diminished and the ligands could 

slightly move down to the center of cavity coupled with the reduction of n(r) values of water accessibility. 

The PES calculation showed that the ligand binding affected the conformational changes of βCDs by 
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inducing the intramolecular hydrogen bond formation within the inclusion complexes to the most stable 

form. From the structural parameters of the angle analysis, the no-flip conformation was found to be the 

major population rather than one- or two-flip conformations of glucopyranose units, resulting from the small 

fluctuation occurred in the simulation. According to the MM-PBSA binding free energy calculation, as 

expected for encapsulating the lipophilic guest molecules into the hydrophobic inner cavities, van der 

Waals interaction was the main driving force for the complexation process rather than long-range 

electrostatic interactions. The inclusion complexes of mansonones with hydroxypropylated βCD derivative 

have a higher stability, and are suitable for inclusion complex formation. Moreover, the obtained free 

energies can provide the effect of enantioselectivity of βCD derivatives toward ME and MH enantiomers 

for further use in analytical techniques and pharmaceutical applications. 

 

 

Figure 3. (A) Molecular mechanics energy components in gas phase and (B) the MM-PBSA binding free 

energy (∆Gbind) for all simulated systems. 
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 Project 4: Conformations of 2-Hydroxypropyl-β-cyclodextrin  

2-Hydroxypropyl-β-cyclodextrin (HPβCD) has unique properties to enhance the stability and the solubility 

of low water-soluble compounds by inclusion complexation. An understanding of the structural properties 

of HPβCD and its derivatives, based on the number of 2-hydroxypropyl (HP) substituents at the α-D-

glucopyranose subunits is rather important. In this work, replica exchange molecular dynamics simulations 

were performed to investigate the conformational changes of single and double-sided HP-substitution, 

called 6-HPβCDs and 2,6-HPβCDs, respectively. The results show that the glucose subunits in both 6-

HPβCDs and 2,6-HPβCDs have a lower chance of flipping than in βCD. Also, HP groups occasionally 

block the hydrophobic cavity of HPβCDs, thus hindering drug inclusion. We found that HPβCDs with a 

high number of HP-substitutions are more likely to be blocked, while HPβCDs with double-sided HP-

substitutions have an even higher probability of being blocked. Overall, 6-HPβCDs with three and four 

HP-substitutions are highlighted as the most suitable structures for guest encapsulation (Figure 4), based 

on our conformational analyses, such as structural distortion, the radius of gyration, circularity, and cavity 

self-closure of the HPβCDs. 

 

Figure 4. The perfect conical shape of 6-HPβCDs with three and four HP-substitutions, called as Tri6-

HPβCDs and Tet6-HPβCDs 
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3. Objectives (there are four projects according to the summary mentioned above) 

Project 1: In silico screening of mansonones against DNA topoisomerase IIα 

 The main bioactive MG extracted from Mansonia gagei and its semi-synthetic compounds were selected 

to study the preferential binding site and dynamics behavior as well as to predict the inhibitory activity against 

TopoIIα using molecular modeling techniques. 

Project 2: In silico and in vitro screening of chalcones against DNA topoisomerase IIα 

 In order to find new potential anti-cancer agents against hTopoIIα, the newly 47 chalcone derivatives 

were designed and then screened in silico using a molecular docking approach. The potent chalcones with a 

more favorable interaction energy than that of the known hTopoIIα inhibitors were then synthesized and tested 

for their in vitro cytotoxicity towards three cell lines derived from urinary bladder (HT-1376), cervical (HeLa) and 

breast (MCF-7) cancers. Then, all-atom molecular dynamics (MD) simulations were performed to investigate 

the structure and dynamics properties as well as the ligand-target interactions between the most potent 

chalcone and hTopoIIα.   

Project 3: Formation of mansonone/cyclodextrin complex 

 Mansonone E (ME) and H (MH) enantiomers were subjected to investigate the structural dynamics as 

well as to predict the suitable host molecules for inclusion complexation using computational tools. 

Project 4: Conformations of 2-Hydroxypropyl-β-cyclodextrin 

We applied the replica exchange molecular dynamics (REMD) method on βCD and HPβCDs models to 

study the conformational change affected by the different numbers of HP-substitutions on the O2 and/or O6 

atoms. The structural behaviors of all models were analyzed based on structural distortion analysis, the radius 

of gyration, circularity, and the cavity self-closure of the HPβCDs. By doing so, the best candidate of the 

HPβCDs with a suitable amount of HP-substitution, representing the perfect conical shape for molecular 

encapsulation, will be provided as a useful guideline for the suitable substitution degree of HPβCD. 

Note: The outputs of the all objectives will be given in Appendix section 
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4.  Methodology  

Project 1: In silico screening of mansonones against DNA topoisomerase IIα 

 

Preparation of initial structure and molecular docking   

The crystal structure of human TopoIIα ATPase domain complexed with AMP-PNP (PDB ID: 1ZXM) [1] 

and cleavage/relegation domain complexed with DNA (PDB ID: 4FM9) [2] containing the merbarone binding 

pocket inside the central domain [3] were obtained from Protein Data Bank (PDB). To search for the etoposide 

binding pocket, a homology model of TopoIIα was constructed by SWISS-MODEL server [4] using etoposide-

TopoIIβ complex (PDB ID: 3QX3) as a template according to the previous study [5]. Afterward, the homology 

model and template were superimposed to identify the location and amino acid residues of etoposide binding 

site (Fig. S1 in supplementary data). The protonation states of all ionizable amino acids were determined at 

pH 7.0 using PROPKA 3.0 [6]. The starting structures of salvicine (14690081) , 1,4-BQ (895247) , etoposide 

(3938684) , and merbarone (17128283)  were taken from ZINC database [7], whereas the MG and its 18 

derivatives were built according to the previous research [8, 9] and fully optimized by the HF/6-31(d) level of 

theory using Gaussian09 program [10]. Subsequently, each of them was docked with 100 independent docking 

runs into three different pockets of TopoIIα using CDOCKER module [11] in the Accelrys Discovery Studio 

2.5Accelrys Inc. and selective integrated tempering sampling based docking (SBD) approach [12]. Note that (i) the 

co-crystalized AMP-PNP (Fig. 1B), (ii) etoposide (Fig. 1C), and (iii) Mg2+ and TyrB805 (Fig. 1D) were defined 

as binding sites (CDOCKER: 15 Å of sphere radius and SBD: 22 x 18 x 20 Å of grid box) for ATPase domain, 

etoposide binding pocket, and central domain, respectively. According to the standard procedure [13-15], the 

electrostatic potential (ESP)  charges around the optimized MG structures were computed using the same 

method and basis set.  The antechamber and parmchk modules implemented in AMBER16 were used to 

generate the restrained ESP ( RESP)  charges and corresponding parameters of MGs, respectively.  The 

AMBER ff14SB force field [16] was applied for the protein, whereas the ligands were treated by the generalized 

AMBER force field (GAFF) [17]. The missing hydrogen atoms were added by the LEaP module followed by 

minimization with 1000 steps of the steepest descents (SD)  and continued by 2500 steps of conjugated 

gradient (CG)  approaches on the hydrogen atoms only. Afterward, each system was solvated using TIP3P 

water model [18] in truncated octahedron periodic box with the minimum distance of 12 Å from the protein 

surface.  The chloride ions were added for neutralizing the systems.  The water molecules only were then 
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minimized using the same SD and CG minimization processes. Lastly, the whole system was fully minimized 

using the same procedures. 

Selective integrated tempering sampling (SITS) based docking  

Selective integrated tempering sampling (SITS) is the technique that can selectively enhance the sampling 

of the solute without transforming the solvent structures [12]. This method combines the replica exchange with 

solute tempering (REST) [19, 20] with integrated tempering enhanced sampling (ITS) simulations [21].  

Molecular dynamics simulations and free energy calculations 

The selected enzyme-ligand complexes from molecular docking were subsequently studied by MD 

simulations under periodic boundary condition with NPT ensemble using time steps of 2 fs according to 

previous works [22-24]. The Particle Mesh Ewald (PME) summation approach was applied to treat long-range 

electrostatic interactions [25], whereas the short-range cutoff for non-bonded interactions was set as 12 Å. 

Temperature and pressure were controlled by Berendsen weak coupling algorithm [26]. The SHAKE algorithm 

was used to constrain all covalent bonds involving hydrogen atoms [27]. The simulated models were heated up 

to 310 K for 100 ps and continuously held at this temperature for another 80 ns.  The root-mean-square 

displacement (RMSD) , hydrogen bond (H-bond)  occupation, solvent accessible surface area (SASA) , and 

principal component analysis (PCA)  were calculated by the cpptraj module, whereas the MM/PB(GB)SA 

binding free energy and the per-residue decomposition energy were estimated by MM/PBSA.py implemented in 

AMBER16. 

Project 2: In silico and in vitro screening of chalcones against DNA topoisomerase IIα 

Computational methods 

Molecular docking  

Due to the possibility of the inhibition of two motifs of the hTopoIIα (ATP binding site in the ATPase 

domain and the etoposide binding pocket in the hTopoIIα/DNA complex), the predicting mode of the inhibitory 

activity of chalcones on both sites was studied by molecular docking using the CDOCKER module of Accelrys 

Discovery Studio 3.0 (Accelrys, Inc.) as previously reported [28]. The starting structures of the 47 designed 

chalcone derivatives were built by the GaussView program, while those of salvicine and etoposide were taken 

from the ZINC database. To validate the docking method, the co-crystallized ligands were initially docked into the 
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binding pocket with 100 independent runs, i.e., docking of AMP-PNP into the ATP binding site of the hTopoIIα 

ATPase domain (1ZXM.pdb), and etoposide into its binding pocket of the hTopoIIα/DNA complex (3QX3.pdb). 

The position of docked ligands did not differ significantly from the crystallized conformation ligands (RMSD = 

0.80 Å for AMP-PNP and 0.44 Å for etoposide) and so the 47 chalcones were then separately docked into both 

sites, while salvicine (used as the reference compound at the ATPase domain) was only docked into the ATP 

binding site. The chalcones with predicted interaction energies towards hTopoIIα that were more favorable than 

those of the known inhibitors were synthesized and their cytotoxicity against the three cancer cell lines was 

tested. 

MD simulation  

All-atom MD simulations under a periodic boundary condition were performed on the most potent chalcone 

selected from the in vitro cytotoxicity study (section 2.3.3) in complex with hTopoIIα in aqueous solution, 

following the previously reported MD study on the binding of mansonone G to hTopoIIα [28]. The partial charges 

of the ligand were prepared according to standard procedures [23]. The ligand was optimized with ab initio 

calculation using the HF/6-31G* method in the Gaussian09 program [29]. The electrostatic potential (ESP) 

charges of the ligand were calculated using the same level of theory, and then the restrained ESP (RESP) 

charges were obtained by the charge fitting procedure using the antechamber module in the AMBER 14 package 

program [30]. The general AMBER force field (GAFF) and AMBER ff03 force field [31] were applied for the 

ligand and protein, respectively. The protonation states of all ionizable amino acids were determined using 

PROPKA 3.1[32]. The complex was solvated by TIP3P water molecules [18] within 12 Å around the system 

surface. Chloride ions were introduced to neutralize the total positive charge of the chalcone/hTopoIIα complex.  

To remove the bad contacts and steric hindrance, the added hydrogen atoms were minimized with 1000 

steps of steepest descents (SD) followed by 2000 steps of conjugated gradients (CG) using the Sander module 

in AMBER 14. The water molecules and ions were then minimized with 500 steps of SD followed by 500 steps 

of CG, while a 500 kcal/mol Å2 force constant was used to restrain hTopoIIα. The whole system was then fully 
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minimized with 1000 steps of SD and CG. All covalent bonds involving hydrogen atoms were constrained by the 

SHAKE algorithm [33]. The long-range electrostatic interactions were calculated according to the Particle Mesh 

Ewald (PME) approach [25] with a cutoff distance of 12 Å for non-bonded interactions. 

The system was heated to 310 K for 100 ps and then simulated at the same temperature for 80 ns in the 

NPT ensemble using a time step of 2 fs. The MD trajectories in the production phase were taken for analysis in 

terms of the per-residue decomposition free energy and intermolecular hydrogen bonds (H-bonds) between the 

ligand and hTopoIIα using the MM/PBSA.py and cpptraj modules, respectively. The percentage of H-bond 

occupation was calculated using the two criteria of: (i) the distance between proton donor (HD) and acceptor 

(HA) atoms ≤ 3.5 Å, and (ii) the angle of HD-H…HA > 120°.  

Experimental approach  

Synthesis of chalcone derivatives  

The three selected chalcones (3c, 3d and 3f) were synthesized by Claisen-Schmidt condensation with 

some modifications between selected acetophenones and benzaldehydes under a basic condition, according to 

the procedures described by Cabrera [34]. The target products were purified by column chromatography and 

their structures were elucidated by NMR spectroscopy.  

Cell culture and sample preparation 

Stock cultures of HT-1376, HeLa and MCF-7 cell lines were grown in T-75 flasks in complete medium 

(CM; DMEM, 10% (v/v) FBS and 1% (v/v) Pen-Strep) at 37 °C under 5% (v/v) CO2. They were subculture once a 

week, for HeLa and MCF-7 cells at a 1:100 ratio and for HT-1376 at 1:20 ratio by washing with PBS and then 

the cells were detached with trypsin. The 10-1 M stock solution of each respective chalcone derivative was 

prepared in 100% DMSO. 

Cytotoxicity assay   

The cytotoxicity of the chalcones and salvicine was measured according to a published method [35] with 

some modifications. The cell viabilities of three cancer cell lines (HT-1376, HeLa and MCF-7) exposed to the 
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screened chalcone derivatives were evaluated by the MTT assay. The cell suspension (100 μL) was seeded into 

96-well plates at a density of 2 × 106 cells/well and then incubated for 24 h under normal culture conditions 

before the addition of the respective test compound at various concentrations (100, 50, 25, 12.5 and 0 (control) 

μM and incubated for another 24 h. Then, 10 µL of fresh MTT solution (5 mg/mL) was added to each well and 

incubated at 37 °C for 2 h, before the reaction was stopped by adding 100 μL of DMSO. The absorbance was 

measured at 570 nm with correction for background at 690 nm using a microplate spectrophotometer system 

(Infinite M200 micro-plate reader, Tecan). The amount of the colored product is assumed to be directly 

proportional to the number of viable cells. Each experiment was performed in triplicate and repeated three times. 

The percentage cell viability in each compound was calculated relative to the control, and the IC50 values were 

determined in comparison with untreated controls using the Table Curve 2D program version 5.01.  

Expression and enrichment of the recombinant (r)hTopoIIα ATPase domain  

Expression and enrichment of the rhTopoIIα ATPase domain was modified from that reported [36]. The 

expression plasmid pET28b-hTopollα-ATPase was transformed into Escherichia coli BL21 (DE3) cells and a 

transformant colony was selected for large-scale protein expression and grown at 37˚C to an optical density at 

600 nm of ~0.6 in LB broth (2 L) containing 50 µg/mL kanamycin. Protein expression was then induced by 

adding 0.5 mM IPTG at 30 ˚C for 5 h. The cells were harvested by centrifugation at 6000x g, 4˚C and 

resuspended in lysis buffer (50 mM Tris-Cl pH.8, 0.5 M NaCl, 5 mM imidazole, 0.5% (v/v) TritonX-100, 1 mM 

PMSF) and lysed by sonication. After clarification by centrifugation (as above) the supernatant was harvested, 

and the rhTopoIIα-ATPase enriched for using HisTrap Chelating HP and Resource S column chromatography, 

eluting in exchange buffer (50 mM Tris pH.7.5, 50 mM NaCl, 5% (v/v) glycerol, 50 mM KCI, 5 mM MgCl2) from a 

PD-10 desalting column. The enriched protein was analyzed by 12% sodium dodecyl sulphate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and stained by Coomassie blue.  
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ATPase assay 

The inhibitory activities of salvicine and chalcone 3d were determined by measuring the ATPase activity of 

rhTopoIIα-ATPase using the ADP-Glo™ Kinase Assay. Briefly, 8 µL of buffer (40 mM Tris-HCI pH 7.5, 20 mM 

MgCl2, 0.1 mg/mL BSA) was added to each well of a 384-well plate (Promega, solid white) with 5 µL of 

enzymes (10 ng/µL) and 2 µL of the test compound at different concentrations. The reaction was initiated by the 

addition of 5 µL of 12.5 µM ATP, allowed to proceed for 1 h at room temperature and then stopped by the 

addition of 5 µL of ADP-Glo™ Reagent and incubating at room temperature for 40 min. Next, 10 μL of Detection 

Reagent was added and incubated for 30 min prior to the addition of luciferase and luciferin to detect the ATP by 

measuring the luminescence of each well with a microplate spectrophotometer system (Synergy HTX Multi-Mode 

reader, BioTek). All assays were performed in triplicate.        

Project 3: Formation of mansonone/cyclodextrin complex 

The optimized structures of βCD and its four derivatives (2,6-DMβCD, 2-HPβCD, 6-HPβCD and 2,6-

DHPβCD) were taken from our previous study [37]. Note that the commercially available HPβCD is a partially 

substituted poly(hydroxypropyl) ether of βCD with various degrees of substitution (DS) [38].  Three models of 

HPβCD derivatives including 2-HPβCD (DS=1), 6-HPβCD (DS=1) and 2,6-DHPβCD (DS=2) [39] were used 

as representative structures for the study of the encapsulation reaction. For the RMβCD, the structure was 

constructed by removing some substituents from 2,6-DMβCD according to the strength of nucleophilicity 

(primary hydroxyl groups > secondary hydroxyl groups). Therefore, the three methyl groups are located on the 

secondary rim at the D-(+)-glucopyranose units 1, 3 and 5, while the hydroxyl groups on the primary rim were 

fully substituted by seven methyl groups. The starting structures of two mansonones, ME and MH, including 

their stereoisomers were built and subsequently optimized by the HF/6-31(d) basis set using Gaussian09 

program [29]. The inclusion complexes between each mansonone molecule and all six βCDs were constructed 

by a docking procedure with 500 independent runs using the CDOCKER module implemented in the Accelrys 

Discovery Studio 2.5Accelrys Inc.. Subsequently, the best three docked complexes at each binding mode were then 
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studied by the classical MD simulations in aqueous solutions using the AMBER14 software package [40]. 

According to the standard procedures [13, 41-43], the electrostatic potential (ESP) charges around the 

optimized mansonone structures were calculated by HF/6-31(d) level of theory using Gaussian09 program. The 

charge fitting procedure (antechamber module) and parmchk module were used for generating the restrained 

electrostatic potential (RESP) charges and their parameters of two mansonones, respectively. The Glycam06 

force field [44] was applied for βCD and its derivatives, whereas the mansonones were treated by the 

generalized AMBER force field (GAFF). To release bad contacts and to relax the structures prior to MD 

simulations, all hydrogen atoms of βCDs and the mansonone molecules were minimized with 1000 steps of 

the steepest descents (SD) method and continued by 3000 steps of conjugated gradient (CG) method. 

Afterwards, the inclusion complexes were solvated using TIP3P water model with the minimum distance of 15 

Å from the system surface. As a result, all systems consisted of 2100 ± 42 water molecules in an 

approximately 50  50  50 Å3 truncated octahedron periodic box. The water molecules were then only 

minimized with the SD (1000 steps) and CG (3000 steps). Finally, the whole system was minimized using the 

same minimization process. The periodic boundary condition with NPT ensemble was applied for all simulated 

systems using a time step of 2 fs. Pressure and temperature were controlled by the Berendsen weak coupling 

algorithm [26]. The cutoff distance for long-range electrostatic interactions was set to 12 Å using the Particle 

Mesh Ewald (PME) summation approach [45]. The SHAKE algorithm [27] was used to constrain all bonds 

involving hydrogen atoms. The models were heated up to 298 K with the relaxation time of 60 ps, and 

continuously held at this temperature for another 30 ns. The cpptraj module of AMBER14 program was used to 

calculate the root-mean-square displacement (RMSD), the potential energy surface (PES), the flip angle of 

glucopyranose units, the distance between the centers of gravity of each mansonone ring and βCD(s), and the 

radial distribution function (RDF). The MM-PBSA binding free energy of all inclusion complexes were estimated 

by mm_pbsa.pl module [46] using the 100 snapshots extracted from the last 5-ns simulation.  
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Project 4: Conformations of 2-Hydroxypropyl-β-cyclodextrin 

The optimized structures of native βCD and Hep6-HPβCD were taken from our previous studies [37, 47]]. 

The other HPβCD derivatives were prepared by different numbers of 2-hydroxypropyl (HP) substitutions at the 

O2 or O6 positions on α-D-glucopyranose units with substitution degrees of around 0.14–1.14 from one to eight 

HP-substitutions on βCD, as shown in Figure 4 The HP-substitutions on βCD in this work were divided into two 

groups, single- and double-sided substitutions. For the single-sided HP-substitution (Figure 4a), the HP groups 

were substituted with from one up to seven HP, only on O6 atoms of the primary rim (called as 6-HPβCDs), 

because the O6 is more reactive compared to O2 atoms of the secondary rim. In the case of double-sided HP-

substitution (Figure 4b), the structures were generated by introducing from one up to four HP groups at the O2 

atoms of the non-substituted glucose units (called as 2,6-HPβCD), as defined in Table 4 

 



16 
 

Figure 4. Models introducing 2-hydroxypropyl (HP) groups at the O2 (red) and/or O6 (blue) positions on glucose 

subunits. 

Table 4. Model summary of introducing HP groups at the O2 and/or O6 positions on glucose subunits. 

Models Degree of Substitution O2 Substitution O6 Substitution 
βCD 0.00 None None 

Single-sided HP-substitution 
Mon6-HPβCD 0.14 None 1 (At glucose unit 1) 
Di6-HPβCD 0.28 None 2 (At glucose units 1 and 3) 
Tri6-HPβCD 0.43 None 3 (At glucose units 1, 3, and 5) 
Tet6-HPβCD 0.57 None 4 (At glucose units 1, 3, 5, and 7) 
Hep6-HPβCD 1.00 None 7 (At all glucose units) 

Double-sided HP-substitution 
Mon2Tet6-HPβCD 0.71 1 (At glucose unit 4) 4 (At glucose units 1, 3, 5, and 7) 
Di2Tet6-HPβCD 0.85 2 (At glucose units 2 and 6) 4 (At glucose units 1, 3, 5, and 7) 
Tri2Tet6-HPβCD 1.00 3 (At glucose units 2, 4, and 6) 4 (At glucose units 1, 3, 5, and 7) 
Tet2Tet6-HPβCD 1.14 4 (At glucose units 2, 4, 6, and 7) 4 (At glucose units 1, 3, 5, and 7) 

 

Overall, 10 CD structures were generated, to study how different numbers of HP influence the structural 

behavior, using REMD simulations. A detailed information of the REMD method is given elsewhere [48, 49]. 

The REMD simulations were performed by the Amber 14 package [50]. The parameters of βCD and HPβCDs 

were taken from the Glycam06 carbohydrate force field [51, 52], with the solvation model based on the 

generalized Born (GB) implicit solvent model, Igb5, which gives a suitable description of cyclodextrin εCD, as 

reported by Khuntawee et al. [53], and the smaller sizes of CDs (αCD-γCD, unpublished data) relative to the 

available crystal structures and MD studies in the explicit solvent model. The initial structures of βCD and all 

HPβCDs were fully minimized with 2000 steps of the steepest descent method, followed by 1000 steps of the 

conjugated gradient method to relax the structures before simulation. The REMD simulations were performed 

for 30 ns per replica, including an equilibration step for 5 ns, and the conformations at all temperatures were 

collected every 1 ps for 25 ns. The temperature distribution and the number of replicas were tested to obtain a 

reasonable replica exchange simulation. The results confirm that the temperature from 269.5 K to 570.9 K, with 

interval steps of around 30-60 K, was proper for the present case. All parameters of the structural distortion, 
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the radius of gyration, circularity, and cavity self-closure were analyzed from 25,000 snapshots taken from 

REMD simulations. 
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