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Abstract
Background: Mutations in the Spleen tyrosine kinase (Syk) protein have significant implications for its function and
response to treatments. Understanding these mutations and identifying new inhibitors can lead to more effective therapies
for conditions like autosomal dominant hyper-IgE syndrome (AD-HIES) and related immunological disorders.Objective:
To investigate the impact of mutations in the Syk protein on its function and response to reference treatments, and to
explore new inhibitors tailored to the mutational profile of Syk.Methods: We collected and analyzed mutations affecting
the Syk protein to assess their functional impact. We screened 94 deleterious mutations in the kinase domain using
molecular docking techniques. A library of 997 compounds with potential inhibitory activity against Syk was filtered based
on Lipinski and Veber rules and toxicity assessments. We evaluated the binding affinity of reference inhibitors and 14
eligible compounds against wild-type and mutant Syk proteins. Molecular dynamics simulations were conducted to evaluate
the interaction of Syk protein complexes with the reference inhibitor and potential candidate inhibitors. Results: Among
the analyzed mutations, 60.5% were identified as deleterious, underscoring their potential impact on cellular processes.
Virtual screening identified three potential inhibitors (IDs: 118558008, 118558000, and 118558092) with greater ther-
apeutic potential than reference treatments, meeting all criteria and exhibiting lower IC50 values. Ligand 1 (ID: 118558000)
demonstrated the most stable binding, favorable compactness, and extensive interaction with solvents. A 3D pharma-
cophore model was constructed, identifying structural features common to these inhibitors. Conclusion: This study
found that 60.5% of reported mutations affecting the Syk protein are deleterious. Virtual screening revealed three top
potential inhibitors, with ligand 1 (ID: 118558000) showing the most stable binding and favorable interactions. These
inhibitors hold promise for more effective therapies targeting Syk-mediated signaling pathways. The pharmacophore model
provides valuable insights for developing targeted therapies for AD-HIES and related disorders, offering hope for patients
suffering from Hyper IgE syndrome with allergic symptoms.
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Introduction

Autosomal Dominant Hyper-IgE Syndrome (AD-HIES) is
a rare primary immunodeficiency disorder that affects
multiple body systems, with a particularly significant
impact on the immune system.1 AD-HIES is characterized
by a range of symptoms, most notably recurrent infections.
Among these infections, pneumonia is particularly prev-
alent, often caused by specific bacteria that target the lungs
and induce inflammation.2

Hyper-IgE Syndrome (HIES), as a broader category,
currently lacks a definitive and comprehensive treatment
strategy. The therapeutic approaches available for HIES
predominantly focus on managing symptoms and pre-
venting infections. This involves a combination of anti-
biotics to treat bacterial infections, antifungal medications
for fungal infections, and prophylactic measures to reduce
the risk of future infections. Additionally, patients may
receive immunoglobulin replacement therapy to boost
their immune defenses.3,4 In diseases like HIES that
present with allergic symptoms, mast cells play a pivotal
role as key immune effector cells. These cells are critical
in the body’s allergic response and defense mechanisms.
The activation of mast cells occurs through a well-defined
process. It begins when antigen-bound IgE (Immuno-
globulin E) binds to its high-affinity receptor (FcεRI)
located on the surface of mast cells. This interaction
triggers a signaling cascade that involves the recruitment
and activation of various kinases.5,6 One of the primary
kinases involved in this process is Syk (spleen tyrosine
kinase). Upon activation, Syk initiates a series of
downstream signaling events that lead to the degranula-
tion of mast cells. Degranulation is a process whereby
mast cells release granules containing pro-inflammatory
mediators, such as histamine, cytokines, and other che-
mokines, into the surrounding tissue. These mediators
play a crucial role in orchestrating the inflammatory re-
sponse, contributing to the symptoms observed in allergic
reactions and in the pathophysiology of HIES.7,8

Syk (Spleen Tyrosine Kinase) is of paramount impor-
tance in the immune system, particularly in innate immune
responses.9-12 While it was initially identified for its high
expression in hematopoietic cells and its vital role in
adaptive immune responses, recent research has revealed
additional involvement of Syk in various biological
functions, notably in innate immune responses.13 Syk plays
essential roles in macrophage-mediated inflammatory

responses and is closely linked to innate immune activa-
tion.13 Macrophages act as the frontline defense against
invading pathogens, crucially initiating innate immune re-
sponses. In macrophage-mediated inflammatory responses,
Syk enhances phagocytosis by stimulating the generation of
reactive oxygen species and inhibiting SOCS1.13 Addi-
tionally, Syk is essential for establishing an immediate
immune response and plays a critical role in innate antiviral
immunity.14 Gain-of-function variants in SYK have been
identified as causing immune dysregulation and systemic
inflammation in humans and mice.15 Overall, Syk is a
critical immune signaling molecule and therapeutic target
that plays a crucial role in innate immune responses.16 SYK
consists of two consecutive SH2 domains followed by a
C-terminal tyrosine kinase domain. Connecting these do-
mains are two linker regions: interdomain A, which lies
between the two SH2 domains, and interdomain B, posi-
tioned between the C-terminal SH2 domain and the kinase
domain shown in Figure 1; Located at the C-terminal end of
the protein, the kinase domain of SYK (spleen tyrosine
kinase) is responsible for catalyzing the tyrosine phos-
phorylation of multiple proteins.17 Activation of SYK oc-
curs when its tandem SH2 domains bind to immunoreceptor
tyrosine-based activating motifs (ITAMs). This interaction
triggers the activation of the kinase domain, initiating its
catalytic function.18 The protein tyrosine kinase Syk is of
vital importance in facilitating FcεRI signaling specifi-
cally in mast cells.19,20 The interaction between Syk and
phosphorylated immunoreceptor tyrosine-based activa-
tion motifs (ITAMs) on the FcεRI receptor causes
structural alterations that interrupt its self-restrained
configuration, consequently initiating the activation of
Syk.21 The activation of Syk is essential for the cellular
processes that lead to alterations in the morphology of
mast cells.20 The prevailing approach to comprehending
the role of Syk has been through Syk mutation. It was
shown that Syk plays a pivotal role not only in mast cells
but also in other hematopoietic cells.22,23 Inhibition of
Syk has therapeutic benefits for autoimmune and allergic
diseases since Syk plays a critical role in triggering mast
cell activation, a process central to autoimmune and
allergic responses. Therefore, by inhibiting Syk, we can
reduce mast cell activation, degranulation and the release
of inflammatory mediators. The generation and release
of inflammatory agents by mast cells may be reduced,
leading to an alleviation of symptoms associated with
these disorders.24
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This study seeks to comprehensively assess the impact
of all identified SYK mutations to date on the stability and
flexibility of molecular structures. Additionally, it specif-
ically examines the influence of these mutations on the
interaction between three known inhibitors and potent
inhibitors extracted from the Binding Database, with the
overarching objective of using in silico approaches to
explore specific inhibitors targeting the kinase domain of
SYK protein as potential therapeutic candidates for treating
AD-HIES disease. In pursuit of this goal, an in silico
approach was employed to distinguish between neutral and
pathogenic mutations. Subsequently, virtual screening was
conducted for the most potent inhibitors previously iden-
tified in the Binding Database, considering favorable
ADMET properties. The selected molecules were then
docked against the mutated models to investigate if these
mutations influence the affinity.

Materials and methods

Mutations collection

Three databases, namely Clinvar,25 Cosmic,26 and TCGA
Cancer,27 were utilized to gather all the mutations SNPs
that impact the Syk protein. Initially, 536 mutations were
compiled, and subsequently, duplicates were eliminated,
resulting in a final count of 329 unique substitution mu-
tations. All mutations included in our analysis belong to the
same type, which are missense variants. Missense muta-
tions result in the substitution of one amino acid for another
in the protein sequence, thereby changing the structure and

potentially function of the protein. Exclusion criteria were
applied to filter out mutations of other types, such as
nonsense mutations (resulting in premature termination
codons) and frameshift mutations, as these types would
result in incomplete and consequently non-functional SYK
proteins. Our objective was to identify mutations that are
involved in resistance, thus we focused solely on missense
mutations.28

Target selection and preparation of wild-type and
mutated models of Syk protein

The X-ray crystallographic structure of Syk protein (PDB
ID: 4fl2) with a resolution of 2.19 Å was obtained from the
PDB database,17 The generation of 94mutated structures of
the Syk protein was accomplished using the Chimera tool29

(https://www.cgl.ucsf.edu/chimera/citations.html) and the
preparation of the wild type and mutant models for the
molecular docking was performed using AutoDock Tools30

software (https://www.scripps.edu/search/?s=autodocktools),
by removing water molecules, adding polar hydrogens and
Kollman charges, Subsequently, the structures were saved in
(.pdbqt) format.

Prediction of mutational effects

To ensure a dependable outcome, the functional impact of
the mutations on the protein structure of Syk was predicted
using two tools: PolyPhen-231 and Mutation-Assessor.32

Figure 1. Flowchart explaining the mechanism of Syk protein signaling.
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Ligands dataset preparation and filtration

To search ligands that have potential inhibitory activity
against the Syk protein, A library of 997 compounds was
selected using IC50s filter from Binding database,33 the
conversion to 3D conformation, the elimination of dupli-
cate and then the conversion into a PDB file format was
performed by using OpenBabel (https://openbabel.org/.)
The reference inhibitors have been collected from the
literature, and then downloaded with their 3D structures in
(.sdf) format from the PubChem database.17

The previously downloaded potential inhibitors un-
derwent screening through multiple filters. The process
began with the Drulito18 software, which helped eliminate
inhibitors that did not comply with Lipinski and Veber
rules. Subsequently, the StopTox34 tool was employed to
retain only non-toxic molecules (https://stoptox.mml.unc.
edu/).

To prepare ligands for molecular docking, the structures
were prepared using Autodock Tool 1.5.7130 by adding
Gasteiger charges, and then finally, saved in the (.pdbqt)
format.

Docking, scoring and visualization

Initially, we identified the active site residues of the target
protein, which included Leu377, Ala451, Pro455, Arg498,
Glu449, Ser511, Asp512, Asn499, Phe513, and Asn457.
These residues were chosen based on their known in-
volvement in the binding pocket of the protein and their
importance in ligand recognition and binding. To prepare
for docking simulations, we utilized AutoDock Tools 1.5.7
to set up the grid box.30 The grid parameters were carefully
selected, with a spacing of 1 Å for the Syk protein to ensure
accurate representation of the binding site. The center
coordinates of the grid box were fixed at (X =�26.609, Y =
6.211, Z = �2.729), and the dimensions were set to (X =
22, Y = 22, Z = 18). The grid settings file was obtained from
the grid menu option, ensuring consistency and repro-
ducibility in our docking experiments. To evaluate the
binding affinity and bound conformation of the selected
ligands, we employed Autodock Vina, a widely used
molecular docking software known for its accuracy and
efficiency.35 Autodock Vina employs an empirical scoring
function to predict the binding energy between ligands and
the target protein, allowing us to prioritize ligands with
lower affinity scores for further analysis. We used the
Lamarckian Genetic Algorithm (LGA) as implemented in
AutoDock.

Subsequently, we conducted a comprehensive analysis of
all types of interactions between the protein and ligands
using BIOVIA Discovery Studio36 (https://discover.3ds.
com/discovery-studio-visualizer-download). This software
facilitated the visualization and interpretation of protein-

ligand interactions, allowing us to identify key binding
residues, hydrogen bonds, and other non-covalent interac-
tions critical for ligand binding and recognition. To further
englucidate the 3D protein-ligand interactions, hydrogen
bonds, and ligand poses, we utilized PyMOL,37 a powerful
molecular visualization tool.37 PyMOL (https://www.
pymol.org/) enabled us to generate high-quality 3D im-
ages of the protein-ligand complexes, providing valuable
insights into the binding mode and orientation of the ligands
within the active site of the target protein.

Molecular dynamics simulation

In order to study the protein-ligand interaction energy, MD
simulations using GROMACS v.2020.438 were performed.
Syk protein with the reference ligand R343 and Syk protein
with the four main potential ligands (ID: 10344820,
118558000, 118558008 and 118557092) at intervals of
100 ns for these complexes. Protein-solvent interactions
were characterized by the CHARMM27 force field, while
the TIP3P model was applied to water. Each system was
placed in a dodecahedral simulation box with an edge
length of 1.0 nm and neutralized by adding an equal
number of positive and negative ions to achieve the target
ionic concentration. The steepest descent algorithm was
used to minimize system energy, and V scaling was used
for 100 ps in the NVT ensemble to balance it at 300 K.
Production cycles were performed using the NPTensemble
at a time step of 100 ps. The Parrinello-Rahman algorithm
was then used to equilibrate at a pressure of 1 atm. Using
the Verlet scheme, the LINCS algorithm was used to
maintain distance limits during the simulation.

Molecular dynamics analysis

Using the gmx_rms tool in GROMACS.32, the RMSD of
the atomic coordinates, radius of gyration (Rg), solvent
accessible surface area (SASA), and H-bond parameters
were determined in order to have a better understanding of
the structural changes that take place during the simulation.

3D-pharmacophore model building

To investigate the three-dimensional (3D) distances between the
shared features of the most 3 promising molecules, (1S,4R)-4-
[5-[6-[(5-chloro-4-methylpyridin-2-yl)amino]-4-methylpyridin-
2-yl]-1,3-thiazol-2-yl]-4-hydroxy-2,2-dimethylcyclohexane-
1-carboxylic acid (PubChem ID: 18558008), (1S,4 R)-4-
hydroxy-4-[5-[6-[(4-methoxypyridin-2-yl)amino]-4-
methylpyridin-2-yl]-1,3-thiazol-2-yl]-2,2-dimethylcyclohexane-
1-carboxylic acid (PubChem ID: 118558000) and, (1S,4 R)-4-
[5-[6-[(5-fluoro-4-methylpyridin-2-yl)amino]-4-methylpyridin-
2-yl]-1,3-thiazol-2-yl]-4-hydroxy-2,2-dimethylcyclohexane-1-
carboxylic acid (PubChem ID: 118558092), which showed
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good results after molecular dynamics simulations, we em-
ployed a pharmacophoric query method. This approach allows
for the systematic identification and characterization of specific
chemical features, such as hydrogen bond donors/acceptors
(HBD/HBA), positive ionizable centers (PI), aromatic rings
(ARO), and hydrophobic centers (Hyd), within the pharma-
cophoric map.

The Molecular Operating Environment (MOE) software
tool39 (https://www.chemcomp.com/) (was selected for its ro-
bust capabilities in molecular modeling and pharmacophore
analysis. To initiate the process, the builder option withinMOE
was utilized to construct a dedicatedMOE database comprising
the molecular structures of the most promising molecules.
Subsequently, energy optimization procedures were applied to
the molecules within the database to refine their geometric
conformations and minimize steric clashes. This step ensures
that the molecules are in energetically favorable conformations
for subsequent analysis. Following energy optimization, the
molecules were aligned to generate a comprehensive phar-
macophoric map highlighting the common attributes shared
among the molecules. During the alignment process, emphasis
was placed on preserving the spatial arrangement of key
chemical features, allowing for accurate comparison and
analysis.Within the pharmacophoricmap, specific querieswere
executed to identify and quantify the 3D distances between
shared features, providing insights into the spatial relationships
critical for ligand-receptor interactions. The distances between
hydrogen bond donors/acceptors, aromatic rings, and other
functional groups were systematically characterized, enabling a
thorough assessment of the molecular interactions driving li-
gand binding and activity.

Results

Mutational effect prediction

A total of 539 mutations were gathered from the databases.
After eliminating duplicates, 329 mutations remained, as
shown in Supplemental data. The distribution of these
mutations across the domains of the Syk protein shows a
notable concentration within the Kinase domain, high-
lighting its significance (Supplemental data).

Only concordant results between 3 tools were taken into
consideration when predicting the impact of mutations on
Syk protein function. The analysis revealed a distribution
of 130 neutral mutations, which do not alter function, and
199 deleterious mutations, representing 39.5% and 60.5%
of the total, respectively, as shown in Figure 2(A). In the
kinase domain, a total of 139 mutations were identified,
classified according to their functional impact. Of these
mutations, 45 were found to be neutral, while the remaining
94 were found to be deleterious and affect the function of
the protein. (Figure 2(B)).

Compounds screening

A total of 997 inhibitors were initially selected based on their
IC50 and went through different steps of screening as il-
lustrated in Figure 3. These compounds underwent screening
through multiple filters as shown in the Figure 2. The first
filter applied was the rule of five of Lipinski and Veber, which
is widely used in drug discovery to assess pharmacological
effectiveness. This step yielded 280 orally bioavailable
molecules. Subsequently, a second filter was employed to
identify non-toxic molecules, resulting in 78 candidates.
These 78 molecules were further evaluated based on their
IC50 values using a reference value of 0.45 nM, which was
the smallest value among the IC50 values of the three ref-
erence inhibitors. Following this step, 14 potential inhibitors
were identified (Figure 3). For the reference inhibitors, it was
found that the R112 inhibitormeets the criteria of the Lipinski,
Veber rule and it is non-toxic orally. While the inhibitor R343
respects the Lipinski rule but does not respect the Veber rule
and it is also non-toxic. For the PRT062607 inhibitor, it re-
spects Lipinski’s rule but does not respect Veber’s rule be-
cause its polar surface area exceeds 140 Å, thus it is orally
toxic. The information related to these inhibitors is listed in the
Table 1.

Docking and scoring

A total of 1615 (17 × 95) dockings were conducted in this
study, involving the wild-type and the 94 mutated types of
the Syk protein. These dockings included interactions with
14 potential inhibitors and 3 reference inhibitors.

The initial phase of the study focused on the molecular
docking of the three reference inhibitors with both the wild-
type and the mutated structures of the Syk protein. The
results indicated that R343 exhibited the highest affinity
with the wild-type Syk protein, scoring �9.8 kcal/mol in
terms of energy. The mutated types showed scores ranging
from �9.7 to �10.1 kcal/mol, compared to the other two
reference inhibitors, R112, and PRT062607, which ex-
hibited affinities of �8.7 and �8.6 kcal/mol, respectively
(Supplemental data).

Next, the 14 potential inhibitors were docked with the
wild-type protein and the generated mutated structures.
Among these inhibitors, namely 118558008, 10344820,
118558000, and 118558092 demonstrated superior affin-
ities compared to both the other potential inhibitors and the
reference inhibitors for all mutations and the wild-type
crystal structure, with affinities ranging between�9.9 kcal/
mol and�10.1 kcal/mol. These 4 inhibitors are represented
with their information on the table (Tables 2 and 3).

Interaction visualization

The intricate diagram clarifies the hydrogen bonding
network established between the Spleen Tyrosine Kinase
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protein, a pivotal player in cellular signaling, and its quartet
of promising ligands. The hydrogen bonds, depicted as
dashed lines, delineate the electron-rich donor-acceptor
interactions essential for stabilizing the protein-ligand
complexes. Such interactions, often characterized by
their directionality and strength, orchestrate specific

binding events, thereby influencing the protein’s confor-
mation and activity. (Figure 4).

The investigation into molecular bonds within our
compounds involved a comprehensive analysis of various
bonding types using BIOVIA Discovery Studio. The ex-
amined interaction encompassed a wide spectrum,

Figure 2. Distribution of mutations. (Neutral and deleterious); (A) Syk protein, (B) kinase domain; the analysis revealed a distribution of
130 neutral mutations, which do not alter function, and 199 deleterious mutations, representing 39.5% and 60.5% of the total,
respectively, as shown in (A). In the kinase domain, a total of 139 mutations were identified, classified according to their functional
impact. Of these mutations, 45 were found to be neutral, while the remaining 94 were found to be deleterious and affect the function of
the protein (B).

Figure 3. In silico study workflow.
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including conventional hydrogen bonds, carbon-hydrogen
bonds, halogen bonds, alkyl bonds, Pi-alkyl bonds, van der
Waals interactions, unfavorable donor-donor bonds,
Amide-Pi stacked bonds, Pi-sigma bonds, and Pi-sulfur
bonds. (Figure 5).

This analysis extended to the study of four complexes
(Figure 5(A)–(D)) formed between the SYK (Spleen Ty-
rosine Kinase) protein and specific inhibitors (ID: 10344820,
ID: 118558000, ID: 118558008, ID: 118557092). Molecular

Table 2. The affinity energy in (kcal/mol) between the Syk
protein (wild and mutated) and the 3 reference ligands.

Mutation PRT06260 R112 R343

Wildtype �8.6 �8.7 �9.8
A441V �8.6 �8.7 �10.0
A451V �8.6 �8.8 �10.0
A508T �8.6 �9.0 �9.9
A540T �8.6 �8.7 �10.0
C439W �8.6 �8.6 �10.0
D374N �8.6 �8.7 �9.9
D512N �8.6 �8.1 �9.9
D554N �8.6 �8.7 �9.9
D554Y �8.6 �8.6 �10.0
D603H �8.6 �8.7 �9.9
E373A �8.6 �8.7 �9.9
E373K �8.6 �8.7 �10.0
E440K �8.6 �8.6 �10.0
E442K �8.6 �9.0 �9.9
E449K �8.6 �8.7 �10.0
E580K �8.6 �8.6 �9.8
E586D �8.6 �8.7 �10.1
E586K �8.6 �8.7 �9.8
E600K �8.6 �8.7 �9.8
E614G �8.6 �9.0 �10.1
E623G �8.6 �8.7 �10.0
F513C �8.6 �8.7 �10.0
F549L �8.6 �8.7 �9.9
G383E �8.6 �8.8 �10.0
G437E �8.6 �8.7 �9.9
G481S �8.6 �8.6 �9.9
G514E �8.6 �8.7 �9.9
G514R �8.6 �8.7 �9.9
G532E �8.7 �8.7 �10.0
G559E �8.6 �8.7 �10.0
G569V �8.6 �8.7 �10.1
G575E �8.6 �8.6 �10.0
G578E �8.6 �8.7 �10.0
G592W �8.6 �8.7 �10.0
G596W �8.6 �9.0 �9.9
H492Q �8.6 �8.7 �10.0
I471M �8.6 �8.6 �10.0
I544T �8.6 �8.6 �9.9
K387N �8.6 �8.8 �10.1
K397E �8.6 �8.7 �10.0
K397T �8.6 �8.6 �9.8
K509R �8.6 �8.5 �10.0
K527N �8.6 �9.0 �10.1
K571E �8.6 �8.6 �10.0
L365Q �8.6 �8.7 �10.0
L404P �8.6 �8.7 �10.0
L561F �8.6 �9.0 �10.0
L604F �8.6 �8.7 �9.9
L561S �8.6 �8.7 �9.9
M424T �8.6 �9.0 �10.0
M448L �8.7 �8.7 �10.0
M591R �8.6 �8.7 �9.9
N499H �8.5 �8.1 �9.9
N545K �8.6 �8.5 �10.0

(continued)

Table 2. (continued)

Mutation PRT06260 R112 R343

N628Y �8.6 �8.7 �10.0
P411 �8.6 �8.7 �10.1
P430L �8.6 �8.7 �10.0
P430Q �8.6 �8.5 �10.1
P535L �8.7 �8.8 �9.9
P541L �8.6 �8.5 �10.1
P541S �8.6 �8.7 �9.8
Q462H �8.6 �8.7 �10.1
R367Q �8.9 �8.5 �10.0
R434W �8.6 �8.7 �9.9
R464S �8.6 �8.7 �10.1
R520C �8.6 �8.7 �9.8
R520H �8.6 �8.7 �10.0
R590H �8.6 �8.6 �10.0
R590Q �8.6 �9.0 �10.0
R590W �8.6 �9.0 �10.0
R616M �8.6 �8.7 �9.9
R625W �8.6 �8.7 �10.1
R627C �8.6 �8.7 �10.0
R627H �8.6 �8.7 �10.0
S379F �8.7 �9.0 �9.8
S443Y �8.6 �8.7 �10.1
S511N �8.6 �8.7 �10.1
S550F �8.6 �8.7 �10.0
S550Y �8.6 �8.7 �10.0
S551G �8.6 �9.0 �9.7
S557N �8.6 �9.0 �9.9
T371M �8.6 �8.7 �9.9
V401E �8.6 �8.7 �10.0
V401M �8.6 �8.7 �9.9
V433M �8.6 �8.7 �9.9
V433A �8.6 �8.7 �9.7
V560A �8.6 �8.7 �10.1
V622A �8.6 �8.7 �9.9
V633M �8.6 �8.7 �10.0
Y389C �8.6 �9.0 �9.9
Y459D �8.6 �8.7 �9.9
Y539C �8.6 �8.7 �9.8
Y539N �8.6 �8.7 �10.0
Y568H �8.6 �8.7 �10.1

The results indicated that R343 exhibited the highest affinity with the wild-
type Syk protein, scoring �9.8 in terms of energy. The mutated types
showed scores ranging from �9.7 to �10.1, compared to the other two
reference inhibitors, R112, and PRT06260, which exhibited affinities
of �8.7 and 8.6, respectively.

8 International Journal of Immunopathology and Pharmacology
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Figure 4. The hydrogen bonding network established between the Syk protein, and its quartet of promising ligands. The intricate
diagram elucidates the hydrogen bonding network established between the Syk protein (blue), a pivotal player in cellular signaling, and
its quartet of promising ligands. The hydrogen bonds, depicted as dashed yellow lines, delineate the electron-rich donor-acceptor
interactions essential for stabilizing the protein-ligand complexes. Such interactions, often characterized by their directionality and
strength, orchestrate specific binding events, thereby influencing the protein’s conformation and activity. (A): Syk-118558008; (B): Syk-
10344820; (C): Syk-118558000; (D): Syk-118558092.
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docking scores were calculated for each complex, and de-
tailed interactions are reported in Figure 5. The diversity
observed in each complex highlights the complexity of
molecular interactions, providing a solid foundation for drug
design targeting the SYK signaling pathway. Conventional
hydrogen bonds, crucial for specificity and stability, are
abundant in all complexes. Van der Waals interactions sig-
nificantly contribute to stability by optimizing protein-ligand
contacts. The various types of Pi-interactions enhance the
stabilization of complexes, emphasizing the importance of π-π
interactions inmolecular recognition. Carbon hydrogen bonds

add a specific dimension to interactions, while halogen
(fluorine) bonds can influence the stability of the complex.

Molecular dynamic analysis

Molecular dynamics simulations were performed to eval-
uate the behavior of four selected ligands complexed to the
SYK protein, alongside a baseline simulation using the
R343 ligand in complex with the Syk protein. Analyzes
focused on RMSD, Rg, SASA, and hydrogen bonding
models to evaluate the stability and interaction dynamics of

Figure 5. The diverse types of interactions between ligands and key residues within the active site, presented through a 2D visualization.
A: The 2D interaction between ligand 10344820 and the protein Syk; B: The 2D interaction between ligand 118558008 and the protein
Syk; C: The 2D interaction between ligand 118558000 and the protein Syk; D: The 2D interaction between ligand 118557092 and the
protein Syk. The analysis of four complexes formed between the SYK protein and specific inhibitors (ID: 10344820, ID: 118558000, ID:
118558008, ID: 118557092) revealed diverse molecular interactions. Notably, several residues exhibited consistent involvement
across all complexes, including SER 379, ARG 498, LEU 377, ASN 381, and LYS 533. These residues played pivotal roles in forming
essential bonds. Common interaction types observed in all complexes encompassed conventional hydrogen bonds, van derWaals bonds,
and, in subsets, alkyl and Pi-Alkyl bonds. Additionally, a halogen (fluorine) bond was shared between complexes 1 and 4. The
recurrence of these residues and interaction types suggests a consistent molecular pattern in the binding landscape, providing crucial
information for the rational design of inhibitors targeting the SYK protein.

12 International Journal of Immunopathology and Pharmacology



these complexes. The results are presented in Figures 6 and
7 which presents the means and their standard deviations.

For the SYK-ligand complexes, namely ligand 1
(PubChem ID: 118558000), ligand 2 (PubChem ID:
118558008), ligand 3 (PubChem ID: 118558092) and li-
gand 4 (PubChem ID: 10344820), l RMSD analysis re-
vealed that ligand 1 had a closer match to the reference
structure with an RMSD value of (0.43 ± 0.06). Ligands 2
and 3 exhibited slightly higher RMSD values of (0.55 ±
0.03) and (0.56 ± 0.06), respectively, compared to the
reference ligand complex (RMSD = 0.67 ± 0 .05). Ligand
4, however, exhibited a higher RMSD value of (0.78 ±
0.08). (Figure 6(A)).

Analysis of Rg values indicated the compactness or
shape of the ligand-protein complex. Ligands 1, 2, and 3
exhibited Rg values of (2.74 ± 0.02), (0.70 ± 0.02), and
(0.73 ± 0.030), respectively, reflecting their respective
compactness relative to the ligand complex. Reference with
an Rg value of (0.68 ± 0.02). Ligand 4 showed an Rg value
closer to the reference at 0.66 ± 0.02. (Figure 6-(B)).

Regarding the SASA values, ligands 1, 2 and 3 pre-
sented values of (296.17 ± 1.73), (293.70 ± 1.95) and
(296.64 ± 1.64), respectively. Which describe the solvent-
exposed surface of the ligand-protein complex. While li-
gand 2 and reference ligand-Syk complex had a SASA
value of (294.50 ± 1.63). Ligand 4 displayed a SASAvalue
of (294.32 ± 1.74) which is similar to the reference. (Figure
6(C)).

Hydrogen bond analysis showed that ligand 1 formed a
higher number of hydrogen bonds (up to 7) with the SYK
protein compared to ligands 2 and 3. This contrasted with
ligand 4, which had fewer bonds hydrogen4 relative to the
reference ligand complex.5 (Figure 6(D)).

3D-pharmacophore model building

In this study, we developed a 3D pharmacophore model
from three potential ligands. The inhibitors were analyzed
to identify key chemical features essential for their in-
hibitory activity, leading to the identification of seven key
features for interaction with the Syk protein: F1
(Acc&ML), F2 (Don&Acc&ML), F3 (Acc&ML), F4 (ML/
Aro/Acc), F5 (Aro), F6 (Hyd), and F7 (Acc&ML). These
features include acceptor and metallic sites (F1, F3, F7), a
donor, acceptor, and metallic site (F2), as well as sites with
metallic, aromatic, and acceptor properties (F4). We also
identified an aromatic feature (F5) and a hydrophobic
feature (F6). Each feature was characterized to provide
information on potential interactions with the Syk protein.
Figure 8(A) shows the final pharmacophore model, illus-
trating the spatial arrangement of the seven identified
features (F1–F7) in 3D space. The model highlights key
functional groups required for potential ligand-receptor
interactions essential for inhibitory activity. Figure 8(B)

illustrates the pharmacophore model without the ligands
superimposed, providing a clear visualization of the spatial
arrangement between features within the pharmacophore
model. The inter-feature distances within the pharmaco-
phore model are summarized in Figure 8(C). These dis-
tances play a crucial role in defining spatial relationships
between features and are important for ligand binding and
pharmacophore-based virtual screening studies (Figure 8).

Discussion

In this paper, we were able to gather all reported mutations
affecting the Syk protein from the literature to investigate
their functional impact. The findings indicated that 60.5%
of these mutations were deemed deleterious, meaning they
are likely to have a negative impact on the function or
structure of the protein.40 While 39.5% were considered
neutral, suggesting that these mutations might not signif-
icantly affect the protein’s function or could have no
discernible impact.41

Through virtual screening, we identified 3 potential
inhibitors (IDs: 118558008, 118558000 and 118558092)
that surpass the reference compounds. Additionally, our
pharmacophore model provides valuable insights, poten-
tially guiding the development of targeted therapies for
AD-HIES and related immunological disorders.

However, it is important to note that while these in-
hibitors show potential benefits, they are not without
drawbacks. Some of these inhibitors have been associated
with undesirable side effects.42 As with many therapeutic
interventions, there is a need to strike a balance between the
desired efficacy in suppressing mast cell degranulation and
the potential risk of adverse effects. Thus, further research
and development are essential to refine the specificity and
safety profile of SYK inhibitors to maximize their thera-
peutic potential while minimizing any unintended
consequences.42

Indeed, PRT062607 is an example of an ATP-
competitive inhibitor of SYK that has been studied in
the context of various inflammatory and autoimmune
diseases. While it showed potential as a therapeutic agent
for targeting SYK and modulating mast cell degranulation,
there have been concerns regarding its selectivity, safety,
and efficacy.43

One of the main issues associated with PRT062607 is its
insufficient selectivity, meaning that it not only targets
SYK but also affects other kinases.44 In particular, its
inhibition of vascular endothelial growth factor 2
(VEGFR2) has been reported to cause an increase in blood
pressure, which can be a significant safety concern. The
lack of specificity for SYK and the unintended effects on
other kinases can lead to adverse reactions and limit its
clinical use. As a result of the initial inhibitor’s
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Figure 6. Molecular dynamics simulation results of Syk Protein with reference inhibitor R343 and four potential candidate inhibitors,
exploring RMSD, Rg, SASA, and H-BOND parameters.
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shortcomings, our focus shifted towards proposing new,
more efficient molecules.

Structures of the three potential inhibitors with the best
binding affinities shows that the three inhibitors: (1S,4 R)-4-[5-
[6-[(5-chloro-4-methylpyridin-2-yl)amino]-4-methylpyridin-2-
yl]-1,3-thiazol-2-yl]-4-hydroxy-2,2-dimethylcyclohexane-1-
carboxylic acid (PubChem ID: 18558008), (1S,4 R)-4-

hydroxy-4-[5-[6-[(4-methoxypyridin-2-yl)amino]-4-
methylpyridin-2-yl]-1,3-thiazol-2-yl]-2,2-dimethylcyclohexane-
1-carboxylic acid (PubChem ID: 118558000) and, (1S,4 R)-4-
[5-[6-[(5-fluoro-4-methylpyridin-2-yl)amino]-4-methylpyridin-2-yl]-
1,3-thiazol-2-yl]-4-hydroxy-2,2-dimethylcyclohexane-1-
carboxylic acid (PubChem ID: 118558092) have similar
chemical structures, in the presence of the pyridine group in

Figure 7. Line plot with error bars representing mean and standard deviation values of RMSD, Rg, SASA, and H-BOND parameters
from molecular dynamics simulations.

Figure 8. The pharmacophore model, derived from the flexible alignment of the top 3 compounds, (A) the various features explored
within its structure. (B) A simplified representation of the model. (C) The interfeature distances within the pharmacophore model.
Seven significant features were identified and used to construct the pharmacophore model: F1: Acc&ML, F2: Don&Acc&ML, F3:
Acc&ML, F4: ML|AroAcc, F5: Aro, F6: Hyd and, F7: Acc&ML.
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these three inhibitors. Fused pyridine derivatives have been
cited to inhibit SYKwith an IC50 between 0.3 Nm and 1 μM,
and their uses focus on the treatment of respiratory diseases
and inflammatory diseases.45

In conclusion, this comprehensive screening process
identified three promising candidate inhibitors that possess
the desired drug-like properties, safety profile and in-
creased affinity which can be explained by the large
number of hydrogen bonds that bind the protein with the 3
potential inhibitors whose IDs are 118558008, 118558000
and 118558092;

The results from molecular docking simulations and
post-docking interaction visualization between the SYK
protein and four specific inhibitors unveil a detailed
analysis of the bonds formed in each complex. This mo-
lecular investigation provides essential insights for drug
design, offering an in-depth understanding of the molecular
interactions between the protein and its ligands. This in-
depth analysis of molecular interactions between the SYK
protein and its inhibitors reveals a diversity of bonds, each
contributing specifically to the stability of the complexes.
These results offer crucial perspectives for rational drug
design, underscoring the need to consider the variety of
bonding forces in the development of therapeutic com-
pounds targeting the SYK protein.

Complexes 1 to 4 demonstrate high molecular docking
scores, suggesting a strong affinity between the SYK
protein and the inhibitors. Examination of the interactions
reveals a diversity of bonds, including conventional hy-
drogen bonds, van der Waals, Pi-interactions (Pi-Sigma,
Pi-Alkyl, Amisz Pi-Stacked, Pi-sulfur), carbon hydrogen
bonds, and halogen (fluorine) bonds. These bonds con-
tribute specifically to the stability of the complexes.
Conventional hydrogen bonds play a crucial role in the
specificity and stability of protein-ligand interactions,
promoting molecular recognition. Van der Waals inter-
actions provide additional stability, optimizing contacts
between the protein and the inhibitor. Various types of Pi-
interactions add a specific component to the stabilization
of complexes, emphasizing the importance of π-π inter-
actions. Carbon hydrogen bonds introduce another di-
mension to molecular interactions, contributing to the
specificity of bonds. Finally, halogen (fluorine) bonds add
extra complexity, potentially influencing the stability of
the complex.

In summary, the diversity of observed bond types un-
derscores the complexity of molecular interactions between
the SYK protein and its inhibitors. Each type of bond
contributes specifically to the stability and selectivity of the
complexes, providing opportunities for the rational design
of drugs targeting the SYK signaling pathway. These re-
sults enrich our understanding of molecular interactions
and provide a solid foundation for future studies and the
development of therapeutic compounds.

The results of the molecular dynamics simulations
provide valuable insights into the behavior of four selected
ligands complexed to the SYK protein, as well as a ref-
erence simulation using the R343 ligand. The root mean
square deviation (RMSD) measures the average deviation
of the atomic positions between the starting structure and
the snapshots obtained during the simulation.46Lower
RMSD values indicate more stable ligand binding within
the protein binding site.47Ligand 1 (PubChem ID:
118558000) had the lowest RMSD of 0.43 ± 0.06 nm,
suggesting that it maintains a stable conformation
throughout the simulation period, closely resembling the
inhibitor reference. This stability implies a strong and
coherent interaction with the SYK protein. Ligands 2 (0.55
± 0.03 nm) and 3 (0.56 ± 0.06 nm) showed slightly higher
RMSD values, indicating some flexibility or fluctuation in
their binding orientations compared to the reference ligand
R343 (RMSD = 0.67 ± 0.05 nm). Ligand 4 (PubChem ID:
10344820), with an RMSD of 0.78 ± 0.08 nm, exhibited the
highest deviation among the ligands studied, suggesting
less stable binding with the SYK protein and interaction
dynamics potentially weaker.

As for the radius of gyration (Rg), it evaluates the
compactness or overall shape of the protein-ligand com-
plex. Ligands 1, 2, and 3 displayed Rg values of 2.74 ±
0.02 nm, 2.70 ± 0.02 nm, and 2.73 ± 0.03 nm, respectively,
indicating their different degrees of compactness within the
protein binding site relative to the reference (Rg = 2.68 ±
0.02 nm). These Rg values suggest that while all ligands
retain a generally compact structure, ligands 1 and 3 exhibit
slightly larger Rg values, potentially indicating a more
extended or differently shaped binding conformation
compared to ligands 2 and the ligand of reference.48

Concerning Solvent Accessible Surface Area (SASA),
this measurement parameter measures the surface area of
the ligand-protein complex accessible to solvent mole-
cules. Ligands 1, 2, and 3 showed SASAvalues of 296.17 ±
1.73 nm2, 293.70 ± 1.95 nm2, and 296.64 ± 1.64 nm2,
respectively, indicating their different degrees of exposure
to the solvent environment compared to the reference
(SASA = 294.50 ± 1.63 nm2). Higher SASAvalues suggest
that ligands 1 and 3 may interact more broadly with the
solvent, potentially influencing their binding kinetics and
accessibility within the protein pocket.49

Lately hydrogen bonds play an essential role in stabi-
lizing ligand-protein interactions. Ligand 1 formed a higher
number of hydrogen bonds (up to 7) with the SYK protein,
indicating strong and specific interactions that contribute to
its stability within the binding site. In contrast, ligands 2
and 3 formed fewer hydrogen bonds than ligand 1, sug-
gesting potentially weaker or less specific interactions.
Ligand 4 formed 4 hydrogen bonds, fewer than the ref-
erence ligand R343 (5 hydrogen bonds), which may impact
its binding affinity and stability.47
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In summary, these results collectively provide insight
into the dynamic behavior and interaction characteristics of
SYK-ligand complexes. Ligands 1, 2, and 3 exhibit dif-
ferent degrees of stability, compactness, solvent exposure,
and hydrogen bonding patterns compared to the reference
ligand R343. These results are crucial and served as a
matrix for the design of a 3D pharmacophore model from
the 3 potential ligands 1, 2 and 3.

The constructed pharmacophore model appears to
identify seven distinct features that are likely essential for
the inhibitors’ interaction with the SYK protein and con-
tribute to their potential effectiveness; (F1) is a Metal
Acceptor and Ligand (Acc&ML), this feature represents a
functional group that acts as a hydrogen bond acceptor and
has the potential to coordinate with metal ions.48 Hydrogen
bond acceptors play a crucial role in stabilizing ligand-
receptor complexes through hydrogen bond interactions
with hydrogen donors on the receptor. Metal ligand
functionality enhances ligand binding specificity and af-
finity by coordinating with metal ions in the active site of
the protein.50 (F2) is a Donor, Acceptor, and Metal Ligand
(Don&Acc&ML), this complex feature includes Hydrogen
Donor Capability (Don), Hydrogen Acceptor Capability
(Acc), and Ligand Feature metallic (ML). Hydrogen donor
and acceptor capabilities contribute to potential hydrogen
bonding interactions with the target receptor, thereby en-
hancing ligand-receptor binding. The property of the metal
ligand further strengthens the interaction by coordinating
with the metal ions present in the active site.51,52 (F3) is an
Acceptor and Metal Ligand (Acc&ML) which is similar to
Feature 1, this feature includes a hydrogen bond acceptor
and metal ligand functionality. Hydrogen bond acceptors
participate in stabilizing hydrogen bond interactions
with the target receptor, while the metal ligand property
contributes to binding specificity through coordination
with metal ions.53-55 (F4) is a Metal Ligand/Aromatic/
Acceptor (ML/Aro/Acc), this feature combines the func-
tionalities of a metal ligand (ML), an aromatic (Aro) and an
acceptor hydrogen (Acc). The aromatic nature suggests a
potential for π–π interactions with aromatic residues on the
receptor, providing additional stabilizing forces for the
ligand-receptor complex.56 The hydrogen acceptor ability
allows this functionality to form hydrogen bonds with
appropriate donors on the receptor, thereby contributing to
ligand-receptor interactions. The metal ligand property
enhances binding affinity through coordination with metal
ions.52 (F5) is an Aromatic (Aro), this feature represents an
aromatic moiety that can engage in aromatic stacking or
π–π interactions with complementary aromatic residues on
the receptor.57 These interactions provide stabilizing forces
to the ligand-receptor complex, contributing to overall
binding affinity. (F6) is a Hydrophobic (Hyd), this feature
represents a hydrophobic group that contributes to binding
affinity by engaging in hydrophobic interactions with

non-polar residues on the receptor.58,59 These interactions
are essential to stabilize the ligand-receptor complex in a
non-aqueous environment. (F7) is an Acceptor and Metal
Ligand (Acc&ML), this feature is similar to Features 1 and
3, including the Hydrogen Bond Acceptor and Metal Li-
gand features. It participates in the stabilization of hy-
drogen bonding interactions with the target receptor and
improves binding specificity through coordination with
metal ions.53,60

In conclusion, the constructed pharmacophore model
identifies seven distinct features that are likely essential for
the inhibitors’ interaction with the SYK protein and con-
tribute to their potential efficacy. These features include
various functional groups such as hydrogen bond accep-
tors, donors, metal ligands, aromatic moieties, and hy-
drophobic groups. Each feature plays a crucial role in
stabilizing ligand-receptor complexes through specific
interactions such as hydrogen bonding, coordination with
metal ions, π–π interactions, and hydrophobic interactions.
Comprehensive identification of these features shows key
functional groups required for potential ligand-receptor
interactions, which is essential for the design and opti-
mization of effective SYK inhibitors.61,62

These findings offer promising prospects for future
research and potential clinical benefits for affected indi-
viduals. To advance research on autosomal dominant
hyper-IgE syndrome (AD-HIES) and its potential thera-
peutic approaches, several perspectives can be considered.

First, rigorous experimental validation of potential in-
hibitors identified by virtual screening is essential to
confirm their efficacy and safety. Following successful
validation, clinical trials should be initiated to evaluate
these inhibitors in real-world conditions in patients with
AD-HIES. Additionally, exploring combination therapies
with multiple existing treatments could potentially improve
outcomes for individuals suffering from allergic symptoms
related to AD-HIES.

Among the identified inhibitors, ligand 1 with ID:
118558000 stands out for its most stable binding (lowest
RMSD), potentially favorable compactness (Rg), and ex-
tensive interaction with solvents (SASA), supported by a
higher number of hydrogen bonds. These results provide an
in-depth understanding of the molecular mechanisms un-
derlying ligand binding to SYK and guide the future op-
timization of potential inhibitors targeting the Syk protein,
particularly in the context of allergies characteristic of
hyper-IgE syndrome.

In conclusion, these advances not only deepen our
understanding of AD-HIES mechanisms but also guide the
development of new targeted therapies, offering tangible
hope for patients suffering from this rare pathology.

Although this study provides valuable information on
Syk mutations and potential inhibitors, several limita-
tions should be considered. First, the accuracy of virtual
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screening and molecular docking is highly dependent on
the computational models and assumptions used, which
may not fully replicate real-world conditions. Variability in
protein conformations and dynamics could impact the
reliability of binding affinity predictions.

As well, the pharmacokinetic properties and toxicity
profiles of the identified inhibitors were evaluated com-
putationally and may not accurately reflect their in vivo
behavior. Experimental validation using in vitro assays and
animal models is essential to confirm efficacy and safety.

Conclusion

In conclusion, this study gathered all reported mutations
affecting the Syk protein and identified that 60.5% of them
are deleterious, impacting the function or structure of the
protein. Through virtual screening, three potential inhibi-
tors (ID: 118558008, 118558000, and 118558092) were
found to be superior to the reference compounds. Ligand 1
(ID: 118558000) demonstrated the most stable binding,
favorable compactness, and extensive interaction with
solvents, supported by a higher number of hydrogen bonds.
The pharmacophore model provides information for the
development of targeted therapies for AD-HIES and related
disorders. These advances are guiding the development of
new targeted therapies, offering hope to patients suffering
from allergies in the context of Hyper IgE syndrome.
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kinetic properties of Biomass-extracted substances isolated
by green solvents. Bioresources 14: 6294–6303.

19. Siraganian RP, Zhang J, Suzuki K, et al. (2002) Protein
tyrosine kinase Syk in mast cell signaling. Molecular Im-
munology 38(16): 1229–1233.

20. de Castro RO (2011) Regulation and function of Syk tyrosine
kinase in mast cell signaling and beyond. J Signal Transduct
2011(1): 507291. Available at: https://onlinelibrary.wiley.
com/doi/abs/10.1155/2011/507291

21. Hindawi (2011) Figure 2|regulation and function of Syk
tyrosine kinase in mast cell signaling and beyond. https://
www.hindawi.com/journals/jst/2011/507291/fig2/

22. Siraganian RP, de Castro RO, Barbu EA, et al. (2010) Mast
cell signaling: the role of protein tyrosine kinase Syk, its
activation and screening methods for new pathway partici-
pants. FEBS Letters 584(24): 4933–4940.
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Appendix

Abbreviations

AD-HIES Autosomal dominant hyper IgE Syndrome
Syk Spleen Tyrosine Kinase

ITAMs Immunoreceptor tyrosine-based activating
motifs

SOCS1 Suppressor of cytokine signaling protein 1
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