
Frontiers in Cellular and Infection Microbiolo

Edited by:
Luciana Scotti,

Federal University of Paraı́ba, Brazil

Reviewed by:
Hao Zhang,

University of Pennsylvania,
United States

Suraj Narayan Mali,
Institute of Chemical Technology, India

*Correspondence:
Min Woo Ha

minuha@jejunu.ac.kr

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Clinical Microbiology,
a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 31 March 2022
Accepted: 30 May 2022
Published: 30 June 2022

Citation:
Kumar V, Parate S, D, Zeb A, Singh P,
Lee G, Jung TS, Lee KW and Ha MW

(2022) 3D-QSAR-Based
Pharmacophore Modeling, Virtual

Screening, and Molecular Dynamics
Simulations for the Identification of
Spleen Tyrosine Kinase Inhibitors.

Front. Cell. Infect. Microbiol. 12:909111.
doi: 10.3389/fcimb.2022.909111

ORIGINAL RESEARCH
published: 30 June 2022

doi: 10.3389/fcimb.2022.909111
3D-QSAR-Based Pharmacophore
Modeling, Virtual Screening, and
Molecular Dynamics Simulations for
the Identification of Spleen Tyrosine
Kinase Inhibitors
Vikas Kumar1†, Shraddha Parate2†, Danishuddin1, Amir Zeb3, Pooja Singh2,
Gihwan Lee2, Tae Sung Jung4, Keun Woo Lee1 and Min Woo Ha5,6*

1 Department of Bio & Medical Big Data (BK4 Program), Division of Life Sciences, Research Institute of Natural Science
(RINS), Gyeongsang National University (GNU), Jinju, South Korea, 2 Division of Applied Life Science, Plant Molecular Biology
and Biotechnology Research Center (PMBBRC), Gyeongsang National University (GNU), Jinju, South Korea,
3 The Interdisciplinary Graduate Program in Integrative Biotechnology and Translational Medicine, Yonsei University, Incheon,
South Korea, 4 Laboratory of Aquatic Animal Diseases, Research Institute of Natural Science, College of Veterinary Medicine,
Gyeongsang National University, Jinju-si, South Korea, 5 Jeju Research Institute of Pharmaceutical Sciences, College of
Pharmacy, Jeju National University, Jeju, South Korea, 6 Interdisciplinary Graduate Program in Advanced Convergence
Technology & Science, Jeju National University, Jeju, South Korea

Spleen tyrosine kinase (SYK) is an essential mediator of immune cell signaling and has
been anticipated as a therapeutic target for autoimmune diseases, notably rheumatoid
arthritis, allergic rhinitis, asthma, and cancers. Significant attempts have been undertaken
in recent years to develop SYK inhibitors; however, limited success has been achieved
due to poor pharmacokinetics and adverse effects of inhibitors. The primary goal of this
research was to identify potential inhibitors having high affinity, selectivity based on key
molecular interactions, and good drug-like properties than the available inhibitor,
fostamatinib. In this study, a 3D-QSAR model was built for SYK based on known
inhibitor IC50 values. The best pharmacophore model was then used as a 3D query to
screen a drug-like database to retrieve hits with novel chemical scaffolds. The obtained
compounds were subjected to binding affinity prediction using the molecular docking
approach, and the results were subsequently validated using molecular dynamics (MD)
simulations. The simulated compounds were ranked according to binding free energy
(DG), and the binding affinity was compared with fostamatinib. The binding mode analysis
of selected compounds revealed that the hit compounds form hydrogen bond interactions
with hinge region residue Ala451, glycine-rich loop residue Lys375, Ser379, and DFG
motif Asp512. Identified hits were also observed to form a desirable interaction with
Pro455 and Asn457, the rare feature observed in SYK inhibitors. Therefore, we argue that
identified hit compounds ZINC98363745, ZINC98365358, ZINC98364133, and
ZINC08789982 may help in drug design against SYK.
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1 INTRODUCTION

Kinases are a type of enzyme that can transfer high-energy
phosphate from adenosine triphosphate to a substrate (Gagic
et al; Duong-Ly and Peterson, 2013). The phosphorylation event
modulates enzyme activity or communication with other
molecules, leading to various biological reactions (Graves and
Krebs, 1999). Tyrosine kinases are classified into receptor and
non-receptor tyrosine kinases (NRTK) (Siveen et al., 2018).
Spleen tyrosine kinase (SYK) is a cytoplasmic NRTK of
hematopoietic lineage cells (Kobayashi et al., 1990). It was
originally cloned from the cDNA of the porcine spleen, hence
named SYK (Taniguchis et al., 1991). The SYK gene is situated at
chromosome number nine, encoding a 629-amino-acid-long
protein (Shao et al., 2021). The SYK gene is characterized by
the C-terminal kinase domain ranging from 371 to 631 amino
acids and two Src homology (SH2) domains: SH2 1 (15–107
residues) and SH2 2 (168–259 residues) at the N-terminal. The
two SH2 domains are linked by interdomain A (108–167
residues), and the SH2 2 domain is linked to the kinase
domain by interdomain B (260–370 residues) (Mócsai et al.,
2010). SYK is present in an auto-inhibited form in the resting
state; when antigen binds to the immunoreceptor, the Lyn
protein tyrosine kinase gets activated and subsequently
phosphorylates the immunoreceptor’s tyrosine-based activation
motif (ITAM). As a result, SYK’s SH2 domains bind to
phosphorylated ITAM, causing conformational changes in the
kinase domain and eventually releasing the kinase (Kaur et al.,
2013; Shao et al., 2021). The activated SYK then induces the
signaling cascade to regulate the immune cell functions via
phosphorylation of target cells. SYK is expressed in cell types
such as B-cells, mast cells, macrophages, platelets, neutrophils,
and cancer cells (Mócsai et al., 2010; Pamuk and Tsokos, 2010).
SYK has been reported to contribute to various immune
responses, counting cytokine production, histamine release,
phagocytosis, reactive oxygen species (ROS), cell proliferation,
differentiation, etc. (Currie et al., 2014; Thoma et al., 2015a). SYK
acts as a pivotal protein in the downstream IgE/FcRI (FceRI)
signaling pathway to trigger allergic reactions (Nam et al., 2018;
Hong et al., 2020). SYK is also important for the signaling
cascade of B-cell receptors; a lack of SYK may result in the
absence of mature B cells (Cheng et al., 1995; Turner et al., 1995).
Recent studies indicated that SYK might regulate mitosis,
differentiation, adhesion, and motility in non-hematopoietic
cells such as epithelial and endothelial cells, and hepatocytes
(Shao et al., 2021). Owing to the multiple roles of SYK in the cell,
the dysfunction of SYK signaling has been reported in various
diseases and disorders such as allergic rhinitis, asthma,
autoimmune disease rheumatoid arthritis, psoriasis, systematic
lupus erythematosus, leukemia, and lymphomas (Kaur et al.,
2013). Therefore, several pharmaceutical companies, as well as
academic institutions, have invested in the discovery of drug
candidates against SYK. Several promising compounds based on
naphthyridines, pyrimidine, imidazopyrimidine, and pyrido-
thiazole scaffolds were identified during early drug
development attempts against SYK but were not considered for
clinical use due to poor pharmacokinetic profiles (Farmer et al.,
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2008; Hirabayashi et al., 2008; Liddle et al., 2011; Thoma et al.,
2015b). However, some potential compounds such as
PRT062607, R343, R112, and entospletinib (GS-9973) are
among the SYK inhibitors that have entered clinical trials and
are being examined for a variety of therapeutic uses (Liu and
Mamorska-Dyga, 2017; Shao et al., 2021). Recently, the FDA has
authorized the fostamatinib drug, developed by Rigel
Pharmaceuticals to treat adult patients with immune
thrombocytopenia (Mullard, 2018). A literature survey
confirms that available drug options are limited against SYK as
it has been reported in multiple diseases, and therefore there is a
continuous need for SYK inhibitors. Over a thousand small
compounds have been identified against SYK using various
chemical bioassays. This information provides a good
foundation for comprehending the structure–activity
relationship between these molecules, making it simpler to
discover novel SYK inhibitors. Therefore, the goal of the
present study is to develop a pharmacophore model based on
the quantitative structure–activity relationship (QSAR) using
known inhibitors’ activity data. The pharmacophore models
were validated via the test set and fisher randomization
methods. The hypothesis was then used to screen the natural
product database ZINC to retrieve potential compounds which
could be used against SYK. We employed a molecular docking
study to predict the binding affinity of the retrieved compounds
with SYK, and results were subsequently authenticated by
molecular dynamics simulations. Finally, hit compounds were
selected on the basis of better binding free energy and key
molecular interactions than reference drug fostamatinib and
proposed as novel SYK inhibitors for further studies.
2 MATERIALS AND METHODS

2.1 Collection of Dataset
The selection of chemical scaffolds is a decisive step for developing
a 3D-QSAR pharmacophore model because this determines
the characteristic of the pharmacophores generated (John et al.,
2011). One of the essential requirements for generating 3D QSAR
is experimentally tested compounds using the same bioassay
(Sakkiah and Lee, 2012). We performed the literature search
and selected 180 SYK inhibitors whose activity was determined
using the same bioassay (Lucas et al., 2012; Padilla et al., 2013;
Lucas et al., 2014). The 2D chemical structures of the inhibitors
were dawn with BIOVIA draw v2021 and after that changed
to 3D in Discovery Studio (DS) v19 (www.accelrys.com).
Duplicate compounds were removed to ensure further statistical
relevance, and compounds with diverse chemical scaffolds
were selected. The three-dimensional conformation of inhibitors
was energy minimized in DS with the Steepest Descent algorithm.
The remaining compounds were divided into training and test
sets following four orders of magnitude in their biological
activities. The training set compounds were used to build
the pharmacophore hypothesis, and the test set was used
to validate the hypothesis (Kumar et al., 2015). The IC50 values
of the selected training set compounds reported against SYK
June 2022 | Volume 12 | Article 909111
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werein the range of 1 to 31,623 nmol/L. The training set
compounds were classified into three categories as active (IC50 <
10 nmol/L +++), moderately active (IC50 <100 nmol/L ++), and
inactive (IC50 <1,000 nmol/L +), based on their IC50 values.
Similar criteria were used for test set classification.

2.2 Pharmacophore Model Generation
Pharmacophore modeling is an effective and time-saving
approach for identification of new scaffolds, and it may be
constructed using either ligands or structure of the target
biomolecule. The ligand-based hypothesis can be further
developed using a common feature of most active ligands or
using the structure–activity relationship of the training set
compounds (Sakkiah et al., 2010; Kaserer et al., 2015; Mali and
Pandey, 2021). In the current study, we utilized knowledge of
available SYK inhibitors’ biological activity data to build a 3D
QSAR pharmacophore model. The 3D QSAR Pharmacophore
Generation module of DS was used to create quantitative
pharmacophores. To find the important characteristics in the
training set compounds, the Feature Mapping module in DS was
exploited. The knowledge of feature mapping results was
subsequently utilized for the generation of the hypothesis.
Before hypothesis generation, the uncertainty value was fixed
at 3, representing the ratio of the real activities to the observed
biological activity for each compound (Kumar et al., 2015). At
the same time, other parameters were kept as default. The
minimum and maximum numbers of features were set to 0 to
5 during the quantitative hypothesis generation. The best
hypothesis was chosen among 10 generated models using the
following criteria: highest correlation coefficient (R2), lowest total
cost, fit values, and root mean square deviation (RMSD) (Sakkiah
and Lee, 2012).

2.3 Hypothesis Validation
The selected hypothesis was validated using test set analysis and
Fischer’s randomization test (Kumar et al., 2015). The statistical
relevance of the hypothesis was assessed using Fischer’s method.
The hypothesis is considered significant if the overall total cost is
lower than the randomly generated hypothesis (Sakkiah and Lee,
2012; Kumar et al., 2015). Using confidence level 95%, the
Hypogen algorithm of DS generates 19 random spreadsheets
during the Fischer’s test. The test set approach was also
employed to see if the selected hypothesis could correctly
predict and categorize the chemical compounds based on their
biological activity scale. Randomly 19 compounds were selected
with four orders of magnitude from similar literature sources,
used to generate the hypothesis. The test set compounds were
then mapped on the selected hypothesis using the Ligand
Pharmacophore Mapping function of DS with the BEST
algorithm and flexible-fitting method (Kumar et al., 2015).

2.4 Virtual Screening of Natural Products
in the ZINC Database
Virtual screening is a computational procedure commonly used
to screen chemical compound libraries to filter false binders. We
used our validated QSAR model to screen the natural products
(144,766) in the ZINC database (https://zinc.docking.org/).
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Initially, a drug-like database was prepared using commonly
used filters such as Lipinski’s Rule of Five (Ro5), Veber’s, and
ADMET (absorption, distribution, metabolism, excretion, and
toxicity) to reduce computational cost (Lipinski et al., 2001;
Veber et al., 2002; Parate et al., 2021a). As explained in the
previous literature, the aforementioned drug-like rules
collectively oversee compounds’ proficient retrieval based on
their pharmacokinetics and physiochemical properties. The
drug-like database so obtained was screened to examine and
retain only the natural products able to map chemical features of
the QSAR model (Sundarapandian et al., 2010). Subsequently,
the mapped ZINC natural compounds have proceeded to
molecular docking with the 3D X-ray structure of the
SYK protein.
2.5 Molecular Docking of Compounds With
the SYK Domain
According to the extensive examination of published structures
for SYK, there are 62 distinct inhibitor-bound structures
deposited in the protein data bank (PDB). As a result,
choosing an appropriate structure for molecular docking is a
difficult choice; however, based on previous docking studies,
researchers suggested a few key points to make a good selection,
such as resolution of structure <2Å, binding with a well-known
inhibitor, key molecular interaction, fewer missing residues, and
mutations (Bender et al., 2021). Careful inspection of these
parameters reveals that the recently published SYK structure
bound with clinical candidate drug lanraplenib (PDB ID: 6VOV)
is of a good choice for molecular docking-based study (Blomgren
et al., 2020). The selected structure was obtained from PDB and
prepared in DS using the Clean Protein module. The unwanted
molecules were deleted, and gaps were filled. Subsequently, the
structure was minimized using the Steepest Descent algorithm of
DS and saved in PDB format for molecular docking (Kumar
et al., 2021a; Mali and Pandey, 2022). The small molecules
obtained from pharmacophore screening and REF drugs
fostamatinib and lanraplenib were also minimized in DS using
the Steepest Descent algorithm and saved in MOL2 format. In the
current study, Genetic Optimization for Ligand Docking (GOLD
v5.2.2) software was utilized to establish the molecular
interactions between the potential inhibitors and the target
receptor (Jones et al., 1997). First, the robustness of GOLD
software was estimated before carrying out the docking
experiment with crystallized ligand, lanraplenib, and the root
mean square deviation was computed. The docking site was
assigned as a 10-Å sphere by DS’s Define and Edit Binding Site
module with X, Y, and Z coordinates of -13.06, 19.90, and -4.82,
respectively. Following software robustness, the drug-like natural
molecules were employed for docking utilizing the exact
coordinates used for docking of lanraplenib. The first stage
included docking-based virtual screening, where only one
conformer per ligand was generated. The compounds
exhibiting better docking results than lanraplenib and
fostamatinib (REF inhibitors) were retained. The second stage
comprised exhaustive docking of the retained compounds by
generating 10 conformers per ligand. The compounds indicating
June 2022 | Volume 12 | Article 909111
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higher GoldScores, lower ChemScores than REF inhibitors, and
promising interactions with the active site residues within the
SYK domain were further studied under atomic-level molecular
simulations (Kumar et al., 2021b; Parate et al., 2021b).

2.6 Molecular Dynamics Simulations
The stability and binding flexibility of the selected protein-ligand
docking complexes were studied under real time using molecular
dynamics simulations. To accomplish this task, Groningen
Machine for Chemical Simulations (GROMACS v5.1.5) was
used (Van Der Spoel et al., 2005; Pronk et al., 2013). The
simulation parameter files for SYK and potential inhibitor
compounds were generated by Chemistry at Harvard
Macromolecular Mechanics forcefield (CHARMm27) and
SwissParam, respectively (Sapay and Tieleman, 2011; Zoete
et al., 2011). The TIP3P system was employed for hydration of
the protein–ligand complex throughout the simulation run.
Further, the counter ions were used to neutralize the
simulation box. Consequently, energy minimization
equilibration using NVT and NPT was performed. The
molecular simulations were conducted under periodic
boundary conditions to reduce the edge effects (Kumar et al.,
2021c; Kumar et al., 2021b). The MD simulation trajectories
were assessed with the DS and VMD program (Humphrey
et al., 1996).

2.7 Binding Free Energy Calculations
The MD simulation results were subsequently subjected to
predict the binding free energy (DG) using a computationally
well-founded method, molecular mechanics Poisson–Boltzmann
surface area (MM-PBSA) (Kollman et al., 2000). The g_mmpbsa
plugin package in GROMACS was utilized to predict the DG of
the protein–ligand complex in the solvent, which can be defined
as (Kumari et al., 2014):

DGbind = Gcomplex − Gprotein + Gligand

� �

where Gcomplex is the protein–ligand complex’s total free energy,
whereas Gprotein and Gligand are the over-all free energies of the
protein and ligand alone in solvent.
3 RESULTS AND DISCUSSION

3.1 Construction of the Pharmacophore
Model
A series of SYK inhibitors tested through the same biological assay
method were collected from different literature sources (Lucas
et al., 2012; Padilla et al., 2013; Lucas et al., 2014). A training set
of 19 compounds with diverse scaffolds was carefully compiled
to construct the pharmacophore model. The 2D structures and
the inhibitory concentrations of the training set compounds
against SYK are shown in Figure 1. Based on the experimental
inhibitory concentration of compounds, the training set was
classified as active (IC50 <10 nmol/L +++), moderately active
(IC50 <100 nmol/L ++), and inactive (IC50 <1,000 nmol/L +).
Before the generation of the hypothesis, the Feature Mapping
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
module of the DS was exploited using training set compounds as
an input to get an idea about the proportion of chemical features
present in compounds. Rationally, the five most common features,
viz., hydrogen bond donor (HBD), hydrogen bond acceptor
(HBA), hydrogen bond acceptor lipid (HBAL), ring aromatic
(RA), and hydrophobic (HYP), were carefully chosen from
feature mapping results for the hypothesis generation.
Subsequently, the DS’s 3D QSAR Pharmacophore Generation
module was utilized to generate the set of pharmacophore
models. The program generates 10 hypotheses, each with its
own set of statistical parameters, including total cost, cost
difference, RMSD, correlation, Max Fit, and features (Table 1).
According to the previous studies, the best hypothesis should have
fit value >9, maximum cost difference, least total cost values, high
correlation coefficient, and lowest root mean square deviation
(RMSD) values (Debnath, 2002; John et al., 2011; Kumar et al.,
2015). It is shown in Table 1 that except for Hypo9, and Hypo10,
all others display a fit value greater than nine. Furthermore, Hypo8
showed the highest fit value of 11.3, followed by Hypo5, Hypo3,
Hypo2, and Hypo1. Table 1 also shows that the hydrogen bond
acceptor lipid (HBAL) feature was dominantly found in all
generated hypotheses, suggesting that it is necessary for SYK
inhibition. The detailed analysis of statistical parameters revealed
that Hypo1 had a low total cost of 95.78, a maximum cost
difference of 50.78, the least RMSD value (0.69), and a
maximum correlation (0.98). Thus, Hypo1, which contains three
features of HBAL, was selected as the best hypothesis (Figure 2A).
To illustrate the predictive accuracy of Hypo1, regression analysis
was employed. Hypo1 estimates the inhibitory value of the
compounds in their activity range with minor deviations. One
active and one moderately active compound was anticipated to be
moderately active and inactive, respectively, as shown in Table 2.
Furthermore, the training set’s most active compound (IC50 = 1
nmol/l) was found to be well-matched with the three chemical
FIGURE 1 | Chemical structures of the SYK inhibitors in the training set. The
inhibitory activity of the compounds is shown in parenthesis (IC50 nmol/L).
June 2022 | Volume 12 | Article 909111
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TABLE 1 | The statistical details of 10 Hypogen algorithm-generated pharmacophore hypotheses.

Hypo no. Total cost Dcosta RMSb Correlation (R2) Max fit Featuresc

Hypo1 95.78 50.78 0.69 0.98 9.35 HBAL, HBAL, HBAL
Hypo2 101.21 45.36 0.92 0.96 9.79 HBAL, HBAL, HBAL
Hypo3 105.72 40.85 1.42 0.87 10.39 HBAL, HBAL, HBD, HYP
Hypo4 106.64 39.93 1.32 0.90 9.03 HBA, HBA, HBAL
Hypo5 107.38 39.18 1.50 0.86 10.10 HBA, HBAL, HBD, HYP
Hypo6 107.46 39.10 1.27 0.91 9.52 HBAL, HBAL, HBD
Hypo7 108.12 33.44 1.36 0.89 9.17 HBA, HBA, HBAL
Hypo8 108.59 37.97 1.46 0.87 11.3 HBA, HBAL, HBD, HYP
Hypo9 108.75 37.81 1.41 0.88 8.95 HBAL, HBAL, HBAL
Hypo10 108.83 37.73 1.41 0.88 8.95 HBA, HBAL, HBAL
Frontiers in Cellular and
 Infection Microbiology |
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aDcost is the difference between the null cost (146.57) and the total cost. bRMS is root mean square deviation. cHBAL, hydrogen bond acceptor lipid; HBD, hydrogen bond donor; HBA,
hydrogen bond acceptor; HYP, hydrophobic.
A B C

FIGURE 2 | (A) The best pharmacophore model, Hypo1, shows chemical features and distance constraints Å. Hypo1 contains three hydrogen bond acceptor lipid
(HBAL) features. (B, C) The pharmacophore mapping results of Hypo1 on the training set’s most active and least active compound, respectively.
TABLE 2 | Detailed overview of actual biological activities of training set compounds and Hypo1-predicted activities.

Compound no. Fit value Experimental IC50 nmol/L Predicted IC50 nmol/L Errora Experimental scale Predicted scaleb

1 9.10 1 2.5 +2.5 +++ +++
2 8.90 3 4.1 +1.4 +++ +++
3 8.44 4 12 +2.9 +++ +++
4 8.21 5 20 +4 +++ +++
5 8.80 7 5.1 -1.4 +++ +++
6 7.84 10 46 +4.6 ++ ++
7 7.80 68 51 -1.3 ++ ++
8 7.16 320 220 -1.4 ++ ++
9 6.38 790 1,300 +1.7 ++ +
10 6.71 910 630 -1.4 ++ ++
11 6.22 1,600 1,900 +1.2 + +
12 6.45 1,800 1,100 -1.6 + +
13 6.12 2,400 2,500 +1 + +
14 6.20 3,700 2,000 -1.8 + +
15 6.17 3,700 2,200 -1.7 + +
16 6.13 6,500 2,400 -2.8 + +
17 6.21 7,100 2,000 -3.6 + +
18 5.29 17,000 16,000 -1 + +
19 5.30 32,000 16,000 -2 + +
lume 1
aError, ratio of the (predicted IC50 to the experimental IC50 or its negative inverse if the ratio is <1). bActivity scale: IC50 <10 nmol/L = +++ (active), 10 nmol/L ≤ IC50 < 1,000 nmol/L = ++
(moderate active), IC50 ≥ 1,000 = + (inactive).
2 | Article 909111
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features of Hypo 1, although one HBAL feature was not well
linked with the training set’s least active compound (IC50 = 32,000
nmol/L) (Figures 2B, C). The mapping difference between most
active and least active compounds reveals the possible difference
between their inhibitory activities against SYK. Additionally, we
studied the possible mapping of the Hyop1 with SYK active site.
Figure 3A displays the overlay of Hypo1 inside the active site of
the SYK protein. The enlarged view in Figure 3A indicates that
three HBAL features of Hypo1 may map with K375, R499, and
DFG motif residue D512. In addition, the surrounding active site
residues were also shown, which may participate in various
hydrophobic interactions during protein-ligand binding
(Figure 3B). The feature mapping results reveal that the Hypo1-
filtered compound may target mentioned active site residues. The
potential of Hypo1 to predict the activity similar to the
experimental activity range and mapping with active site key
residues indicates that Hypo1 may act as a good 3D query to
identify novel compounds from drug-like databases.

3.2 Hypothesis Validation
The representative hypothesis was evaluated via Fischer’s
randomization test and test set validation (Kumar et al., 2015).
In Fischer’s validation method, the statistical significance of the
hypothesis was investigated by generating 19 random
spreadsheets of the training set compounds using the actual
biological activity values at the confidence level of 95%. It can be
inferred from Figure 4 that Hypo1 was not developed by chance,
as Hypo1 showed the lowermost cost value among 19 randomly
generated hypotheses. Additionally, the correlation of the
randomly generated hypothesis was also compared with
Hypo1, and it was observed that Hypo1 achieved the highest
correlation among randomly generated hypotheses (Figure S1).
The test set validation was performed using 19 structurally
different compounds (Table S1). The inhibitory activity of the
compounds in the test set varied from 5 to 9,950 nmol/L. The test
set compounds were classified as active, moderately active, and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
inactive based on their IC50 values, similar to training set
compounds. Table S2 shows that most of the compounds were
anticipated to be in the same range as their experimental range,
except for three moderately active compounds that were
overestimated active. Furthermore, Hypo1 reflects a significant
correlation between the predicted and actual biological activities
of the training set (R2 = 0.98) and test set (R2 = 0.91) (Figure 5).
The Hypo1 validation results indicate that the selected
hypothesis fulfilled the criteria suggested by previous reports to
be an ideal pharmacophore model for virtual screening of drug-
like databases (Sakkiah and Lee, 2012; Kumar et al., 2015).

3.3 Virtual Screening of the ZINC Database
A compound’s drug-like properties are a prerequisite for it to be
utilized as a potential drug molecule. Therefore, the ZINC
database embedded with 144,766 natural products was filtered
via Ro5 and Veber’s rules, resulting in 98,842 compounds
(Lipinski et al., 2001; Veber et al., 2002). This huge number of
compounds was further filtered via ADMET pharmacokinetic
criteria, resulting in 7,378 drug-like natural compounds.
Subsequently, the well-validated 3D-QSAR model Hypo1 was
employed as a 3D query to screen natural compounds using the
Ligand Pharmacophore Mapping function of DS. The mapping
yielded 2,964 drug-like molecules that mapped every aspect of
the model. Lastly, the obtained compounds were manually
scrutinized for false-positive compounds mapping the model.
This process resulted in 2,277 actual positive compounds, which
were proceeded for molecular docking with the SYK structure.

3.4 Molecular Docking
The molecules acquired from the pharmacophore-based
screening were docked with the catalytic site of the SYK
domain structure (PDB ID: 6VOV) (Blomgren et al., 2020).
The reliability of GOLD docking software was evaluated before
the docking of drug-like molecules (Kumar et al., 2021b). In this
process, the re-docking of co-crystallized ligand lanraplenib
A B

FIGURE 3 | (A) The ribbon diagram of the SYK protein showing an overlay of Hypo1 inside the active site of different SYK domains. The regions of the SYK active
site such as the hinge region (448–455), glycine-rich loop (378–383), DFG motif (512–514), and the activation loop (520–534) were highlighted. (B) The mapping of
Hypo1 features with SYK active site residues. The SYK residues were shown with a stick representation in different colors: hinge (cyan), G-loop (teak), DFG motif
(pink), and other active site surrounding resides (gray).
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wasperformed, resulting in a root mean square deviation
(RMSD) of <2 Å among the docked and co-crystallized poses
(Figure S2A). Consequently, the docking-based virtual screening
of 2,277 mapped compounds was executed with the generation
of one conformer per ligand. A total of 129 compounds exhibited
higher GoldScores and lower ChemScores than the REF
inhibitors lanraplenib and fostamatinib selected initially for
detailed molecular interaction analysis (Kumar et al., 2021b;
Parate et al., 2021b). We performed a more extensive docking
evaluation for the 129 molecules, with 10 conformers per ligand
generation. Our docking analyses revealed that lanraplenib
showed a GoldScore of 64.56 and ChemScore of -28.99,
while fostamatinib demonstrated GoldScore of 66.62 and
ChemScore -17.60. Using reference inhibitors’ docking scores
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
as cutoff, 33 compounds were selected (Figure S2B). It is
noteworthy to mention that selected compounds displayed
significantly better docking scores when compared with
REF drugs. For example, top-ranked docked compound
ZINC98364146 displayed a GoldScore of 77.50 and a
ChemScore of -34.12, which is much better than the REF
compounds’ score. Table S3 displays the complete analysis of
each compound’s docking score and hydrogen-bond details. Our
structural observation of 62 SYK inhibitor-bound PDB
structures reveals that Ala451 and Asp512 were targeted via
hydrogen bond by 59 and 25 inhibitors, respectively.
Interestingly, the selected docked compound’s hydrogen-bond
analysis shows that each compound targets key residue Ala451 or
Asp512 via a hydrogen bond (Table S3). Moreover, previous
FIGURE 4 | The graphical depiction of the total cost analysis of the initial spreadsheet (costs) and 19 random spreadsheets during Fischer’s randomization run. A
confidence threshold of 95% was applied.
FIGURE 5 | The graphical representation of the correlation between the training set and test set compounds’ experimental and Hypo1-predicted activities.
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docking studies with the SYK protein revealed that active site
residues such as Leu377, Ser379, Val385, Met448, Ala451,
Lys458, Asp499, and Asp512 were actively observed during
protein–ligand interactions; a similar observation during our
analysis supports our selection (Huang et al., 2017; Wang et al.,
2018). Finally, 33 selected compounds were forward for
molecular simulations to monitor their stability under a virtual
cellular environment.

3.5 Molecular Dynamics Simulations
The MD simulations are a broadly used method to study the
steadiness of protein–ligand systems at the atomic level (Karplus
and McCammon, 2002). The stability of the system was
calculated using geometric features such as root mean square
deviation (RMSD) and root mean square fluctuations (RMSF)
(Kumar et al., 2021a). Further, the computationally rigorous
method MM-PBSA was utilized to screen the simulated
complexes (Kumari et al., 2014; Kumar et al., 2021c). The
binding free energy of the REF inhibitors lanraplenib (REF1)
and fostamatinib (REF2) was used as the first criteria for
selecting the potential hit compounds among 33 simulated
inhibitor–SYK complexes (Table S3) (Kumar et al., 2021d;
Parate et al., 2021c). The selected hit compounds were
analyzed in detail and are discussed below.

3.5.1 Stability of the Simulated Systems
The RMSD of SYK protein backbone atoms was calculated to
determine the stability of all the simulated systems throughout
the simulation run. It is shown in Figure 6A that all the systems
displayed stable behavior from start to endpoint. The average
RMSD value for all the systems was observed below 0.3 nm,
which indicated that simulated complexes displayed RMSD
values below the threshold. The average RMSD values further
showed that the Hit4–SYK complex displayed less deviation
(0.14 nm), whereas Hit2 and Hit3 demonstrated a similar
average value to REF1 (0.15 nm). Further, Hit1 and REF2
showed slightly high average RMSD values of 0.16 and 0.17
nm, respectively. RMSF is an important variable used to display
each residue’s fluctuation rate upon ligand binding. Figure 6B
shows the RMSF plot for all the simulated systems. It can be seen
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
from the RMSF plot that all the simulated complexes displayed a
similar pattern of fluctuations at residues 408–410, indicating
significant movement of protein backbone atoms; these residues
are from the loop region of the protein and are not part of the
active site region. Furthermore, it was observed that none of the
active site residues displayed an RMSF value >0.3 nm. This
indicates that active site residues were minimally disturbed upon
binding of the ligand or known drug.

3.5.2 Binding Free Energy Analysis
MD simulations collective with binding free-energy calculations
were used to accurately estimate the binding affinity of drug-like
molecules (Table S3). The MM-PBSA scoring typically correlates
with experimentally determined activity (Genheden and Ryde,
2015). Table 3 demonstrates the results of the binding free energy
prediction of the REF inhibitors and selected compounds. The
REF inhibitor fostamatinib and co-crystal drug lanraplenib
displayed binding free energy values of -90.00 and -84.53 kJ/
mol, respectively. In contrast, the potential hit compounds showed
lower binding free energy values than REF compounds (Table 3
and Figure 7). The lowest free energy value is indicative of the
strong binding affinity with protein; therefore, we ranked our hit
compounds according to free energy values. Hit1 displayed an
average binding free energy value of -111.11 kJ/mol, followed by
Hit2, Hit3, and Hit4 with values of -105.30, -98.81, and -96.76 kJ/
mol, respectively. The energy decomposition was further
performed to understand the energetics of all the systems.
Table 3 indicates that van der Waals, electrostatic, and SASA
energy components energetically favored the formation of the
protein–ligand complex, whereas polar solvation opposed the
formation of the complex. Free energy data further reveal that
van der Waals interactions contribute pointedly to the protein–
ligand complexes trailed by electrostatic and SASA energy.

3.5.3 Binding Mode Analysis
Identifying the molecular interaction of the potential inhibitors
with the target protein is the key finding of the ligand and
structure-based drug discovery reports. Lee et al. demonstrated
that the SYK ATP-binding site can be divided into four subsites:
the hinge region, the glycine-rich loop, the DFG motif, and the
A B

FIGURE 6 | Molecular dynamics simulation analysis. (A) RMSD and (B) the RMSF plot for the backbone atoms of the SYK protein. The graphs were calculated for
50 ns of the simulation run.
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activation loop (Figure 3) (Lee et al., 2016). The average
structures of complexes calculated from MD simulations were
superimposed to study the binding mode. The superimposition
of all individual complexes confirms that each inhibitor lodged in
the ATP-binding site of SYK and obtained an analogous
orientation to the co-crystal ligand (Figure S3). A literature
survey revealed that gatekeeper Met448, hinge region Ala451 and
Pro455, C-terminal Arg498, and DFG motif residue Asp512 are
crucial for the interaction of inhibitors. Additionally, Pro455 is
reported to provide selectivity for the inhibitors (Lucas et al.,
2012; Lucas et al., 2014). The average structure of SYK bound
with lanraplenib displayed two hydrogen bonds with Ala451 and
Ser379 (Figure S4A). The binding mode of the lanraplenib-
simulated SYK complex followed the X-ray structure of SYK
bound with lanraplenib where a hydrogen bond with Ala451 was
observed (Blomgren et al., 2020). Fostamatinib was noticed to
show hydrogen bond interactions with Leu377, Glu376, and
Ala451 (Figure S4B). The simulation studies were not reported
in the past for fostamatinib with the SYK protein, but
interestingly its prodrug R406 was studied under simulation
conditions, and it was reported that it could form hydrogen bond
interactions with Leu377 and Ala451, similar to our predicted
binding mode (Marchetti et al., 2020). The molecular
interactions of both the REF inhibitors were strengthened by
multiple hydrophobic interactions with SYK active site residues
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
(Figures S4C, S4D, and Table 4). The binding mode of the
selected SYK inhibitors was observed to follow the REF
inhibitors, especially the co-crystal drug lanraplenib. The
binding mode of fostamatinib may be slightly different from
other compounds. Interestingly Hit1, Hit2, and Hit3 are
observed to have a quinazoline ring, and surprisingly Hit4 was
observed to have a benzofuran ring (Table S4). Numerous
reports suggest that both scaffolds have strong anticancer,
antimicrobial, and antiviral effects; therefore, it can be
hypothesized that these compounds may show good inhibitory
potential in experimental studies (Nevagi et al., 2015; Bhat et al.,
2021). The detailed molecular interactions of identified hit
compounds are exposed in Figure 8. It can be perceived from
Figure 8A that Hit1 forms hydrogen bond interactions with
Arg498, Ser511, and DFG motif residue Asp512. Despite having
similar scaffolds, Hit2 and Hit3 target different active site
residues through hydrogen bonds. Hit2 forms a hydrogen
bond interaction with Ala451 and Asn499 (Figure 8B). Hit3
forms hydrogen bonds with Ser379, Lys458, and Ala451
(Figure 8C). However, Hit4 obtained from different scaffold
forms hydrogen bond interactions with Ser379, Lys375, Ala451,
and Arg498 (Figures 8D). The quinazoline ring of Hit1, Hit2,
and Hit3 was involved in multiple p–alkyl interactions, while this
interaction was formed by the benzofuran ring in Hit4. Overall, it
was observed that hit compounds similarly bind ATP-binding
TABLE 3 | The detailed distribution of the binding free energy factors calculated from MM-PBSA method for hit and REF compounds.

Inhibitors van der Waals (kJ/mol) Electrostatic (kJ/mol) Polar solvation (kJ/mol) SASA energy (kJ/mol) Binding energy DGbind (kJ/mol)

Hit1 -210.95+/-10.15 -58.93+/-16.98 180.96+/-32.26 -22.19+/-1.10 -111.11+/-20.13
Hit2 -200.49+/-15.31 -27.23+/-7.95 143.73+/-16.07 -21.31+/-1.54 -105.30+/-13.45
Hit3 -190.14+/-11.53 -95.23+/-29.87 206.86+/-31.84 -20.29+/-1.43 -98.81+/-15.54
Hit4 -212.89+/-10.85 -50.55+/-13.19 188.66+/-21.25 -21.98+/-1.23 -96.76+/-16.80
REF1 -181.03+/-9.33 -63.90+/-15.32 178.61+/-33.69 -18.21+/-1.08 -84.53+/-20.67
REF2 -210.76+/-11.57 -65.89+/-8.95 203.25+/-35.50 -20.59+/-1.18 -93.94+/-32.01
June 20
REF1, lanraplenib; REF2, fostamatinib.
FIGURE 7 | MM/PBSA predicted binding free energy of SYK-bound hit compounds and REF inhibitors. The stable trajectories from the last 10-ns MD simulations
were utilized to estimate the energy values.
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A B

DC

FIGURE 8 | The 3D molecular interactions of the designated hit compounds inside the ATP competitive site of SYK. (A) Hit1, (B) Hit2, (C) Hit3, and (D) Hit4 are
shown with the different color schemes in stick representation. The protein in the background is shown with a gray color line representation. The protein residues
involved in polar and non-polar interactions were shown in gray stick representations. The hydrogen bonds were shown with green dashed lines. The 2D structure of
each hit was shown on the left side of each 3D interaction image.
TABLE 4 | The detailed molecular interactions of the potential SYK inhibitors and REF drugs with its active site residues.

Sr.
no.

Hydrogen bond interactions van der Waals interactions p–p/p-alkyl interactions

Amino
acid

Amino acid
atom

Ligand
atom

Distance
(<3.0 Å)

Hit1 Arg498 HH11 O32 2.39 Gly378, Phe382, Lys402, Glu449, Met450, Gly454, Pro455, Lys458,
Asn499

Leu377, Val385, Ala400,
Met448, Ala451, Leu501

Ser511 HG1 O1 1.94

Asp512 OD2 H49 2.22

Hit2 Ala451 HN O28 1.99 Gly378, Val385, Glu449, Met450, Gly454, Pro455, Ser511 Leu377, Ala400, Val433,
Met448, Arg498, Leu501

Asn499 HD22 S1 2.90

Hit3 Ser379 HN O24 2.92 Gly378, Gly380, Glu449, Met450, Gly454, Arg498 Leu377, Val385, Ala400,
Pro455, Met448, Leu501

Ala451 HN O19 1.99

Lys458 HZ1 O1 1.69

Hit4 Lys375 HZ1 O21 2.79 Gly378, Phe382, Ala400, Met450, Glu452, Leu453, Gly454, Pro455,
Asn457, Lys458, Asn499

Leu377, Val385, Met448,
Leu501

Ser379 HN O22 2.54

Ala451 HN O1 2.65

Arg498 O H45 2.33

REF1 Ser379 O H58 1.99 Gly380, Phe382, Lys402, Glu449, Met450, Glu452, Gly454, Pro455,
Lys458, Asn499

Gly378, Val385, Ala400,
Met448, Leu453, Leu501

Ala451 HN N7 2.13

Ala451 O H51 2.29

REF2 Glu376 O H52 2.76 Gly378, Phe382, Ala400, Met450, Glu452, Gly454, Pro455, Asn499 Lys375, Val385, Lys458,
Arg498, Leu501

(Continued)
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sites as REF inhibitors and target key active site residues. As
inhibitors identified in the present study are of type I class, it is
essential to compare the molecular interactions of hits with
crucial residues of the ATP competitive site of SYK to achieve
high selectivity over other kinases (Gagic et al.). Previous studies
indicated that the sequence alignment of multiple kinases reveals
residues Pro455 and Asn457 are the rare combination in the
active site of SYK. Therefore, the inhibitor interaction with these
residues may provide high selectivity to the compounds (Lucas
et al., 2012; Huang et al., 2017). The detailed 2D molecular
interaction maps of Hit1, Hit2, Hit3, and Hit4 showed that all
form hydrophobic interactions with unique residue Pro455, and
more interestingly, Hit4 also includes interactions with Asn457
(Figures S5A–D). Furthermore, a recent study pointed out that
direct interactions with Asn499 may lead to a high selectivity for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
SYK inhibition (Lee et al., 2016). It is noteworthy that Hit2 forms
a hydrogen bond with Asn499, whereas Hit1, Hit3, and Hit4
displayed a van der Waals interaction with Asn499. The detailed
molecular interaction hydrogen bond distances of Hit1, Hit2,
Hit3, Hit4, REF1, and REF2 are shown in Table 4, and Figures
S4-S5.

3.5.4 Per-Residue Energy Decomposition Analysis
To get a detailed description of the contribution for each hotspot
residue, the per-residue contribution was determined using the
MM-PBSA method (Parate et al., 2021a). Figure 9 highlights the
per-residue contribution where the top five residues involved in
polar and non-polar interactions were shown. The active site
residues Leu377, Phe382, Val385, Met488, Met450, Pro455,
Arg498, and Leu501 significantly contributed to binding
TABLE 4 | Continued

Sr.
no.

Hydrogen bond interactions van der Waals interactions p–p/p-alkyl interactions

Amino
acid

Amino acid
atom

Ligand
atom

Distance
(<3.0 Å)

Leu377 O H51 2.49

Ala451 O H55 2.87

Ala451 O H56 1.68

Ala451 HN O8 2.02
June 2022 |
REF1, lanraplenib; REF2, fostamatinib.
A B

D

E F

C

FIGURE 9 | The graphical plot of the binding free energy decomposition on per residue for SYK-inhibitor complexes. The individual plots of (A) lanraplenib, (B)
fostamatinib, (C) Hit1, (D) Hit2, (E) Hit3, and (F) Hit4 were shown with different color schemes. The residues shown on the graph’s upper side could contribute to
electrostatic interactions, whereas residues on the lower side of the graph could contribute to hydrophobic interactions.
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lanraplenib, fostamatinib, and hit compounds. Moreover, in the
case of lanraplenib, residue Leu377 displayed the highest
contribution for binding -8.62 kJ/mol, whereas, for
fostamatinib, it was observed to be Leu501 (-10 kJ/mol). The
highest contributing residue for binding of hit compounds was
Phe382 (-10 kJ/mol) for Hit1, Leu501 (-10 kJ/mol) for Hit2,
Leu377 (-8.51 kJ/mol) for Hit3, and Leu377 (-10 kJ/mol) for
Hit4. Interestingly, the key residue Pro455 was reported to bind
all the hit compounds, but a significant contribution was
observed for Hit4 (-8.44 kJ/mol). The contribution by Pro455
for REF inhibitors was observed more significantly in
fostamatinib (-9.76 kJ/mol) than lanraplenib (-4.5 kJ/mol). The
residues Lys375, Ser379, Glu376, Lys402, Glu420, Glu449,
Glu452, Lys458, Asp494, Arg498, Asp512, and Glu564 were
reported to contribute positively; therefore, they may be
responsible for polar interactions in REF inhibitors and hit
compounds. From this analysis, it can be concluded that in
non-polar interactions Pro455 and Leu501 were observed in both
the REF inhibitors as well as all four selected hit compounds,
indicating their significant role in inhibitor engagement;
moreover, for polar interaction, Glu449 and Asp512 may be
critical. This analysis provides essential information about the
role of each active site residue in inhibitor binding and can thus
be exploited in future structure-guided SYK inhibition studies.
4 CONCLUSION

In the present report, we have produced a 3D-QSAR
pharmacophore model for SYK utilizing the bioactivity
knowledge of established inhibitors. The key features required
for SYK inhibition were ensembled in a 3D model and further
employed to screen a drug-like database to identify novel SYK
inhibitor scaffolds. The affinity of the potential inhibitors toward
SYK was studied using integrated molecular docking and
molecular dynamics simulations. The two REF inhibitors,
fostamatinib and lanraplenib, were used to select the final hit
compounds based on key molecular interactions and lower
binding free energy values. We propose four novel scaffolds
which show desirable interactions with residues reported crucial
for SYK inhibition as virtual candidates. These SYK inhibitor
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
scaffolds with good drug-like properties may be utilized for SYK
inhibition programs against various autoimmune and
inflammatory diseases.
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