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Abstract 
 

Sirtuin 1 (SIRT1) is a class III histone deacetylase that regulates several cellular processes. SIRT1 overexpression is found in 
many cancer cases and is a potential therapeutic target. Unlike resveratrol, several stilbenoid dimers have been identified as 
SIRT1 inhibitors. This work studied the interaction and dynamic behavior of stilbenoid dimers and SIRT1. Prediction of binding 
free energy (∆Gbind) was calculated using the QM/MM-GBSA approach for each system, which resulted in 1NS-SIRT1: -21.44 
kcal/mol, DS1-SIRT1: -25.94 kcal/mol, and DS2-SIRT1: -12.48 kcal/mol. These indicated that DS1 has a better chance as a SIRT1 
inhibitor than DS2. The presence of glucose groups in DS1 potentially increased intermolecular interactions in the form of key 
residues and hydrogen bonds. Additionally, the quantum mechanical properties of DS1 and DS2 using the DFT/B3LYP/6-
311++G(d,p) method were applied. The DS1 has three hydroxyls in the glucose group (3'-OH, 4'-OH, and 6'-OH) that could be 
reactive as nucleophiles and electrophiles. Furthermore, pharmacokinetic studies showcased the non-toxic properties of DS1. 
The analyses presented in this study could provide information on the quantum mechanical properties and inhibitory 
efficiency of stilbenoid dimers based on computational studies. 
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1. Introduction  

Sirtuins, or class III histone deacetylases, have seven enzymes 

(SIRT1-7) found in subcellular, such as cytoplasm, nucleus, 

and mitochondria.[1,2] It has been known that sirtuin enzyme 

activity was expressed in several cases of human cancers.[3–5] 

In particular, the enzyme sirtuin-1 (SIRT1) plays a role in cell 

proliferation and apoptosis.[6] Additionally, the SIRT1 enzyme 

also mediated the development of cancer cells through cell 

cycle pathways such as p53,[7] KU70,[8] RB1,[9] NFkB,[10] and 

FOXO.[2,9] Several previous studies have reported that the 

activity of the SIRT1 enzyme contributes to the growth of 

various types of tumors/cancer, such as prostate,[4,11] breast,[12,13] 

lung,[14] colon,[15] and ovarian.[16] 

To date, studies on the activity of the SIRT1 enzyme are 

still controversial. SIRT1 has exhibited a pro-tumor and anti-

tumor role in cancer regulation.[2,4] Therefore, this enzyme's 

mechanism of inhibition or activation is essential to study. 

Previous reports disclosed that SIRT1 inhibitors or activators 

could be obtained from either synthetic or natural product 

compounds.[17–20] Amongst these compounds, resveratrol, as 

part of stilbenoid natural products, was known to be the most 

effective SIRT1 activator.[21] However, the combination of 

resveratrol monomers in the form of dimers and tetramers also 

provided different activities as SIRT1 inhibitors.[19,20] In detail, 

the inhibitory activity of stilbenoid towards SIRT1 showed 
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promising results, namely from (-)-ampelopsin F (IC50 24.4 

μM) and (+)-hopeaphenol (IC50 3.45 μM).[19] Meanwhile, the 

most effective synthesized compound to inhibit SIRT1 was 

EX-A5171 or 1NS (Fig. S1), which showed inhibitory activity 

IC50 of 4.00 nM.[17] 

Diptoindonesin A (DS1) and -viniferin (DS2) (Fig. 1) are 

stilbenoid dimers isolated from the tree bark of Shorea seminis 

that is widely distributed in multiple Indonesian regions.[22] 

The stilbenoid dimers’ structure consists of two resveratrol 

monomer units linked by a hydrofuran ring between regions A 

and B, as seen in -viniferin (DS2), one of the widely known 

stilbenoid dimers.[19,22] Unfortunately, -viniferin did not show 

any inhibitory effect on the SIRT1 enzyme at a concentration 

of 100 μM.[19] Meanwhile, Diptoindonesin A (DS1) is a new 

C-glucoside of -viniferin in which the glucose ring binds to 

the C-12b atom of the resveratrol region B monomer. The 

presence of this glucose group is expected to provide a better 

inhibitory activity than its core structure, -viniferin. This 

consideration is based on the presence of a glucose group that 

has a greater chance of interacting with the key residue at the 

SIRT1 enzyme binding site through hydrogen bond 

interactions. Thus, studying the interaction of stilbenoid 

dimers at the molecular level is essential. Previous studies 

have reported the interaction of stilbenoid tetramers with 

SIRT1 at the molecular level, but no reports for the dimers.[20] 

Therefore, molecular studies of the new C-glucoside of -

viniferin are needed to understand its molecular interactions 

with SIRT1. Through these studies, we hope to understand the 

differences in molecular interactions between Diptoindonesin 

A and -viniferin against the SIRT1 enzyme. 

 
Fig. 1 The chemical structure of Diptoindonesin A (DS1) and -

viniferin (DS2) labels in each region: blue for resveratrol region 

A, black for resveratrol region B, and orange for glucose. 

 

Molecular studies are a reliable solution to understanding 

the interaction between stilbenoid derivatives and the SIRT1 

enzyme.[20,23] It can be studied through a combination of 

molecular docking and molecular dynamics (MD) simulation, 

which has been widely used.[24] The evaluation of binding 

affinity is performed through the Quantum 

Mechanics/Molecular Mechanics-Generalized Born 

(QM/MM-GBSA) approach, which is known to have good 

reliability.[25,26] The binding affinity calculation requires much 

cost and time. However, it has accurate predictive results 

compared to conventional such as Molecular Mechanics 

(MM).[27] Meanwhile, quantum chemical modeling plays a 

crucial role in understanding the physicochemical properties 

of stilbenoid dimers. It also has been known that the density 

functional theory (DFT) method has advantages in studying 

the electronic structure of the molecule being modeled.[28–30] 

The limitation of this research is that it only performs an 

analysis based on the prediction of the Diptoindonesin A 

activity against the SIRT1 enzyme through computational 

studies (in silico). Therefore, we recommend that further 

analysis should be carried out using in vitro and in vivo 

approaches in the future. The goal is to obtain a more 

comprehensive analysis in studying the interaction of 

Diptoindonesin A against the SIRT1 enzyme. The study 

conducted in this research is expected to provide insight at 

molecular level into the potential of Diptoindonesin A (a new 

C-glucoside of -viniferin) as an inhibitor of the SIRT1 

enzyme. 

 

2. Experimental section 

2.1 Pharmacokinetic prediction 

Diptoindonesin A (DS1) and -viniferin (DS2) were candidate 

compounds. The pkCSM server was used to calculate the 

pharmacokinetic properties such as absorption, distribution, 

metabolism, excretion, and toxicity (ADMET).[31] The 

calculation of ADMET properties used a 2D structure 

(SMILES format) for each candidate. The calculation process 

was used as an initial reference in seeing the candidate's 

biological activity as a criterion for a good drug. 

 

2.2 Quantum chemical modeling 

The quantum chemical calculations were performed by using 

the Gaussian 16W package. The geometry of the stilbenoid 

dimers was optimized using the DFT method with a Becke 3-

parameter hybrid functional Lee-Yang-Parr (B3LYP).[32] The 

basis set of the molecular structure calculation of the 

stilbenoid dimers was 6-311++G(d,p). Several quantum 

chemical properties were then calculated, such as proton 

chemical shift, Fukui function, molecular electrostatic 

potential (MEP), and global reactivity. Calculating proton 

chemical shift was performed by the gauge independent 
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atomic orbital (GIAO) approach in the gas and solvation 

state.[33] The solvent model used was acetone with the integral 

equation formalism of the polarizable continuum model 

(IEFPCM). The results of the chemical shift modeling were 

calculated based on the corresponding TMS shielding at the 

GIAO/B3LYP/6-311+G(2d,p) level of theory as a reference. 

Parameters of correlation and accuracy between experimental 

and theoretical proton chemical shift were evaluated through 

statistical analysis, such as coefficient of determination (R2 

and R0
2 ), absolute error/MAE (Eqn. 1), root mean square 

error/RMSE (Eqn. 2), and mean absolute percentage 

error/MAPE (Eqn. 3). 
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Fukui function calculation aims to determine the most 

electrophilic (f
x

  -
) and nucleophilic (f

x

  +
) sites. These variables 

can be calculated using Eqns. 4 and 5. The variable Q shows 

the partial charge of each atom (x) of the modeled molecule. 

In summary, Qx (M), Qx (M-1), and Qx (M+1) represent the 

electronic population of an atom (x), which has a neutral 

charge, cations, and anions. Meanwhile, ∆f
x
  (Eqn. 6) shows 

the criteria for an atom (x) to be electrophilic when the value 

of ∆f
x
 > 0 and nucleophilic ∆f

x
 < 0.[34] 
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The charge distribution is visualized through molecular 

electrostatic potential (MEP) analysis. Electron density 

distribution in the form of HOMO-LUMO was studied 

through energy gap analysis (Eqn. 7). The distribution of 

electrons in the highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) regions are 

the primary references in studying molecule reactivity. Several 

global reactivity parameters were calculated,[35] including 

electronegativity/x (Eqn. 8), chemical potential/μ (Eqn. 9), 

global hardness/η (Eqn. 10), global softness/s (Eqn. 11), and 

electrophilicity index/ω (Eqn. 12). 

∆Egap = EHOMO-ELUMO            (7) 

x = -1/2(ELUMO-EHOMO)          (8) 

μ = -x                                   (9) 

η = 1/2(ELUMO-EHOMO)        (10) 

s = 1/2η                 (11) 

ω = μ2/2η          (12) 

 

2.3 Ligand and receptor preparation 

The co-crystal structure of SIRT1 from the protein data bank 

(PDB ID: 4ZZI) was selected as the targeted protein. The 

native ligand EX-A5171 (PDB ID: 1NS) binds to the SIRT1 

active site. This 1NS ligand is a SIRT1 inhibitor with good 

inhibitory activity.[17] The coordinate of 1NS ligand (control) 

and SIRT1 enzyme (receptor) from co-crystals was extracted 

using the Chimera 1.13 package, while the missing residues 

on receptors were rebuilt using Modeller 9.21 package. For the 

preparation of stilbenoid dimers (DS1 and DS2), the 

electrostatic potential (ESP) charges were calculated using 

DFT/B3LYP/6-311++G(d,p) method. Additionally, the 

addition of hydrogen atoms, AMBER FF14SB force field, and 

AM1-BCC aims to calculate missing parameters, such as 

bonded, non-bonded, and charge. 

 

2.4 Molecular docking 

The DOCK6 package performed all steps in molecular 

docking. The redocking stage aims to determine the binding 

site of the SIRT1 enzyme based on the 1NS coordinates. 

Several parameters were used in the redocking process, such 

as grid-spacing: 0.50 Å, center (X: 7.55, Y: 36.11, Z: -7.31), 

and dimensions (X: 28.86, Y: 27.32, Z: 23.51). The redocking 

stage is successful if the 1NS ligand superposition has an 

RMSD ≤ 2.0 Å.[36] Next, the stilbenoid dimers were docked on 

the SIRT1 enzyme based on the coordinates obtained in the 

redocking stage. The interaction energy in the molecular 

docking process was calculated using a grid score functional 

approach with the anchor-and-grow algorithm.[37] 

 

2.5 Topology and system minimization 

The simulation topology was prepared by tleap, which is 

available in the AMBER18 package. Topology preparation 

aims to produce a simulation system consisting of ligand, 

receptor, solvated receptor, complex, and solvated complex. 

The addition of the AMBER (FF14SB) force field was 

applied.[38] Preparation of solvated receptor and solvated 

complex used solvatebox TIP3PBOX (distance: 12 Å) with 

source leaprc.water.tip3p. The sodium ions (Na+) were added 

randomly to neutralize the system, and the minimization 

process was carried out to minimize atomic contact and 

unfavorable steric hindrance in the system. The system was 

minimized in three stages: water molecules and sodium ions, 

ligand-receptor, and the whole system. The crucial parameters 

used in the minimization process were the steepest descent of 

1500 steps and conjugate gradient of 500 steps. Lastly, the 
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calculation process used the sander tool available in the 

AMBER18 package. 

 

2.6 Molecular dynamics simulation 

The simulation process was performed through several stages, 

such as heating, density, equilibrium, and production, using 

PMEMD.cuda tool[39] contained in the AMBER18 package. 

The heating stage was carried out for 200 ps with a gradual 

temperature setting from 10 K to 310 K. The density stage was 

carried out for 300 ps at a temperature of 310 K. Next, the 

system was equilibrated for 1000 ps in settings with harmonic 

restraints of 30, 20, 10, and 5 kcal/mol/A2. Finally, the whole 

system was produced under NPT ensemble conditions with a 

constant pressure of 1 atm and a temperature of 310 K for 100 

ns. The production stage aims to create trajectories for further 

analysis and evaluation and is saved every 1000 ps per 

trajectory for evaluation purposes. 

 

2.7 Trajectory analysis 

Trajectory analysis was calculated using cpptraj[40] and 

MMPBSA.py[41] tools, which are also available in the 

AMBER18 package. The trajectory was calculated in the form 

of root-mean-square displacement (RMSD), atomic contacts, 

radius of gyration (RoG), water accessibility, and hydrogen 

bond (H-bond). Binding free energy (∆Gbind) was calculated 

using the last 40 ns (160-200 ns) of the Quantum 

Mechanics/Molecular Mechanics-Generalized Born 

(QM/MM-GBSA) approach. Several critical parameters, such 

as the generalized Born solvation model: 2 and QM level 

theory: DFTB method, were used. The entropy change (-T∆S) 

was calculated based on the normal mode approximation 

(NMODE). Meanwhile, the calculation of free energy 

decomposition (∆G bind
residue) utilized the Molecular Mechanics-

Generalized Born (MM-GBSA) approach. 

Mathematically, ∆Gbind can be calculated through Eqns. 13 

and 14, which are the contribution of the enthalpy (∆H) and 

entropy (-T∆S) changes.[42] More specifically, the contribution 

of free energy in the gas term (∆Ggas) and solvation term 

(∆Gsolv) is responsible for the ∆H term. Meanwhile, the energy 

contribution to ∆Ggas consists of bonded energy (∆Ebonded), van 

der Waals energy (∆EvdW), and electrostatic energy (∆Eele) 

(Eqn. 15). The ∆Gbonded shows the bond, angle, and torsion 

parameters, which have conformational energy equal to zero. 

Thus, the ∆Gbonded term can be neglected in calculating free 

energy. Moreover, the energy contribution to ∆Gsolv consists of 

a generalized Born model (∆Gsolv
ele  ) and solvent-accessible 

surface area energy (∆Gsolv
nonpolar

) (Eqn. 16). In particular, the 

QM method produces a calculation parameter in the form of 

self-consistent energy (∆GSCF). In detail, the calculation of 

∆Gbind can be calculated using the QM/MMGBSA approach 

(Eqn. 17). 

∆Gbind = ∆H - T∆S        (13) 

∆Gbind = ∆Ggas + ∆Gsolv - T∆S               (14) 

∆Ggas = ∆Ebonded + ∆EvdW + ∆Eele                (15) 

∆Gsolv = ∆Gsolv
ele

 + ∆Gsolv
nonpolar

       (16) 

∆Ggas (QM/MM-GBSA) = 

∆EvdW + ∆Eele + ∆Gsolv
ele

 + ∆Gsolv
nonpolar

+ ∆GSCF - T∆S (17) 

 

3. Results and discussion  

3.1 Pharmacokinetic properties of stilbenoid dimers 

ADMET prediction of DS1 and DS2 compounds provided 

initial information on criteria for good drug candidates, as 

detailed in Table 1. DS1 and DS2 compounds were well 

absorbed into the human small intestine with an HIA value > 

30%.[43] Both compounds showed the –BBB category with a 

log BB value < -1.00. It means these two compounds cannot 

penetrate the blood-brain barrier when they enter the body. 

Thus, they would not affect the work of the central nervous 

system.[44] Meanwhile, the effects of these two compounds on 

the body's metabolic cytochrome isoenzyme activity showed 

a positive result. In particular, compound DS1 did not interfere 

with the activities of these enzymes. Moreover, compounds 

DS1 and DS2 did not interfere with the work of renal OCT2, 

which contributes to renal excretion. Toxicity prediction 

Table 1. Prediction of ADMET properties using pkCSM server. 

Parameters DS1 DS2 

Absorption 

Intestinal Absorption-Human (% 

Absorbed) 

75.90 90.84 

Distribution 

BBB Permeability (log BB) -1.44 -2.73 

Metabolism 

CYP1A2 Inhibitor No No  

CYP2C19 Inhibitor No Yes 

CYP2C9 Inhibitor No Yes 

CYP2D6 Inhibitor No No 

CYP3A4 Inhibitor No No 

Excretion 

Renal OCT2 Substrate No No 

Toxicity 

AMES Toxicity No No 

Hepatotoxicity No No 

Skin Sensitisation No No 

Intestinal Absorption-Human (+): HIA > 30% and Intestinal 

Absorption-Human (-): HIA < 30%. BBB Permeability (+): log 

BB > 0.30 and BBB Permeability (-): log BB < -1.00. 
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indicated that both compounds were non-toxic with the criteria 

of non-AMES toxicity, non-hepatotoxicity, and non-skin 

sensation. These are essential parameters in determining a 

particular compound as a promising drug candidate. Overall, 

the prediction of ADMET properties gave good results for 

DS1 and DS2 compounds. 

 

3.2 Proton chemical shift 

Chemical shift (proton) modeling was performed on gas and 

solution phases (acetone-IEFPCM) using the 

GIAO/B3LYP/6-311+G(2d,p) basis set as a reference 

approach. Using IEFPCM parameters on the solvent aims to 

stimulate the effect of the solvent. Determination of proton 

chemical shift (1H-NMR) using the DFT method is considered 

more sensitive than carbon chemical shift (13C-NMR) and has 

been widely applied by previous studies.[45–48] Proton chemical 

shift analysis offers a decisive fingerprint criterion for 

determining the dominant molecular structure in a solution.[48] 

Therefore, performing a proton chemical shift analysis using 

the DFT method. 

Our previous work experimentally obtained proton 

chemical shifts of DS1 and DS2 compounds.[22] The 

calculation of the proton chemical shift of each compound 

showed a good correlation with the experimental results (Fig. 

2). In detail, the proton chemical shifts of DS1 and DS2 are 

listed in Tables S1 and S2. Correlation results through linear 

regression analysis showed the value of R2 and R0
2  ≥ 90% 

(Table 2), with the linear equations for each compound found 

to be y = 0.8817x + 0.7945 (in gas) and y = 0.9011x + 0.8112 

(in acetone) for DS1 and y = 1.1594x - 1.1655 (in gas) and y 

= 1.1669x - 1.0558 (in acetone) for DS2. Meanwhile, the 

accuracy analysis between experimental and theoretical is 

presented by the MAE, RMSE, and MAPE parameters, as 

detailed in Table 2. Commonly, the smaller the parameter 

value, the better the accuracy results,[49] and particularly for the 

MAPE parameter, our results showed that each model has a 

MAPE ≤ 10%. It indicated that the accuracy of each model has 

excellent criteria and deserves further analysis. Overall, the 

statistical evaluation revealed promising results between 

experimental and theoretical. 

 

3.3 Electronic structure properties 

The optimized structure study aims to understand several 

electronic structure properties of stilbenoid dimers, including 

Fukui function, molecular electrostatic potential (MEP), and 

global reactivity. Fukui function is used to analyze the 

reactivity of each atom[34] and to determine each atom's 

nucleophilic and electrophilic properties in a modeled 

compound.[50] In this case, we describe the Fukui function of 

hydroxy groups in resveratrol monomer and glucose and esters 

in furan rings and glucose (Tables S3 and S4). This 

consideration is the possibility of hydrogen bond formation in 

the form of donors and acceptors of these atoms. The results 

disclosed several atoms in DS1 with high nucleophilicity (∆f
x
 

< 0), such as 6'-OH, 3'-OH, and 13b-OH. Meanwhile, several 

atoms in DS1 served as the most electrophilic with ∆f
x
 > 0, 

including 4'-OH, 3'-OH, and 4'-OH. On the other hand, DS2 

only showed a 7a-O-11b atom as an electrophile. Interestingly, 

a glucose group in DS1 increased the number of atoms that 

have the potential to experience interactions compared to DS2. 

This parameter explained the reactivity difference between the 

two compounds. This was also supported by the visualization 

of MEP, which provided a representation of the charge 

distribution on the surface of the molecular structure (Fig. 3). 

The MEP analysis provided an overview of the most negative 

area (red > orange > yellow), the most positive area (blue > 

cyan), and a neutral area or zero charges, as shown in green. 

In general, the hydroxyl group (-OH) served as a nucleophile 

in both structures of these compounds. 

Table 2. Statistical analysis: Accuration and correlation of proton 

chemical shift between experimental and theoretical for 

stilbenoid dimers. 

Parameters Gas Acetone 

DS1 

MAE 0.31 0.32 

RMSE 0.39 0.40 

MAPE 6.68 7.00 

R2 0.92 0.94 

R0
2 0.90 0.92 

DS2 

MAE 0.21 0.16 

RMSE 0.25 0.19 

MAPE 3.47 2.53 

R2 0.93 0.96 

R0
2 0.91 0.94 

 

Energy analysis at the orbital level provides information in 

viewing the molecule's electrochemical behavior,[51] HOMO 

(EHOMO), LUMO (ELUMO), and gap (∆Egap) energies were 

estimated by using DFT/B3LYP/6-311++G(d,p) in the gas 

state. HOMO orbitals act as electron donors and LUMO 

orbitals act as electron acceptors.[50,51] The HOMO-LUMO 

energy parameter was important in understanding the 

molecule reactivity. Additionally, these parameters became the 

primary reference in determining global reactivity, which is 

listed in Table 3. The results showed that the ∆Egap difference 

between DS1 and DS2 was insignificant (~0.52 eV). It was 

observed from the lack of observable changes in each 
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Fig. 2 Proton chemical shift between experimental (δExp) and 

theoretical (δCalc). DS1 (top) and DS2 (bottom) compounds. The 
1H-NMR was calculated using the B3LYP/6-311+G(2d,p) level 

of theory as a reference. 

 

molecule's HOMO and LUMO orbitals, which were located in 

the resveratrol region B structure. Meanwhile, the HOMO and 

LUMO orbitals in the resveratrol region A and the glucose 

were not visible (Fig. 4). From these, we can conclude that 

∆Egap was not affected by the presence of glucose on the DS1 

molecule. 

Table 3. Calculation of global reactivity was calculated using 

DFT/B3LYP-6-311++G(d,p) method in the gas state. 

Molecular Properties DS1 (eV) DS2 (eV) 

EHOMO -5.55 -5.60 

ELUMO -1.67 -1.68 

Electronegativity (x) 3.61 3.64 

Chemical potential (μ) -3.61 -3.64 

Global hardness (η) 1.94 1.95 

Global softness (s) 0.97 0.97 

Electrophilicity index (ω) 3.36 3.38 

 

3.4 Molecular docking analysis 

Molecular docking analysis aims to determine the initial 

orientation of the ligand to the active site of a targeted 

protein.[36,37] The redocking process provides a clear picture of 

the active site coordinates based on the radius of the native 

ligand location (Fig. 5A). The obtained conformations are 

based on the selection of cluster spheres from a radius (10 Å) 

of 1NS ligand pockets. The redocking results showed an  

excellent superposition of 1NS with an RMSD value of 1.40 

Å, which was supported by the previous report.[23] Furthermore, 

the docking process of DS1 and DS2 to the targeted protein 

occupied the SIRT1 binding site well. The scoring process 

used a grid score functional consisting of EvdW + Eele as the 

main contribution of the grid-score value (kcal/mol) in the gas 

term (Fig. 5B). It indicated that DS1 has a better grid score 

than DS2 and 1NS as a control. In addition, some amino acid 

residues were responsible for the interaction process with each

 
Fig. 3 Molecular electrostatic potential was calculated using DFT/B3LYP/6-311++G(d,p) method with isoval: 0.004. The red color 

represents negative charges, while the blue represents positive charges. 
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Fig. 4 HOMO and LUMO images of stilbenoid dimers. The ∆Egap (EHOMO-ELUMO) was calculated using DFT/B3LYP/6-

311++G(d,p) method. 

 

ligand, such as 1NS-SIRT1: ten residues (Fig. 5C), DS1-

SIRT1: nine residues (Fig. 5D), and DS2-SIRT1: ten residues 

(Fig. 5E). However, it was essential to evaluate these results 

further using MD simulation to see the stability, per-residue 

energy decomposition, and binding affinity of each system. As 

discussed in the following section, the obtained coordinates 

from the docking process were used for further analysis 

purposes using MD simulation. 

 

3.5 System stability 

Integrating the obtained coordinates from molecular docking 

into the MD simulation using General Amber Force Field 

(GAFF) has been widely used.[52] The trajectories were 

evaluated along 200 ns simulation for the root-mean-square 

displacement (RMSD), atom contacts, hydrogen bonds (H-

bonds), and radius of gyration (RoG) to see the quality of the 

system formed. The system stability was analyzed by plotting 

all atoms-RMSD fluctuations during the simulation.[53] The 

RMSD analysis was calculated on all atoms, backbone, and 

ligands (Fig. 6). The increasing fluctuation of all atoms-

RMSD in each system showed as follows: 1NS-SIRT1 (range: 

0-25 ns and 175-180 ns), DS1-SIRT1 (0-25 ns), and DS2-

SIRT1 (0-15 ns). These changes indicated a conformational 

change in the complex structure during the simulation time. 

However, there was no significant change in the ligand 

coordinates at the SIRT1 binding site, as seen from the ligand-

RMSD, which did not show any fluctuating changes. Overall, 

the last 40 trajectories (160-200 ns) showed good system 

stability, maintaining at ~0.3-0.4 nm, with a similar trend 

observed on all atoms-RMSD of the apoprotein (Fig. S2). 

Then, phase equilibrium was also measured by calculating the 

value of atom contacts and hydrogen bonds (Fig. 7). In detail, 

the average values for each system were 1NS-SIRT1 (atom 

contacts: 6 ± 2 and H-bonds: 4 ± 1), DS1-SIRT1 (atom 

contacts: 4 ± 3 and H-bonds: 3 ± 1), and DS2-SIRT1 (atom 

contacts: 4 ± 1 and H-bonds: 3 ± 2). Meanwhile, the RoG value  
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Fig. 5 Molecular docking analysis. (A) Grid-box preparation based on the coordinates of selected spheres, (B) Inhibitor –SIRT1 

docking based on functional grid score, (C) The 1NS conformation on the SIRT1 binding site, (D) The DS1 conformation on the 

SIRT1 binding site, and (E) The DS2 conformation on the SIRT1 binding site. 

 

showed fluctuation of each system by maintaining at ~2.1-2.2 

nm (Figs. 7 and S2), indicating each system's rigidity and 

folding stability. 

 

3.6 Free energy calculation 

The binding affinity of inhibitors-SIRT1 was calculated using 

QM/MM-GBSA approach with DFTB as the theoretical level 

at 100 frames of the last 40 ns trajectories, and the results are 

listed in Table 4. These data implied the participation of ∆EvdW 

and ∆GSCF as the main contributors to the ∆Gbind complex, in 

which ∆EvdW showed a stronger binding affinity of inhibitor-

SIRT1 than ∆Eelec. Meanwhile, the solvation effect and 

entropy term showed a contribution to ∆Gbind, such as 1NS-

SIRT1 (-21.44 kcal/mol), DS2-SIRT1 (-25.94 kcal/mol), and 

 
Fig. 6 System stability of each complex plotted along 200 ns of MD simulation. It shows by the root-mean-square displacement of 

all atoms, backbone (Cα, C, N, and O), and ligand. 
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Fig. 7 Atom contacts, hydrogen bonds (H-bonds), and radius of gyration (RoG) were plotted along with a 200 ns MD simulation. 

Noted, atom contacts were calculated using a radius of 3.5 Å from the inhibitor coordinate. Meanwhile, the cut value of H-bonds was 

calculated using 3.5 Å and angle 120o. 

 

affinity than DS1 on the SIRT1 as the focused target. In 

addition, the value of ∆Gbind DS1 was stronger than 1NS (-

DS2-SIRT1 (-12.48 kcal/mol). The prediction results 

suggested the possibility of DS1 having a two-fold binding 

21.44 kcal/mol) as a control with a difference of ∆Gbind: ~-4.50 

kcal/mol. We found that the grid scores and ∆Gbind showed the 

same trend for each system, namely DS1-SIRT1 < 1NS-SIRT1 

< DS2-SIRT1 (Fig. 5B and Table 4). In particular, DS1 showed 

a low binding affinity to the SIRT1 enzyme from a 

thermodynamic aspect. It was consistent with the results of a 

previously reported study, which showed that -viniferin did 

not have an inhibitory effect on the SIRT1 enzyme.[19] 

Conversely, a glucose group on the C-12b atom may be 

essential in increasing its binding affinity. Candidates with 

stronger ∆Gbind (more negative) can bind strongly to the active 

site of the targeted protein[54] and inhibit SIRT1 enzyme 

regulation, which has implications for cancer cell 

development.[11–16] 

For the following evaluation process, the key residues 

involved in the inhibition process can be studied through per-

residue decomposition energy (∆G bind
residue).[41] The calculation 

for ∆G bind
residue was carried out using the MM-GBSA approach 

based on the selected criteria. This study was performed on 

amino acid residues with a stable energy contribution, namely 

∆G bind
residue < -1.00 kcal/mol. The results revealed that several 

amino acids met the criteria and were partly responsible for 

the interaction with the inhibitor (Fig. 8). In detail, 1NS-SIRT1 

(seven residues: Phe91, Phe115, Gln163, Asn164, Ile165, 

Asp166, and Val263), DS1-SIRT1 (eighteen residues: Ile12, 

Phe91, Arg92, Ile97, Pro111, Gln112, Met114, Phe115, 

Asn164, Ile165, Hie181, Ile229, Val230, Phe231, Phe232, 

Lys262, Val263, and Arg264), and DS2-SIRT1 (eleven 

residues: Lys21, Phe91, Arg92, Gln112, Phe115, Ile165, 

Hie181, Val230, Phe232, Val263, and Arg264). These results 

identified that DS1 interacted more with amino acid residues 

on the active site of SIRT1 than DS2. Perhaps this was 

mediated by the interaction of the glucose groups with more 

amino acid residues, such as Val230 and Phe232. Meanwhile, 

although 1NS showed the slightest interaction with amino acid 

residues, it had the most substantial ∆G bind
residue value compared 

to DS2. It was demonstrated by amino acid residues Phe91 (-

4.14 kcal/mol) and Ile165 (-4.05 kcal/mol). Overall, the 

energy contribution (EvdW + Eele) of each key residue is shown 

in Fig. 9. Consistent with the results of ∆Gbind, we found that 

the main contribution of the stabilization inhibitor was EvdW 

(∆EvdW + ∆Gsolv 
nonpolar

 ). It can be seen in EvdW contribution 

reaching ~-4.13 kcal/mol as seen by the negative value despite 

the Eele (∆Eele + ∆Gsolv
ele

 ) contribution looking relatively low. 

This information provided an essential parameter in  
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Fig. 8 Per-residue energy decomposition (∆G bind
residue) was calculated using the MM-GBSA approach. The involved key residues are 

colored according to their ∆G bind
residue values to stabilize interaction with the SIRT1 enzyme. The highest to lowest energy is represented 

by white to blue. 

 

understanding the participation of key residues in the inhibitor 

stabilization in binding to the SIRT1 enzyme at the molecular 

level. 

 

3.7 Interaction of the binding site: Water accessibility and 

hydrogen bond occupation 

The water molecule's access to the active site of the targeted 

enzyme for Apo protein (SIRT1) and complex (inhibitor-

SIRT1) was calculated through the solvent-accessible surface 

area (SASA). The SASA was calculated using the last 40 ns 

trajectories and the obtained result is depicted in Fig. 10. In 

detail, the average values indicated the SASA values of each 

system were SIRT1 (7.13 ± 0.62 nm2), 1NS-SIRT1 (8.63 ± 

0.69 nm2), DS1-SIRT1 (9.50 ± 0.91 nm2), and DS2-SIRT1 

(11.77 ± 0.98 nm2). Based on the average value of SASA, the 

presence of inhibitors on the active site of the SIRT1 enzyme 

indicated an increase in the number of water molecules on the 

SIRT1 active site. It illustrated that the displacement inhibitor 

on the SIRT1 active site was more likely to be accessed by 

water molecules than the one without an inhibitor (Apo 

protein). It needs to be noted that water molecule activity is 

significant in maintaining protein structure.[55] 

Furthermore, hydrogen bonds (H-bonds) were calculated 

at the last 40 ns trajectories, and the obtained results are listed 

in Table 5. It should be noted that the presence of hydrogen 

bonds is essential in inhibitor-protein intramolecular 

interactions.[56–58] Based on the evaluation, a bond is 

considered a hydrogen bond if it has an occupancy percentage 

≥ 25%, while the H-bond with decisive criteria is indicated by 

a percentage occupancy ≥ 75%.[59] The 1NS showed four H-

bonds in the strong category; meanwhile, the DS1 showed two 

H-bonds, with one belonging to the solid H-bond category. 

The presence of a glucose group on the DS1 structure was 

necessary for the hydrogen bond interaction on the Val230  
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Fig. 9 Energy contribution was calculated using the MM-GBSA method. The van der Waals (∆EvdW + ∆Gsolv 

nonpolar
) and electrostatic 

(∆Eele + ∆Gsolv
ele ) contribution energies were obtained from each key residue involved in the inhibitor-SIRT1 interaction on the binding 

site. 

 

Table 4. Determination of energy component (kcal/mol) of each 

complex using the QM/MM-GBSA approach. Data are shown as 

mean ± standard error of the mean (SEM). 

Energy 

component 

1NS-SIRT1 DS1-SIRT1 DS2-SIRT1 

QM/MM (DFTB) 

∆EvdW -50.18 ± 0.30 -75.87 ± 0.32 -50.04 ± 0.34 

∆Eele 0.24 ± 0.00 -0.07 ± 0.00 -0.31 ± 0.00 

∆Ggas -49.93 ± 0.30 -75.95 ± 0.32 -50.36 ± 0.34 

∆GSCF -30.80 ± 0.54 -48.78 ± 0.39 -50.92 ± 0.43 

GBSA 

∆Gsolv
ele  36.85 ± 0.50 74.05 ± 0.29 69.76 ± 0.28 

∆Gsolv 
nonpolar

 -5.49 ± 0.02 -10.09 ± 0.01 -7.07 ± 0.01 

∆Gsol 31.36 ± 0.49 63.96 ± 0.29 62.68 ± 0.27 

NMODE 

-T∆S 27.94 ± 1.73 34.83 ± 0.90 26.11 ± 1.61 

Free Energy 

∆H -49.38 ± 0.30 -60.77 ± 0.34 -38.59 ± 0.25 

∆Gbind -21.44 -25.94 -12.48 

Table 5. Hydrogen bonds analysis using 4000 frames from the 

last 40 ns trajectories. The cut value: distance 3.5 Å and angle 

120o. 

H-Bond Interaction PO (%) AD (Å) AA (o) 

1NS-SIRT1 

O17…H-N(ILE165) 99.92 2.82 163.24 

(ASP166)OD2…H162-N16 98.02 2.94 158.25 

N19…H-N(PHE91) 97.90 3.07 155.07 

O17…G-N(ASP166) 94.60 3.10 148.12 

DS1-SIRT1 

(VAL230)O…3’-OH 89.22 2.81 147.10 

(VAL230)O…13b-OH 29.02 3.24 135.27 

(VAL230)O…2’-OH 12.70 2.82 145.68 

(ASN164)OD1…4b-OH 0.07 3.18 135.77 

DS2-SIRT1 

4b-OH…HE-NE(ARG92) 0.77 3.25 131.50 

4b-OH…H-N(ARG92) 0.55 3.19 143.19 

(ARG92)NE…4b-OH 0.05 3.48 123.82 

PO: Percentage occupancy, AD: Average distance, and AA: 

Average angle 

EvdW Eele EvdW Eele EvdW Eele

ILE12 0.00 0.00 -2.23 -0.17 -0.01 0.01

LYS21 -0.10 0.20 -0.02 0.09 -2.82 1.38

PHE91 -4.13 -0.02 -4.02 0.41 -2.10 0.50

ARG92 -0.95 0.07 -1.33 -0.07 -1.06 -0.22

ILE97 -0.12 -0.13 -1.05 -0.24 -0.03 -0.01

PRO111 -0.41 0.38 0.08 -2.42 -0.12 0.05

GLN112 -1.18 0.66 -0.97 -0.10 -0.08 -1.88

MET114 -0.14 -0.13 -0.76 -0.53 -0.19 -0.39

PHE115 -1.64 0.38 -4.15 1.45 -3.72 1.09

GLN163 -3.01 1.50 -0.88 0.11 -0.42 0.19

ASN164 -2.20 -1.05 -0.73 -1.06 -0.20 0.06

ILE165 -1.22 -2.83 -2.09 -0.90 -1.12 0.10

ASP166 -0.63 -1.74 -0.36 0.48 -0.06 0.11

HIE181 -2.01 1.13 -2.76 0.46 -3.32 2.20

ILE229 -0.11 -0.15 -0.60 -0.68 -0.35 -0.27

VAL230 -0.11 0.03 -1.01 -0.36 0.42 -1.99

PHE231 -0.04 0.05 -1.45 0.02 -0.90 0.07

PHE232 -0.63 0.17 -3.89 1.12 -2.33 -0.08

LYS262 -0.15 0.14 -1.01 -0.08 -0.20 0.18

VAL263 -1.17 0.05 -2.79 -0.13 -1.97 -0.82

ARG264 -0.16 0.18 -0.18 -1.05 -1.73 0.02

1NS-SIRT1 DS1-SIRT1 DS2-SIRT1

Energy Contribution (kcal/mol)

Low Hight



Research article                                                                                                         Engineered Science 

12 | Eng. Sci., 2023, 21, 794                                                                                                                                                     © Engineered Science Publisher LLC 2023 

 
Fig. 10 The solvent-accessible surface area (SASA) using the last 40 ns trajectories. The surface of residues within 5 Å from each 

inhibitor was used to calculate the SASA in the SIRT1 active site. 

 

residue. Compared to DS2, DS1 has an H-bond interaction that 

was not worth considering. This result was in line with the 

analyses of the Fukui function (Table S3) and MEP (Fig. 4), 

which indicated that 3'-OH and 13b-OH have a high chance of 

experiencing interaction. Therefore, a glucose group on C-12b 

of -viniferin enhanced the intermolecular interaction of the 

SIRT1 inhibitor. 

 

4. Conclusions 

Here we describe the differences between DS1 and DS2 in the 

forms of electronic structure properties and their interactions 

with the SIRT1 enzyme. Proton chemical shift was modeled 

using the B3LYP/6-311++G(d,p) approach and agreed with 

the experimental results. The presence of a glucose group in 

the DS1 structure increased the reactivity properties through 

Fukui function, MEP, and global reactivity analyses. 

Prediction of binding affinity and key residues of inhibitors 

against the SIRT1 enzyme was studied through molecular 

docking and MD simulation. The binding affinity prediction 

displayed a similar trend between the grid score and ∆Gbind, 

namely DS1-SIRT1 < 1NS-SIRT1 < DS2-SIRT1. Meanwhile, 

the calculation of ∆G bind
residue  showed 21 key residues (Ile12, 

Lys21, Phe91, Arg92, Ile97, Pro111, Gln112, Met114, Phe115, 

Gln163, Asn164, Ile165, Asp166, Hie181, Ile229, Val230, 

Phe231, Phe232, Lys262, Val263, and Arg264), which were 

responsible for stabilizing the interaction at the binding site of 

the SIRT1 enzyme. Furthermore, atomic interactions showed 

that the presence of a glucose group (3'-OH) could increase the 

interaction of the Val230 residue with a strong H-bond 

category (PO: 89.22%). In conclusion, a glucose group on the 

C-12b atom of -viniferin increased the inhibitory efficiency 

of SIRT1 compared to -viniferin. 
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