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Flavonoid quercetin (fig. 1) is a pleiotropic 

molecule that has multiple intracellular targets and effects 

on different signal processes in the cell [1-6]. Numerous 

and diverse biological activity of quercetin motivates 

interest to the peculiarities of its structure as a prerequisite 

for understanding its structure-function properties which 

are not fully understood today and remain an object of 

physico-chemical, biological and structural studies [7-14].   

 

 

  

 

 

Fig. 1 – Quercetin. Oxygen, hydrogen and carbon atoms are colored in red, white and cyan, respectively.  

 

 

In the solid state, quercetin is known to exist in two crystal 

forms, quercetin monohydrate [8] and quercetin dihydrate 

[9] (fig. 2.1А, В and 2С, D, correspondingly). But there are 

only scare data on its structure in the aqueous solution [11]. 

To investigate the peculiarities of structure and 

intermolecular interactions of quercetin as well as some of 

its succinyl derivatives in liqiud phase we carried out 

molecular dynamics simulation of their behavior in the 

aqueous solution.  

 

Methods   
Models building, refining, molecular dynamics 

simulations, and analysis as well as the result presentation 

by using molecular graphics were done by molecular 

modeling program YASARA Structure [15-18].   

 Molecular dynamics. The coordinates of 

quercetin molecule were retrieved from the crystal 

structure of human beta-hydroxyisobutyryl-CoA hydrolase 

in complex with quercetin (PDB code 3BPT). Succinyl 

derivatives of quercetin  

 

Fig. 2 – Crystal forms of quercetin: quercetin monohydrate  (А, B) and quercetin dihydrate (C, D). A and C – 

crystal packing; B and D – unit cell. Oxygen and carbon atoms are colored in red and gray, respectively.  

Data were retrieved from Cambridge Structural Database (CSD). 

 

http://www.ccdc.cam.ac.uk/solutions/csd-system/components/csd/
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(fig.3) were built by YASARA’s small molecule builder. 

Molecules of quercetin or its succinyl derivatives were 

randomly placed within a dodecahedral simulation cell by 

manual translations to random distances in three mutually 

perpendicular directions and rotations by random angles. 

The distances between any atoms of the neighbor 

molecules were kept not less than 8 Ǻ. Simulation cell was 

filled with TIP3P water molecules to reach 10 % 

concentration of quercetin or its succinyl derivatives (fig. 

4). Na+ and Cl¯ counterions were added to neutralize the 

system and to reach ion mass fraction 0.9% NaCl [19]. The 

molecular system was energy-minimized using AMBER14 

force field [20] with 8 Ǻ force cutoff for dispersion 

interactions. To treat longrange electrostatic interactions 

the Particle Mesh Ewald algorithm [21] was used. After a 

short steepest descent minimization, the procedure 

continued by simulated annealing minimization. The 

molecular dynamics simulations were run in NPT 

ensemble at 300 K and pH 7.4 using a multiple timestep of 

2.5 fs for intra-molecular and 5 fs for inter-molecular 

forces [22]. Trajectories were computed for 100 ns. 

 

 

Fig. 3 – Succinyl- quercetin derivatives.   А – quercetin; В – 3-succinyl-quercetin; C - 5- succinyl-quercetin;  D - 7- 

succinyl-quercetin; E – 4'- succinyl-quercetin; F – 5'- succinyl- quercetin and G – 3,5,7,4'5'- succinyl-

quercetin. 
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Fig. 4 – Initial configuration of quercetin molecules (А) in aqueous solution (В).  Red dots are oxygen atoms of 

water molecules. Hydrogen atoms were not  shown for clarity.  

    

Results and discussion 

 Quercetin. From the first nanoseconds of 

simulations, quercetin molecules approached one another 

and approximately at 3 ns began to self-organize into a 

compact aggregate that remained stable during further 

simulation time (fig. 5).  As a result, the value of total 

molecular surface of quercetin sharply deceased 

correspondingly and then oscillated insignificantly near its 

average value during the further simulation (fig. 6 and table 

1).  

 

   

   

 

   Fig. 5 – Snapshots of quercetin configuration at 0, 50 and 100 ns.  
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Fig. 6 – Molecular surface of quercetin.  

 

 

Table 1 – Average values of H-bonds number, total molecular surface and radius of gyration for quercetin, combinatorial 

mixture  of succinyl  quercetins, and completely succinylated quercetin. 

 

№  

 

Molecular system Number of H-bonds Molecular surface,  Ǻ2 Radius of gyration,  Ǻ 

1 Quercetin 0.1±0.3 (3) 1513.6±57.6 11.4±2.9 

2 Combinatorial mixture 

of succinyl quercetins  
2.8±1.7 (10) 2085.3±118.7 11.4±1.6 

3 3,4',5,5',7- 

succinyl quercetin 
– 2304.8±52.1 16.4±1.9 

 

Fig. 7 – Stacking interactions between quercetin molecules   in face-to-face ring arrangenent.  

 

Hydrogen bonds between quercetin molecules were 

practically absent in this molecular system (fig. 8 and table 

1).   

 

 

 

  

Fig. 8 – Hydrogen bonds between quercetin molecules.  

 

Driving forces of quercetin aggregation are hydrophobic 

stacking interactions between the flat aromatic systems of 

neighbor molecules (fig. 7).  

 

 Combinatorial mixture of succinyl-quercetin 

derivatives. Similar to quercetin, molecules of succinyl-

quercetin derivatives approached one another from the first 

nanoseconds of simulations and began to self-organize into 

a compact stable aggregate (fig. 9). However, the flat 

aromatic systems of neighbor succinyl-quercetin 

molecules, owing to bulky succinyl substituents, could not 

be placed one above another optimally (fig. 10) to ensure 

efficient stacking interactions (as it was in case of quercetin 

(fig. 7)). As a result, these interactions were weaker 

compared to quercetin, the molecules in the aggregate were 

more mobile, and the system equilibrated slower. 

Correspondingly, values of total molecular 

surface being higher than ones for quercetin oscillated 

around average value with higher amplitude (fig.11).   
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Fig. 9 –Mixture of succinyl-quercetins: snapshots at 0, 50 and 100 ns. 

    

 

Fig. 10 – Stacking interactions between succinyl-quercetin molecules  in face-to-face ring arrangenent.   

  

 

  

Fig. 11 – Molecular surface of succinyl-quercetins.  

In contrast to quercetin, molecules of succinyl-quercetin 

derivatives formed hydrogen bonds easier due to its higher 

mobility (fig. 12 and table 1). Radius of gyration in this 

case remained practically unchanged compared to 

quercetin suggesting the size similarity for these two 

molecular systems.    
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Fig. 12 – Hydrogen bonds between succinyl-quercetins.  

 

       Completely succinylated quercetin (3,4´,5,5´,7-

succinyl quercetin). Behavior of completely succinylated 

quercetin, 3,4´,5,5´,7-succinyl quercetin (fig. 3G), in 

aqueous solution was essentially different from one of 

unmodified quercetin (fig. 3A) or the mixture of succinyl 

quercetins (fig. 3B-3F). In this case, molecules remained 

free the majority of time and sometimes there were formed 

short-lived complexes between two or three molecules (fig. 

13). The driving forces of the complex formation are 

hydrophobic and ionic intermolecular interactions (fig. 

14). Hydrophobic interactions occurred between aliphatic 

residues (fig. 14 A), between aliphatic residues and 

aromatic systems (fig. 14 C, D), and also between aromatic 

systems (fig. 14 C, D). The later took place in T-shape ring 

arrangement (fig. 14 E), in contrast to face-to-face 

(stacking) interactions in quercetin or succinyl-quercetins 

systems (fig. 7 and 10, respectively). Ionic interactions 

between molecules of completely succinylated quercetin 

are mediated by their interactions with one or two Na+ ions 

(fig. 14 B). In contrast to quercetin or succinyl-quercetins, 

molecules of completely succinylated quercetin do not 

form hydrogen bonds between each other (table 1) because 

of lack the H-bond donors. The value of total molecular 

surface of completely succinylated quercetin, which is 

higher than one of succinyl quercetin (table 1), oscillated 

near its average value with lower amplitude (fig. 15). 

Radius of gyration for molecular system of 3,4´,5,5´,7-

succinyl quercetin is higher compared to two previous 

systems considered (table 1). 

Discussion. The search of new drugs is usually focused on 

organic compounds that specifically, as a single molecule, 

interact with a protein. But at the same time there exist 

ligands of another type, such as promiscuous inhibitors, 

which are supramolecular aggregates comprising of many 

individual molecules [23-32]. These aggregates are formed 

by self-assembly of individual molecules and interact with 

protein targets non-specifically at the sites which differ 

from typical binding sites [25-27]. An example of a 

promiscuous inhibitor is dye Congo red which is known to 

form ribbon-like supramolecular structures [30, 31].  

According to high-throughput screening, 

quercetin belongs to this type of ligands [23, 24] and, 

therefore, in corresponding concentrations it supposed to 

form the aggregates . What is a structure of these 

aggregates? How individual molecules are arranged inside 

these aggregates? In case of quercetin, contrary to Congo 

red,  these questions remained unanswered.  

 Our molecular dynamics simulations of the 

behavior of quercetin and some of its succinyl derivatives 

in aqueous solution are in line with the hypothesis of the 

self-organized aggregate formation by molecules of 

promiscuous inhibitor quercetin and reveal the 

peculiarities of the structure and intermolecular 

interactions within the aggregates of both quercetin and the 

combinatorial mixture of its succinyl derivatives. These 

data may be useful for the search of new drugs based on 

quercetin as a lead compound.  
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Fig. 13 – Completely succinylated quercetin (3,4´,5,5´,7-succinyl quercetin)  in aqueous solution: snapshots at 0, 50 

and 100 ns.   

 

       

 



Annals of Mechnikov Institute, N 1, 2018 

www.imiamn.org.ua /journal.htm                                                                  13 

 

DOI: 10.5281/zenodo.1214609 

 

  

Fig. 14 – Intermolecular interactions within the shot lived complexes of completely succinylated quercetin in 

aqueous solution. For clarity, molecules in complexes are differently colored. Oxygen atoms of 

carbamates and Na+ ions which form ionic bonds are shown as a ball-and-stick model and colored in 

green and red, respectively. Quercetin’s aromatic systems of neighbor molecules which interact in T-

shape ring arrangement are represented as a ball model and colored in orange and light-blue.  
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Fig. 15 – Molecular surface of 3,4´,5,5´,7-succinyl-quercetin.  
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MOLECULAR DYNAMICS STUDY OF 

QUERCETIN AND SOME OF ITS SUCCINYL 

DERIVATIVES IN AQUEOUS SOLUTION 

Lisnyak Yu. V., Martynov  A. V.  

Introduction. Numerous and diverse biological activity 

of flavonoid quercetin motivates interest to the 

peculiarities of its structure as a prerequisite for 

understanding its structure-function properties which are 

not fully understood today and remain an object of 

physico-chemical, biological and structural studies. In the 

solid state, quercetin is known to exist in two crystal 

forms, quercetin monohydrate and quercetin dihydrate. 

But there are only scare data on its structure in the 

aqueous solution. High-throughput screening studies 

indicated that quercetin belongs to promiscuous inhibitors 

and is hypothesized to form aggregates comprising of 

many individual molecules. To investigate the 

peculiarities of structure and intermolecular interactions 

of quercetin as well as some of its succinyl derivatives in 

liqiud phase we carried out molecular dynamics 

simulation of their behavior in the aqueous solution.  

Methods . Molecular dynamics simulations and the data 

analysis were performed by molecular modeling program 

YASARA Structure. Molecules of quercetin or its 

succinyl derivatives were randomly placed within a 

dodecahedral simulation cell. Simulation cell was filled 

with TIP3P water molecules to reach 10 % concentration 

of quercetin or its succinyl derivatives. Na+ and Cl¯ 

counterions were added to neutralize the system and to 

reach ion mass fraction 0.9% NaCl. The molecular system 

was energy-minimized using AMBER14 force field with 

8 Ǻ force cutoff for dispersion interactions. To treat long-

range electrostatic interactions the Particle Mesh Ewald 

algorithm was used. After a short steepest descent 

minimization, the procedure continued by simulated 

annealing minimization. The molecular dynamics 

simulations were run in NPT ensemble at 300 K and pH 

7.4 using a multiple timestep of 2.5 fs for intra-molecular 

and 5 fs for inter-molecular forces. For each molecular 

system, trajectories were computed for 100 ns.  Results 

and discussion. From the first nanoseconds of 

simulations, molecules of quercetin as well as succinyl-

quiercetins approached one another and began to self-

organize into a compact aggregate that remained stable 

during further simulation time. Driving forces of the 

aggregate formation were the hydrophobic stacking 

interactions between aromatic systems of neighbor 

molecules. Due to a bulky succinyl substituent the 

aromatic systems of neighbor succinyl-quercetin 

molecules could not overlap optimally to ensure efficient 

stacking interactions that resulted in the higher mobility 

of the molecules in the aggregate and the possibility to 

form easily intermolecular H-bonds. Behavior of 

completely succinylated quercetin, 3,4´,5,5´,7-succinyl 

quercetin, in aqueous solution was essentially different. In 

this case, molecules remained free the majority of time 

and sometimes formed short-lived complexes between 

two or three molecules. The driving forces of the complex 

formation are hydrophobic and ionic intermolecular 

interactions. Hydrophobic interactions occurred between 

aliphatic residues, between aliphatic residues and 

aromatic systems, and also between aromatic systems. 

The later took place in T-shape ring arrangement. Ionic 

interactions between molecules of completely 

succinylated quercetin are mediated by their interactions 

with one or two Na+ ions. Conclusions. Results of our 

molecular dynamics simulations of the behavior of 

quercetin and some of its succinyl derivatives in aqueous 

solution are in line with the hypothesis of the self-

organized aggregate formation by molecules of 

promiscuous inhibitor quercetin and reveal the 

peculiarities of the structure and intermolecular 

interactions within the aggregates in case of quercetin and 

the combinatorial mixture of its succinyl derivatives. 

These data may be useful for the search of new drugs 

based on quercetin as a lead compound.  

Key words: quercetin, succinylated quercetin, 

supramolecular aggregates, molecular dynamics. 
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