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Abstract: Polypharmacology, the discovery or design of drug molecules that can simultane-

ously interact with multiple targets, is gaining interest in contemporary drug discovery. Serine/

threonine kinases are attractive targets for therapeutic intervention in oncology due to their role 

in cellular phosphorylation and altered expression in cancer. Quercetin, a naturally occurring 

flavonoid, inhibits multiple cancer cell lines and is used as an anticancer drug in Phase I clinical 

trial. Quercetin glycosides have also received some attention due to their high bioavailability 

and activity against various diseases including cancer. However, these have been studied to a 

lesser extent. In this study, the structural basis of the multitarget inhibitory activity of quercetin 

and isoquercitrin, a glycoside derivative, on serine/threonine kinases using molecular modeling 

was explored. Structural analysis showed that both quercetin and isoquercitrin exhibited good 

binding energies and interacted with aspartate in the highly conserved Asp–Phe–Gly motif. 

The results indicate that isoquercitrin could be a more potent inhibitor of several members of 

the serine/threonine kinase family. In summary, the current structural evaluation highlights 

the multitarget inhibitory property of quercetin and its potential to be a chemical platform for 

oncological polypharmacology.
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Introduction
The protein kinase family consists of .500 members that are involved in many 

cellular processes. The serine/threonine protein kinases form a diverse subfamily that 

phosphorylates the hydroxyl group of amino acids serine and threonine. These protein 

kinases interact with a diverse range of substrates such as enzymes, transcription fac-

tors, receptors, and other regulatory proteins. Perturbation of the normal activity of 

these kinases is associated with tumor growth and metastasis.1 Thus, these proteins 

are attractive targets for therapeutic intervention in cancer.

Epidemiological studies and experimental data have shown that consumption of 

diets rich in fruits and vegetables reduces the risk of cancer.2 Much of the protec-

tive effect can be attributed to flavonoids, a large group of polyphenolic compounds 

found ubiquitously in fruits and vegetables.3,4 Quercetin is one of the most abundant 

dietary flavonoids. It is found in onions, apples, green tea, grapes, and berries and 

occurs mainly as glycosides with sugar groups such as glucose, galactose, rhamnose, 

rutinose, and xylose bound to one of the hydroxyl groups of the flavonol.5 Quercetin 

and its glycosylated forms represent 60%–75% of flavonoid intake.6 The structure of 

quercetin (3,5,7,3′,4′-pentahydroxyflavone) is composed of three rings (A, B, and C) 

and five hydroxyl groups (Figure 1A). The most common quercetin glycosylation site 

is the hydroxyl group at the C3 carbon. Quercetin-3-glucoside (Q3G) or isoquercitrin 

is the major glycosidic form of quercetin (Figure 1B).
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Quercetin and its derivatives have been extensively 

studied for their role in cardiovascular disease, central 

nervous system disorder, and cancer.7–11 Quercetin has 

been shown to regulate several signal transduction path-

ways and is used as an anticancer drug in Phase I clinical 

trial.12 Several in vitro and in vivo studies have revealed the 

antiproliferative activity of quercetin on malignant growth 

and metastasis in various cancer cell lines including breast, 

ovarian, leukemia, hepatocellular carcinoma, and stomach 

cancer.13–17 Quercetin has been shown to inhibit a number 

of protein kinases including ABL1, Aurora-A, Aurora-B, 

Aurora-C, CLK1, EGFR, FLT3, JAK3, MEK1, MET, 

NEK4, NEK9, PAK3, PIM1, Raf1, RET, FGFR2, and 

PDGF-Rα.18,19 However, the biological activity of quercetin 

glycosides has been studied to a lesser extent. Recently, 

isoquercitrin has received some attention due to its high 

bioavailability and biological activity against cancer, 

cardiovascular disorders, diabetes, and allergic reactions.20 

Glycosylation at C3 of quercetin has been shown to have 

an antiproliferative effect on breast, colon, hepatocellular, 

and lung cancer cell lines.21,22

Based on domain homology, serine/threonine kinases 

have been classified into six major groups: the AGC group 

(protein kinase A, G, and C), the CaMK group (calcium/

calmodulin-dependent), the CMGC group (cyclin-dependent 

kinase [CDK], mitogen-activated protein kinase [MAPK], 

glycogen synthase kinase, and CDK like), the STE group 

(homologs of yeast sterile 7, sterile 11, and sterile 20), the 

CK1 group (casein kinase 1), and the tyrosine-kinase-like 

(TKL) group.23 Like several other kinases, the active site 

of these kinases is situated between a small N-terminal 

lobe (N-lobe), composed mainly of β-sheets, and a large 

C-terminal lobe (C-lobe), composed of six helices, which 

contains the activation loop segment that positions the Mg2+ 

ion and peptide substrates for catalysis (Figure 2). The 

catalytic active site of these proteins contains residues from 

the N-lobe including the glycine-rich loop, which provides 

flexibility for anchoring ATP. The base of the active site 

cleft is lined by residues from the catalytic loop and the front 

of the cleft is made up of residues from the activation loop. 
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Figure 1 Structure of (A) quercetin and (B) isoquercitrin.

Figure 2 Structure of serine/threonine kinases.
Notes: The protein is shown in cartoon representation and colored in rainbow 
colors with violet at the N-terminus and red at the C-terminus of the structure. The 
N- and C-lobes with the connecting hinge region are indicated. The catalytic loop, 
activation loop, glycine-rich loop, C-helix, and the DFG motif are labeled. The Chk1 
protein structure (PDB ID: 1ZYS) belonging to the CaMK family of serine/threonine 
protein kinases was used to generate this image.
Abbreviations: C-lobe, C-terminal lobe; DFG, Asp–Phe–Gly; N-lobe, N-terminal 
lobe; PDB, Protein Data Bank.
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The linker region (hinge region) connects the two lobes and 

forms the back of the binding pocket.

Computational techniques facilitate the design of novel, 

more potent inhibitors by closely evaluating the atomic-level 

receptor–drug interactions.24 Molecular docking approaches 

are routinely used in modern drug design to identify lead 

compounds by docking and scoring small molecules in 

appropriate binding sites of a target protein. Discovering 

or designing drug molecules that can interact with multiple 

targets is gaining interest in modern drug discovery.25 The 

current study provides a comprehensive overview and 

discusses the structural binding features of quercetin and 

its derivative, isoquercitrin, on multiple serine/threonine 

protein kinases based on molecular docking and binding 

energy calculations.

Materials and methods
Protein structure preparation
A total of 15 serine/threonine protein kinases were selected 

to represent all major subgroups of serine/threonine kinases 

that are involved in tumorigenesis. Three-dimensional (3D) 

coordinates of the X-ray crystal structure of these proteins 

with a resolution of ,3 Å were retrieved from the RCSB 

Protein Data Bank (PDB)26 (Table 1). Structures with catalyti-

cally active conformation (Asp–Phe–Gly [DFG]-in), where 

the side chain of aspartate of the highly conserved DFG 

motif was positioned into the active site of the binding cleft, 

were used in the current study. The protein structures were 

processed using Schrödinger Maestro’s protein preparation 

wizard.27–29 This preprocessing protocol included simplifica-

tion of multimeric structures, addition and optimization of 

hydrogen bonds, location and deletion of unnecessary water 

molecules, creation of disulfide bonds, proper assignment of 

bond orders and ionization states, conversion of selenom-

ethionines to methionine, addition of missing atoms and 

side-chain residues, aligning and capping of terminal amides, 

and assignment of partial charges. To obtain a geometrically 

stable structure, minimization was performed.30

Active site identification and grid 
generation
Schrödinger Sitemap was used to identify the binding cavity 

in the ATP-binding pocket of the selected structures. The 

highly conserved binding cleft of serine/threonine protein 

kinases is sandwiched between a small N-lobe, which com-

prises five β sheets and a single α-helix (C-helix), and a large 

C-lobe, which comprises six helices, and connected by a linker 

(Figure 2). A receptor grid was generated for each structure by 

incorporating all the functional residues in these regions.

Preprocessing of ligands
The two-dimensional (2D) structures of quercetin and iso-

quercitrin were retrieved from PubChem.31 For a comparative 

study, where available, 2D structure of a known inhibitor for 

each target protein was also retrieved from PubChem. These 

structures were preprocessed and conformers were generated 

using Schrödinger Ligprep.32 Ligand preprocessing included 

the conversion of 2D structures to 3D format, generation of 

tautomers and ionization states, addition of hydrogen atoms, 

neutralization of charged groups, and geometry optimization 

of the molecule.30

Molecular docking using extra 
precision glide
For predicting the binding pose and docking score of the 

compounds, grid-based docking was carried out using 

Schrödinger Glide in extra precision (XP) mode.33 No 

constraints were used in the docking process. Quercetin, 

isoquercitrin, and inhibitors were flexibly docked to the 

prepared protein structures. The geometry of the docked 

poses was improved by post-docking minimization, and other 

parameters of XP docking were set to the software’s default 

values. The protein–ligand interactions including hydrogen 

bonds, hydrophobic interactions, and π–π stacking were 

analyzed using XP visualizer.

Binding energy calculations
The ligand binding and strain energies were calculated 

using molecular mechanics-generalized Born surface area  

Table 1 Proteins and PDB IDs of structures used in this study

Groups Protein PDB ID Resolution (Å)

AGC Akt1 3MVH 2.01
Akt2 2UW9 2.10
Aurora kinase 4J8M 1.85
RSK2 4NW5 1.94

CaMK Chk1 1ZYS 1.70
CMGC CDK2 4EK4 1.55

ERK2 4ZZN 1.33
p38α 4R3C 2.06
JNK1 4QTD 1.50
GSK3B 1J1B 1.80
CLK1 1Z57 1.70

STE MEK1 3VVH 2.00
PAK4 2Q0N 1.75
Plk1 2RKU 1.95

TKL B-Raf 5CSW 2.66

Abbreviation: PDB, Protein Data Bank.
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(MM-GBSA) method using Schrödinger Prime.29  The 

VSGB  2.0 solvation model was employed in these 

calculations.34

Results
Molecular docking was used to produce complexes of serine/

threonine kinases with quercetin and isoquercitrin to elucidate 

the binding mode and to gain structural insights into the inhib-

itory mechanism. All serine/threonine kinase structures used 

here adopt an active conformation (DFG-in). The interactions 

and binding energies of quercetin, isoquercitrin, and inhibitors 

investigated in this study are summarized in Table 2.

AGC group of serine/threonine kinases
The structure of quercetin docked to Akt1 (PDB ID: 3MVH) 

showed an extensive network of hydrogen bonds and hydro-

phobic interactions in the ATP-binding pocket (Table 2). The 

hydroxyl group attached to C7 (A ring) of quercetin bound 

to the hinge region of the active site through direct hydrogen 

bonds with the main chain of Glu228 and Ala230 (Figure 3). 

Furthermore, the hydroxyl group attached to C3 (C ring) 

formed a hydrogen bond with the side chain of Asp292 of 

the DFG motif (Asp292–Phe293–Gly294). Similarly, Akt2 

(PDB ID: 2UW9)–quercetin complex also produced strong 

hydrogen bond interactions in the ATP-binding pocket. First, 

the hydroxyl group on the B ring of quercetin formed hydrogen 

bonds with the backbone of Glu230 and Ala232 located in 

the hinge region. Second, the hydroxyl group on C5 (A ring) 

formed a hydrogen bond with Lys160 of the glycine-rich 

loop. Significantly, similar to the Akt1–quercetin complex, the 

hydroxyl group attached to C3 (C ring) formed a hydrogen bond 

with the side chain of Asp293 of the DFG motif (Figure S1).  

This supports evidence indicating that mice treated with quer-

cetin resulted in significant downregulation of phosphorylated 

Akt in the myelomonocytic leukemia cell line P39.35

Structural analysis of aurora kinase A (PDB ID: 4J8M) 

with quercetin revealed that the binding mode is characterized 

by the quercetin-forming interactions with the hinge region 

in aurora kinase. The interaction mode of quercetin in aurora 

kinase A revealed that the hydroxyl groups of A and C rings 

of quercetin formed three hydrogen bonds with residues 

Glu211 and Ala213 in the hinge region. The hydroxyl groups 

of the B ring positioned at C3′ and C4′ formed hydrogen 

bonds with Leu139 of the glycine-rich loop. The hydroxyl 

group on C5 formed a hydrogen bond with Asp274 of the 

DFG motif (Figure S1). This could form the structural basis 

of quercetin’s ability to inhibit the activity of aurora kinases 

in several cancer cell lines.19

Similar to the other AGC members, quercetin showed 

favorable interactions with ribosomal protein S6 kinase 

alpha-3 (RSK2; PDB ID: 4NW5). A hydrogen bond was 

formed between the hydroxyl group on the B ring and the 

side chain of Asp211 of the DFG motif. In addition, it formed 

hydrogen bonds with Leu74 located in the N-lobe and the 

backbone amino and carbonyl groups of Leu150 from the 

hinge region (Figure S1). Thus, quercetin exhibited a con-

served binding mode in the AGC family proteins with a 

crucial interaction with the aspartate of the DFG motif.

Isoquercitrin produced similar or better binding ener-

gies with all the selected AGC group members compared 

to quercetin (Table 2). Isoquercitrin bound in the ATP-

binding cavity of AGC kinases with several hydrogen bonds 

and hydrophobic interactions (Table 2). In Akt1 (PDB ID: 

3MVH), the quercetin core formed a hydrogen bond with 

the backbone carbonyl of Glu228 in the hinge region and 

the glycosyl moiety formed a hydrogen bond with the side 

chain of Asp292 of the DFG motif (Figure 3). In Akt2, the 

hydroxyl group of C3 (C ring) formed a hydrogen bond 

with the backbone of Lys160 of the glycine-rich loop. 

Moreover, the glycosyl part formed hydrogen bonds with 

the side chain of Glu236 in the hinge region, Lys277 in the 

catalytic loop, and the side chain of Asp293 of the DFG 

motif (Figure S1).

Isoquercitrin showed similar interactions in aurora kinase 

(PDB ID: 4J8M) as well. The sugar moiety of isoquercitrin 

formed a hydrogen bond with the side chain of Asp274 of the 

DFG motif, and the B ring produced three hydrogen bonds 

with Glu211 and Ala213 in the hinge region (Figure S1).

In the case of ribosomal protein S6 kinase alpha-3 (PDB 

ID: 4NW5), the hydroxyl groups attached to C3′ and C4′ 
(B ring) of isoquercitrin formed hydrogen bonds with the 

backbone of Asp148 and Leu150 in the hinge region and the 

glycosyl part formed three hydrogen bonds with Gln76 of 

the glycine-rich loop and the side chain of Asn198 located 

at the apex of the catalytic loop (Figure S1).

For a comparative analysis, these targets were docked 

with currently known inhibitors. Results showed that quer-

cetin and isoquercitrin produced similar or better GlideScore 

and binding energy when compared to inhibitors of Akt 

(GSK690693),36 aurora kinase (AT9283),37 and ribosomal 

S6 kinase (BI-D1870)38 (Table 2). The binding interaction 

of quercetin and isoquercitrin and the associated residues are 

highly conserved among the AGC kinases. Both compounds 

showed one or two hydrogen bonds with residues located in 

the hinge region (Glu228 and Ala230 in Akt1, Glu230 and 

Ala232 in Akt2, Glu211 and Ala213 in aurora kinase, and 
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Figure 3 Docked pose and hydrogen bond interactions of quercetin and isoquercitrin with serine/threonine protein kinases.
Notes: One protein has been chosen from each group. (A) Quercetin in Akt1 (AGC group), (B) isoquercitrin in Akt1, (C) quercetin in Chk1 (CaMK group), (D) 
isoquercitrin in Chk1, (E) quercetin in CDK2 (CMGC group), (F) isoquercitrin in CDK2, (G) quercetin in MEK1 (STE group), (H) isoquercitrin in MEK1, (I) quercetin in 
B-Raf (TKL group), (J) isoquercitrin in B-Raf. The protein is shown in light-blue cartoon representation, interacting residues are shown in stick representation, and the docked 
ligand is represented as black sticks.
Abbreviation: PDB, Protein Data Bank.
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Asp148 and Leu150 in ribosomal S6 kinase), and thereby 

mimic the normal hydrogen bonds formed by the adenine 

ring of ATP.39 Significantly, the docking results showed that 

the flavonoids quercetin and isoquercitrin bind deeply in the 

ATP-binding site, interacting with the aspartate residue of the 

DFG motif. This could explain how these molecules could 

competitively inhibit the activity of these kinases. In addition, 

the data indicate that isoquercitrin produces a higher binding 

score and binding energy than quercetin and other known 

inhibitors of the AGC family of kinases (Table 2).

CaMK family of serine/threonine kinases
Quercetin docked deeply in the ATP-binding pocket of 

checkpoint kinase (Chk1; PDB ID: 1ZYS) and formed 

hydrogen bonds and hydrophobic interactions (Table 2). 

Hydrogen bonds were formed with the backbone of residues 

Glu85 and Cys87 in the hinge region and also with Lys38 

in the N-lobe (Figure 3). In addition, the docking pose 

showed the expected hydrogen bond between the hydroxyl 

group of C3′ (B ring) and the side chain of Asp148 of the 

DFG motif.

For isoquercitrin, the A ring of the quercetin core formed 

two hydrogen bonds with the backbone of Cys87 in the hinge 

region and the B ring formed a hydrogen bond with Asp148 of 

the DFG motif. In addition, the glycosyl part of isoquercitrin 

formed a hydrogen bond with Glu17 of the glycine-rich loop 

and also with Asn135 of the catalytic loop (Figure 3).

AZD7762, an inhibitor of Chk1,40 was docked for com-

parative analysis. Both quercetin and isoquercitrin showed 

more interactions and better binding score than the inhibitor 

(Table 2). Similar to the AGC family, the CaMK family 

protein considered in this study also produced one or two 

hydrogen bond interactions with the backbone residues in 

the hinge region and interacted with the aspartate residue of 

the DFG motif. Furthermore, isoquercitrin showed better 

GlideScore and binding energy when compared to quercetin 

and the control.

CMGC group of serine/threonine kinases
Table 2 summarizes the structural analysis of the docking of 

quercetin and isoquercitrin to CMGC kinases. When querce-

tin was docked to cyclin-dependent kinase 2 (CDK2; PDB 

ID: 4EK4), the hydroxyl groups of the B ring formed two 

hydrogen bonds with the backbone carbonyl of Leu83 in 

the hinge region (Figure 3). The hydroxyl group attached to 

C7 of quercetin formed hydrogen bond interactions with the 

side-chain carbonyl of Asp145 of the DFG motif and C5 

hydroxyl group with Gln131 of the catalytic loop. Several 

hydrophobic interactions were also involved in stabilizing 

quercetin in the binding site (Table 2). This may explain the 

ability of quercetin to induce cell cycle arrest in G1 phase 

by inhibiting the activity of CDK2.41

Quercetin has been reported to induce apoptosis in 

human gastric adenocarcinoma cells through interactions 

with MAPKs.42 Docked quercetin participated in several 

hydrogen bonds and hydrophobic interactions with the active 

confirmation of several MAPKs such as mitogen-activated 

protein kinase 1 (MAPK1/ERK2), mitogen-activated protein 

kinase 14 (MAPK14/p38α MAPK), and c-Jun N-terminal 

kinases (MAPK 8/JNK1; Table 2). The hydroxyl groups 

on the A ring formed hydrogen bonds with the side chain 

of Met106 and Asp109 in the hinge region of ERK2 (PDB 

ID: 4ZZN; Figure S2. Both hydroxyl groups on the B ring 

formed hydrogen bonds with the side chain of Lys52 in 

the N-lobe and with the side chain of Asp165 of the DFG 

motif. Similarly, quercetin formed hydrogen bonds and 

hydrophobic interactions with the structure of p38α kinase 

(PDB ID: 4R3C). The hydroxyl groups of the B ring formed 

hydrogen bond interactions with the side chain of Asp168 

of the DFG motif and C5 hydroxyl group formed hydrogen 

bond interactions with the backbone carbonyl of Met109 

in the hinge region. Lys53 in the N-lobe and Asp112 in the 

C-lobe produced additional hydrogen bonds with A and B 

rings Figure S2).

Quercetin bound in the active cleft of JNK1 (PDB ID: 

4QTD) as well. The 4-oxo group (C ring) of quercetin formed 

a hydrogen bond with Ala36 of the glycine-rich loop, and 

the A and C rings formed hydrogen bonds with Asp151 and 

Asn156 of the catalytic loop. Three hydrogen bonds were 

formed between the hydroxyl groups on the B ring and the 

side chain of Lys55 in the N-lobe, Glu73 in the C-helix, 

and the backbone carbonyl of Leu168 of the activation loop 

(Figure S2).

Quercetin also produced interactions in the ATP-binding 

pocket of GSK3B (PDB ID: 1J1B). The 4-oxo group of 

the C ring formed a hydrogen bond with the side chain of 

Lys85 in the N-lobe and the C5 hydroxyl group in the A ring 

formed a hydrogen bond with Asp200 of the DFG motif and 

C7 hydroxyl group formed a hydrogen bond with Gln185 

of the catalytic loop. Two hydroxyl groups on the B ring 

also formed hydrogen bonds with the backbone carbonyl of 

Val135 in the hinge region (Figure S2).

CLK1 (PDB ID: 1Z57) also produced a similar pattern of 

interactions as the other CMGC group of proteins. The keto 

group of the C ring formed a hydrogen bond with Lys191 

from the N-lobe and the side chain of Asp325 of the DFG 
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motif. Hydroxyl groups of the B ring formed hydrogen 

bonds with Leu167 from the N-lobe and Asp250 in the 

C-lobe (Figure S2). Interactions of CLK1 with quercetin 

were reported in a myelomonocytic leukemia cell line in 

agreement with these results.35

The CDK2–isoquercitrin complex (PDB ID: 4EK4) 

showed hydrogen bond interactions with the residues from 

N- and C-lobes (Figure 3). The isoquercitrin core formed 

a hydrogen bond between the keto group of the C ring and 

Lys33 in the N-lobe and another between C7 hydroxyl group 

and the backbone carbonyl of Leu83 in the hinge region. The 

glycosyl moiety formed several hydrogen bond interactions 

including interactions with the side-chain hydroxyl group 

of Thr14 of the glycine-rich loop, the side-chain of residue 

Gln131, and the side-chain of Asp145 of the DFG loop.

Isoquercitrin docked to the ATP-binding site of 

ERK2 (PDB ID: 4ZZN) showed hydrogen bonds, hydro-

phobic interactions, and a cation–π interaction as well 

(Table 2). The hydroxyl groups of the glycosyl moiety formed 

hydrogen bonds with residues Met106 and Asp109 in the 

hinge region. The C7 hydroxyl group of the A ring formed 

hydrogen bond interactions with the side chain of Asp165 

of the DFG motif. The hydroxyl group on the B ring formed 

a hydrogen bond with Gln103 in the N-lobe in addition to 

a cation–π interaction with the side chain of Lys52 in the 

N-lobe (Figure S2).

When isoquercitrin was docked to p38α kinase (PDB 

ID: 4R3C), the C7 hydroxyl group of isoquercitrin formed 

hydrogen bonds with the backbone of His107 and Met109 

in the hinge region and the C3′ hydroxyl group (B ring) 

formed hydrogen bonds with the side chain of Asp112 in 

the C-lobe. The glycosyl moiety also formed the crucial 

hydrogen bond with the side chain of Asp168 of the DFG 

motif (Figure S2).

In the case of JNK1 (PDB ID: 4QTD), the 4-oxo group of 

isoquercitrin formed hydrogen bond interaction with Ala36 

of the glycine-rich loop and the A ring formed a hydrogen 

bond with Asp151 and a cation–π interaction with Arg69. 

The hydroxyl groups of isoquercitrin formed a hydrogen 

bond with the backbone amide of Leu168 of the activation 

loop and with Ser155 and Asn156 of the catalytic loop 

(Figure S2).

Isoquercitrin docked to GSK3B (PDB ID: 1J1B) also 

produced several hydrogen bonds, hydrophobic interactions, 

and a π–π interaction (Table 2). Hydroxyl groups on the 

B ring formed hydrogen bonds with the backbone carbonyl 

of Val135 from the hinge region and Ile62 in the N-lobe. The 

A ring formed a hydrogen bond with the backbone amide 

group of Asp200 of the DFG motif. In addition, the glycosyl 

moiety of isoquercitrin formed hydrogen bonds with Asn64 

located at the apex of the glycine-rich loop, Arg141 in the 

C-lobe, and with the side chain of Gln185 in the catalytic 

loop. Besides these hydrogen bonds, the B ring of isoquercit-

rin also produced a cation–π interaction with the side chain 

of Arg141 in the C-lobe (Figure S2).

In CLK1–isoquercitrin complex (PDB ID: 1Z57), the 

quercetin core of isoquercitrin formed a hydrogen bond with 

the side-chain carbonyl of Asp250 in the C-lobe and the 

carbonyl of Gly245 of the catalytic loop. The sugar moiety 

of isoquercitrin formed a hydrogen bond with the side chain 

of Asp325 of the DFG motif (Figure S2).

For all the CMGC family proteins considered in this 

study, quercetin and isoquercitrin showed similar or better 

binding scores and binding energies than inhibitors docked 

to these structures: dinaciclib (CDK2),43 SCH772984 

(ERK2),44 doramapimod (p38α),45 AS601245 (JNK1),46 

and CHIR-99021 (GSK3B)47 (Table 2). Quercetin and 

isoquercitrin interacted with the ATP-binding pocket of 

CMGC protein kinases by forming several hydrogen bonds 

with the backbone residues from the hinge region, the side 

chain of residues of the catalytic loop, as expected, and the 

aspartate residue of the conserved DFG motif. In addition, 

isoquercitrin ranked better than quercetin and inhibitors 

considered in this study.

STE group of serine/threonine kinases
Quercetin formed several hydrogen bonds and hydrophobic 

interactions with the ATP-binding pocket of the STE group 

of kinases (Table 2). Like other serine/threonine kinases, 

in MAPK1 (MEK1; PDB ID: 3VVH), the hydroxyl groups 

of the B ring of quercetin formed hydrogen bonds with the 

hinge region residues Glu144 and Met146 (Figure 3). The 

C3 hydroxyl group of quercetin formed a hydrogen bond 

with Lys74 in the N-lobe. Following the pattern observed, 

the C7 hydroxyl group of quercetin formed a hydrogen bond 

with the side chain of Asp208 of the DFG motif and Asn195 

of the catalytic loop. In vitro and ex vivo analysis showed 

that the inhibition of MEK1 by quercetin resulted in the 

downregulation of its activity.48

Quercetin docked to p21-activated kinase 4 (PAK4; PDB 

ID: 2Q0N) also showed similar hydrogen-bonding pattern in 

the ATP-binding pocket (Table 2). Hydroxyl groups at C5 

and C7 (A ring) formed hydrogen bonds with Glu396 and 

Leu398 in the hinge region. It also formed a hydrogen bond 

with Glu329 of the glycine-rich loop and the side chain of 

Asp458 of the DFG motif (Figure S3).
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The third structural representative of the STE group, polo-

like kinase (Plk1; PDB ID: 2RKU) showed similar pattern 

of interactions with quercetin. A and C rings of quercetin 

formed four hydrogen bonds that included interactions with 

Glu131 and Cys133 in the hinge region and Leu59 in the 

N-lobe. Hydroxyl group of the B ring interacted with Asp194 

of the DFG motif and Lys82 in the N-lobe through hydrogen 

bonds (Figure S3).

In MEK1–isoquercitrin complex, the glycosyl moiety 

formed hydrogen bonds with the side chain of Asp208 of the 

DFG motif, Ser194 of the catalytic loop, and Asp152 in the 

C-lobe. C7 hydroxyl group in the A ring formed hydrogen 

bond with Met146 in the hinge region (Figure 3).

In the PAK4–isoquercitrin complex, a hydroxyl group 

on the B ring produced two hydrogen bond interactions with 

the backbone of Glu396 and Leu398 in the hinge region 

and the A ring produced hydrogen bond with Ala402 in 

the C-lobe. The glycosyl moiety showed hydrogen bond 

interaction with the side chain of Asp458 of the DFG motif 

(Figure S3).

Isoquercitrin formed hydrogen bonds, hydrophobic inter-

actions, and π–π interactions with Plk1. Hydroxyl group of B 

ring at the C3′ position formed a hydrogen bond with Cys133 

in the hinge region (Figure S3). As expected, the hydroxyl 

group of the A ring formed a hydrogen bond with the side 

chain of Asp194 of the DFG motif. The glycosyl part of 

isoquercitrin formed hydrogen bonds with Leu59 and Lys82 

in the N-lobe and Glu140 in the C-lobe. In addition to these 

hydrogen bonds, the A and C rings showed π–π interactions 

with Phe183 of the catalytic loop.

Thus, quercetin and isoquercitrin exhibited a conserved 

interaction pattern in the STE group of kinases as well. This 

included interactions with residues in the hinge region and 

with the critical aspartate residue of the DFG motif.

TKL group of serine/threonine kinases
Quercetin bound in the ATP-binding site of B-Raf (PDB ID: 

5CSW) with hydrogen bonds and hydrophobic interactions 

(Table 2). The C3′ hydroxyl group formed hydrogen bonds 

with the backbone amide group of Asp594 and with Phe595 

of the DFG motif (Figure 3). The hydroxyl groups of the 

A ring formed two hydrogen bond interactions with Cys532 

in the hinge region. This supports the finding that quercetin 

imparts chemopreventive activity to Raf1 by directly binding 

to the protein.48

Similar to other proteins considered, isoquercitrin pro-

duced several interactions with B-Raf (Table 2). The B ring 

of the isoquercitrin core formed hydrogen bonds with Cys532 

and Gly534 in the hinge region. The C5 hydroxyl group of 

the A ring formed a hydrogen bond with the side chain of 

Asp594 of the DFG motif (Figure 3). The glycosyl moiety 

of isoquercitrin provided additional interactions for complex 

formation including hydrogen bonds with Ser536 in the 

C-lobe and Asn580 of the catalytic loop. Interactions and 

binding energy of isoquercitrin were more favorable than 

quercetin in B-Raf (Table 2).

Discussion
Docking analysis of a series of serine/threonine kinases 

with the flavonoids quercetin and isoquercitrin revealed 

that both could be potent multitarget anticancer agents. The 

highly conserved DFG motif plays an important role in the 

regulation of protein kinase activity, and targeting the DFG 

motif in kinases is gaining prominence.49,50 Structural stud-

ies involving phosphoinositide 3-kinase (PDB ID: 3R7R),51 

aurora kinase (PDB ID: 3UP7),52 interleukin-2 inducible 

T-cell kinase (PDB ID: 4HCT),53 and Mapk13 (PDB ID: 

4EYJ)54 have revealed that inhibitors interact through 

hydrogen bonds with the aspartate residue of the DFG motif. 

The interaction of quercetin with the DFG motif of serine/

threonine kinases has also been observed in structures such 

as death-associated protein kinase 1 (DAPK1; PDB ID: 

5AUW) and serine/threonine protein kinase 17B (PDB ID: 

3LM5). The B ring of quercetin interacts with Asp161, and 

the C4 hydroxyl group (B ring) interacts with the side chain 

of Phe162 of the DFG motif of DAPK1 (PDB ID: 5AUW), 

a target for the treatment of endometrial adenocarcinomas.55 

In serine/threonine protein kinase 17B, the C3 hydroxyl 

group (A ring) of quercetin forms hydrogen bond interaction 

with the side chain of Asp179 of the DFG motif (PDB ID: 

3LM5). Both quercetin and isoquercitrin interacted with 

the aspartate residue of the highly conserved DFG motif in 

almost all structures considered in this study. Quercetin and 

isoquercitrin were observed to interact with one or more 

hydrogen bonds with the hinge region residues mimicking 

the interaction of the adenine ring of ATP with the hinge 

region.39 Besides interacting with the DFG motif, the docked 

poses and binding energies calculated for the glycosidic 

derivative of quercetin revealed that isoquercitrin could be 

a more potent inhibitor. Analysis of the antiproliferative 

activities of quercetin derivatives on various cancer cell lines 

including breast, colon, hepatocellular, and lung has shown 

that isoquercitrin exerts a more potent effect than quercetin.21 

In addition to more favorable interactions, isoquercitrin is 

also more bioavailable and rapidly absorbed than quercetin. 

Compared to quercetin, isoquercitrin produced high levels 
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of quercetin metabolites in tissues (twofold to fivefold) and 

in plasma (twofold to threefold) when orally administered.56 

The sugar moiety enables isoquercitrin to be absorbed more 

efficiently than aglycones since membrane transporters have a 

higher affinity and pump isoquercitrin more effectively across 

the membrane due to the presence of the glucose moiety.57 

Extending this, the derivatives of quercetin could be explored 

to develop novel, polypharmacological or specific, serine/

threonine inhibitors.

Conclusion
Quercetin, the most abundantly found dietary flavonoid, is a 

promising anticancer agent. In this study, a structure-based 

analysis of the interaction mechanism of quercetin and, its 

glycosidic derivative, isoquercitrin with serine/threonine 

kinases was performed. Both compounds produced a con-

served interaction pattern with residues in the hinge region. 

More importantly, these molecules specifically interacted 

with the aspartate of the highly conserved DFG motif that 

plays an important role in the regulation of kinase activity. 

Binding energy analysis suggested that isoquercitrin had a 

higher potential to inhibit several of these proteins compared 

to quercetin. This study illustrates the structural basis of the 

polypharmacological inhibitory mechanism of quercetin and 

isoquercitrin. Quercetin could thus be a promising platform 

to generate more potent derivatives targeting serine/threo-

nine kinases.
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Supplementary materials

Figure S1 Docked pose and hydrogen bond interactions of quercetin and isoquercitrin with AGC family serine/threonine kinases.
Notes: (A) Quercetin in Akt2, (B) isoquercitrin in Akt2, (C) quercetin in aurora kinase, (D) isoquercitrin in aurora kinase, (E) quercetin in RSK2, (F) isoquercitrin in RSK2. 
The protein is shown in light-blue cartoon representation, interacting residues are shown in stick representation, and the docked ligand is represented as black sticks.
Abbreviation: PDB, Protein Data Bank.
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Figure S2 Docked pose and hydrogen bond interactions of quercetin and isoquercitrin with CMGC family serine/threonine kinases.
Notes: (A) Quercetin in ERK2, (B) isoquercitrin in ERK2, (C) quercetin in p38α, (D) isoquercitrin in p38α, (E) quercetin in JNK1, (F) isoquercitrin in JNK1, (G) quercetin 
in GSK3B, (H) isoquercitrin in GSK3B, (I) quercetin in CLK1, (J) isoquercitrin in CLK1. The protein is shown in light-blue cartoon representation, interacting residues are 
shown in stick representation, and the docked ligand is represented as black sticks.
Abbreviation: PDB, Protein Data Bank.
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Figure S3 Docked pose and hydrogen bond interactions of quercetin and isoquercitrin with STE family serine/threonine kinases.
Notes: (A) Quercetin in PAK4, (B) isoquercitrin in PAK4, (C) quercetin in Plk1, (D) isoquercitrin in Plk1. The protein is shown in light-blue cartoon representation, 
interacting residues are shown in stick representation, and the docked ligand is represented as black sticks.
Abbreviation: PDB, Protein Data Bank.
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