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ABSTRACT
THERAPEUTIC TARGETING OF SYK IN AML.: In Silico
DRUG REPURPOSING and FUNCTIONAL VALIDATION of
Bl 1002494

Sevket Oguzhan TEKDEN
MSc. in Bioengineering
Advisor: Asst. Prof. Emel Basak GENCER AKCOK
Co-advisor : Asst. Prof. Ismail AKCOK
July 2025

Acute myeloid leukemia (AML) is a blood cancer type characterized by the
uncontrolled growth and proliferation of myeloid cells in the bone marrow. Although
methods such as radiotherapy are used for treatment, limited success rates necessitate
other targeted treatment studies. The spleen tyrosine kinase (Syk) enzyme, known to be
associated with AML, is an enzyme important in intracellular signaling. Disorders that
may occur in Syk are highly effective in the AML emergence. Therefore, inhibitors
focusing on Syk are promising for AML. In the study, in silico molecular docking was
performed on a candidate molecule in the opnMe database, Syk inhibitor “BI 1002494”,
showing high binding affinity, was selected, and a targeted “drug repurposing” was
performed for Syk. The catalytic domain of Syk was produced by recombinant methods
using Escherichia coli bacteria, the catalytic domain was purified by His-tag Ni-NTA
affinity chromatography method and the presence of the purified protein was confirmed
by Western Blot (WB) method, and Thermal Shift Assay (TSA) experiments were
performed to investigate the effects of the inhibitor on the protein at the molecular level.
For the cellular activity, MTT cytotoxicity assays were performed on MOLM-13 and
K562 cell lines and it was observed that BI 1002494 suppressed cell proliferation, and
the acquired data were similar to the FDA-approved drug R406. The results indicate that
Bl 1002494 is a potential therapeutic Syk inhibitor against AML. This study provides
valuable contributions to targeted, in silico therapeutic approaches in the drug
repurposing context.
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OZET
AKUT MIYELOID LOSEMIDE SYK ENZIMININ
HEDEFLENMESI: BI 1002494°UN In Silico ILAC YENIDEN
KONUMLANDIRIMI ve ISLEVSEL DOGRULAMASI

Sevket Oguzhan TEKDEN
Biyomiihendislik Anabilim Dal1 Yiiksek Lisans
Tez Damismant: Dr. Ogretim Uyesi Emel Basak GENCER AKCOK
Ikinci Tez Danismani: Dr. Ogretim Uyesi Ismail AKCOK
Temmuz 2025

Akut miyeloid 16semi (AML), kemik iligindeki miyeloid hiicrelerin denetimsiz
bicimde biliylimesi ve ¢ogalmasiyla tanimlanan bir kan kanseri tiiriidiir. Sagaltim igin
radyoterapi gibi yontemlere basvurulsa da bunlarin sinirli basari oranlarina iye olmast,
baska hedefe yonelik sagaltim caligmalarin1 zorunlu kilmaktadir. AML ile iligkili oldugu
bilinen dalak tirozin kinaz (Syk) enzimi hiicre i¢i sinyal iletiminde 6nemli bir enzimdir.
Syk'de olusabilecek bozukluklar, AML’nin ortaya ¢ikmasi lizerinde oldukga etkilidir. Bu
nedenle Syk odakli kullanilan inhibitérler AML acgisindan umut vericidir. Calismada
opnMe veri tabanindaki aday molekiil iizerinde in silico molekiiler kenetleme
gerceklestirilmis ve yliksek baglanma egilimi gosteren “BI 1002494 Syk inhibitorii
secilerek, hedefe yonelik bir “ilag yeniden konumlandirma” gerceklestirilmistir. Syk'nin
katalitik bolgesi, Escherichia coli bakterilerinde rekombinant olarak iiretilmis ve His-
isaretli Ni-NTA afinite kromatografi yontemi ile katalitik bolge saflagtirilmustir.
Saflagtirilan proteinin varligi Western Blot (WB) yontemiyle dogrulanmig ve Termal
Kayma Deneyi (TSA) ile inhibitériin protein tizerindeki molekiiler diizeyde etkileri
arastirilmistir. Hiicresel etkinlik tespiti igin, MOLM-13 ve K562 hiicre hatlarinda MTT
sitotoksisite deneyleri gergeklestirilmis, BI 1002494’iin hiicre ¢ogalmasini baskiladigi,
elde edilen verilerin FDA onayli Syk inhibitorii R406 ile benzer diizeylerde oldugu
gozlemlenmistir. Sonuglar, BI 1002494’iin AML’ye karsi olasi sagaltict bir Syk
inhibitorii  oldugunu gostermektedir. Bu c¢alisma, ilag yeniden konumlandirma
kapsaminda hedefe odakli, bilgisayar tabanli sagaltim yaklagimlarina degerli katkilar
sunmaktadir.

Anahtar sozciikler: AML, Syk, ilag yeniden konumlandirma, rekombinant DNA, inhibitér
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Chapter 1

Introduction

1.1 Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a type of blood cancer characterized by the
accumulation of myeloid cells in the bone marrow and blood circulation that have not
completed their differentiation. The cells possess various mutations in their genome and
the epigenetic mechanisms may also vary from patient to patient, as well. Although it is
especially common in adults, promising treatment rates are reported with immediate

action after diagnosis [1].

Genetic mutations such as DNMT3A, NPM1, IDH1/2 and FLT3 stand out in the
development and spread of AML. These mutations contribute to the increased cell
proliferation, while simultaneously preventing differentiation and suppressing apoptosis
[2]. Moreover, abnormalities in epigenetic regulators such as DNMT3A can promote
leukemogenesis by affecting gene expression through DNA methylation [3]. In AML,
uncontrolled activation of proliferative cell signaling pathways, including PI3K/AKT,
RAS/MAPK, and JAK/STAT, are frequently associated with these mutations. These
pathways not only increase cell survival but also confer resistance against treatment

modalities such as chemotherapy [4].

Treatment regimens including cytarabine often appear to have limited success rates,
and are accompanied by the constant risk of disease relapse. This is especially evident in
drug-resistant AML subtypes, where overexpression of BCL2-like apoptosis suppressor
proteins and uncontrolled activation of DNA repair pathways are commonly observed [5].
In recent studies, targeted therapies have come to the fore. Although inhibitors targeting
specific genetic alterations such as FLT3, BCL2 and IDH1/2 have been shown to be

successful in selected patient groups, the effect of these methods in terms of the general



patient profile is still an issue that needs to be studied and requires further investigation.
This highlights the need to identify the non-mutation dependent targets that are more

comprehensively related to the solution of the AML pathogenesis [6].

Considering all these, kinases involved in cell signaling, such as Spleen Tyrosine
Kinase (Syk), stand out as possible targets. Cell signaling pathway molecules such as Syk
appear to be involved in multiple apoptotic and proliferative events, not just one, and are
therefore considered to be among the versatile targets that could reduce the likelihood of
drug resistance [7]. Syk appears to be directly involved in anti-apoptotic and proliferative
signals in AML cells, not only through its interactions with immune cell-related signaling
pathways but also with PI3K/AKT and RAS/MAPK. Cross-activation of these pathways
appears to contribute to the emergence of a treatment-resistant strain [8]. Due to its role
in promoting survival signals and uncontrolled activation of AML cells, Syk enzyme has
become the focus of study. Accordingly, studies aiming to inhibit Syk or controlling its
activity are undoubtedly of great importance in the development of more effective and

novel treatment methods.

Given the complexity of the signaling networks involved in AML, it is increasingly
understood that single molecular targets do not function adequately on their own. Instead,
they function within multilayered protein-protein interaction (PPI) networks that regulate
fundamental cellular processes such as proliferation, apoptosis, and differentiation.
Disruptions or reprogramming in these PPl networks significantly contribute to
leukemogenesis and therapeutic resistance. Therefore, characterizing PPIs in AML cells
provides critical insights into the functional logic of disease-causing factors. A
comprehensive understanding of such interactions not only helps identify critical
regulatory nodes but also offers new solutions for the development of therapies aimed at
disrupting pathological protein interactions rather than targeting individual molecules

involved.

1.2 Protein-Protein Interactions

Proteins are fundamental macromolecules that help maintain biological and
chemical balance in the body and they mostly perform their various functions not

individually but by interacting with other molecules. This cooperation has important tasks



in living systems as such vital signaling pathways, metabolic events, and cellular
processes. The protein-protein interactions (PPI) require high physical specificity. PPI
that is formed between multiple protein molecules occurs as a result of various
biochemical interactions between the amino acid residues. Hydrogen bonds, hydrophobic
interactions and electron-induced electrostatic interactions can be given as examples of
that maintain this kind of interaction. PPI disorders are the main cause of many diseases
such as cancer, Alzheimer’s disease caused by protein misfolding [9]. Investigation of
the concept of PPI and targeting different interactions in PPI allows the examination of
these biochemical processes and activities [10]. Thus, comprehensive protein interaction
networks can be better understood and relevant protein targets can be found for

therapeutic purposes.

The proteins in the PPl may be unrelated to each other, in terms of type and
structure, but they may undertake different functions within the same large molecule.
Thus, small proteins within a large complex molecule can be classified in different ways
in terms of PPI. These classifications may be based on signal transduction, membrane
transport or muscle contraction functions. In addition, different protein interactions can
be observed at different locations during the activity of the molecule. Here, it is important
to consider that proteins mostly do this temporarily and sometimes permanently while
making these interactions. Thus, complex biological processes can be sustained by the
cooperation of separate biological structures. An example of this situation is that in
cellular signal transduction processes, most vital activities of the cell are regulated by
signals coming from outside or from the cell itself. Protein interactions between various
signal molecules ensure that the signal spreads within the cell during this process [10,
11].

Considering all this information, it is clear that the growing interest in PPI in the
scientific world can’t be denied and the implications to be obtained by a better
understanding of PPI give hope for the solution of various health problems [12].
Therefore, it is essential to consider PPl in macromolecules that cause diseases like AML.
For this, it is highly necessary to consider the macromolecules that cause the disease and

their general structures.



1.3 Kinases

Enzymes are structures that accelerate biochemical reaction rates and regulate
various metabolic and biological processes. While performing their functions, they act in
a PPI-dependent manner, since they are also proteins. To perform their function, each
enzyme has a specific regions to perform their specific function and catalyze their
reactions. Enzymes are classified into different types according to their functions, the
molecules they interact with, or their structures. They have at least one catalytic domain,
and this catalytic domain is the main region where the enzyme catalyzes the chemical
reaction. Catalytic domains perform the desired chemical process by bringing
together/separating substrate molecules and thus, cellular activities are regulated [13].

Kinase enzymes are a class of enzymes that transfer phosphate groups from ATP
molecules to amino acid residues such as tyrosine, threonine, or serine, thereby
specifically phosphorylating their specific substrates. The phosphorylation process in
question plays a vital regulatory role in numerous cellular pathways, including
intracellular signaling, apoptosis, and gene expression. In short, kinases are part of a large
and diverse family of enzymes that regulate intracellular signaling networks essential for

maintaining cellular homeostasis, in a manner consistent with the principles of PPI [14].

The phosphorylation event occurs on specific amino acid residues and the kinase
domain is one of the best characterized and studied types of catalytic domains in the
structure of enzymes that specifically performs phosphorylation of the substrates. In
addition, some kinase domains are involved in signaling, including cellular processes
such as cellular immunity and inflammation [15]. Thus, the kinase domain is also
important in terms of interacting with a nucleotide and transferring the phosphate group

to substrate proteins [16].

1.4 Tyrosine Kinases

Tyrosine kinases are one type of kinase enzymes and their main function is to
transmit signals by transferring phosphate groups to tyrosines on substrate proteins, thus
contributing to cellular signal transduction and regulating processes such as cell growth,

differentiation and proliferation [17]. Because of these functions, kinases are enzymes



included in the transferase group. As can be seen from Figure 1.1, in Kinases, as in other

enzymes, there is a specific region for each function, including tyrosine kinases.
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Figure 1.1 Hllustration of the ATP binding site of protein kinases (ATP is shown in red)
[17].

Tyrosine kinases usually perform their functions in 4 basic steps. During the first
step, which is the substrate binding, tyrosine kinase interacts with its target protein; which
is called its substrate. This substrate is usually another signal transduction protein.
Tyrosine Kkinase recognizes this substrate through a special binding site. During
recognition, auxiliary domains such as “Src Homology 2 (SH2)” mediate the enzyme’s
recognition of its substrate. In the next step, which is ATP binding, tyrosine kinase
interacts with ATP to transfer its phosphate cluster [18]. Thus, it obtains the phosphate
group that it will use in the next step. During the third step, which is tyrosine
phosphorylation, tyrosine kinase adds the previously obtained phosphates to specific
tyrosine amino acids on the substrate. As a result, the function of the substrate protein
changes. In the last step, which is signal transduction, changes resulting from

phosphorylation of the substrate initiate or change cellular signal transduction processes.



Initiation/alteration of this signal can trigger cellular responses such as cell proliferation,

cell differentiation or cell survival [17].

In conclusion, as its main principle can be seen from Figure 1.2, the phosphorylation
process mediated by tyrosine Kinase plays an important role in intracellular/intercellular
communication. The lack of regulation or excessive activity of tyrosine kinase activity
causes uncontrolled growth/proliferation of cells in many diseases, especially cancer.
Therefore, tyrosine kinase inhibitors seem promising in preventing uncontrolled cell

growth by preventing these conditions, especially in the treatment of disorders [17].

ATP ADP
%ﬁ)—@ C%—@_@
Tyrosine Tyrosine
Residue Residue

Protein Kinase

Substrate / % Substrate

Protein
Phosphatase

Phosphate
Group

Figure 1.2 Representation of the working principle of tyrosine kinase [19]

1.5 Syk: Structure, Function and Relationship with

AML

Syk is a non-receptor tyrosine kinase expressed widely in blood-producing cells. It
interacts with receptors containing the Immunoreceptor Tyrosine-based Activation Motif
(ITAM) and initiates immune responses through these interactions. It contains two SH2
domains (C-SH2 and N-SH2), two interdomains, and a catalytic domain. As can be seen

from the Figure 1.3 [21], it plays a key role in B-cell receptor (BCR) signaling, but its
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Figure 1.3 lllustration of Syk function in B cell malignancies [21]

Although Syk is also found in tissues other than hematopoietic tissues, it is mostly
observed in these tissues and functions in close proximity to the cell membrane. The
signals received from B and T immune cell receptors are transmitted to the relevant cell
compartments via ZAP70 (Syk cognate) in B and T cells. In addition, Syk activation
triggers the activation of “antigen 1” (LFA1), which is associated with the functions of
lymphocytes, from the inside out. Thus, the process of “migration”, in which leukocytes
(white blood cells) leave the bloodstream, begins. As a result, the tight arrest of white

blood cells and the activation of the relevant transcriptional changes are achieved [21].

In signaling processes mediated by Syk, in addition to the kinase domain of Syk,
the N-terminal SH2 and C-terminal SH2 domains are also crucially important as they
mediate the PPI. The interaction between phosphorylated ITAMs and SH2 domains is
important for the function of the kinase domain. Phosphorylation of tyrosine residues in
the interdomain A and B domains can confer kinase activity even in the absence of
phosphorylated ITAMs or ITAM binding [21]. This is due to the ability of the interdomain
regions to fold when Syk is inactive. The presence of “constantly active Syk” in cancer

also seems to be related to this explanation. Activation of ITAM tyrosine residues through



phosphorylation by SRC family kinases initiates the signaling pathway. Activation is
observed after Syk binds to double phosphorylated ITAMs. One group of phosphates
binds to the C-terminal SH2 and the other group binds to the N-terminal SH2 (Figure
1.4). This allows Syk to bind directly to binding partners such as PI3K, VAV, and
members of the p85a subunit of PLCy and SLP76 or SLP65 adaptors. These direct
binding partners then activate downstream signaling components that trigger various
cellular responses such as differentiation, cytoskeletal changes, ROS production, survival
and proliferation. An important detail is that other signaling intermediates such as ERK,

PYK2 and p38 are also used and participate in these signaling pathways [22].
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Figure 1.4 Representation of T cell receptor, ITAM and SH2 [21]

As mentioned before, according to studies, Syk enzyme is highly expressed in AML
cells and this prevents differentiation. In addition, apoptosis suppression and increased
proliferation are encountered [8]. The constant activation of Syk activates intracellular
signaling pathways such as NF-«B, JAK/STAT, PI3K/AKT and RAS/MAPK, causing
metabolic adaptations and the activation of proteins that prevent apoptosis [8] [23] [24].
Besides, Syk affects interactions with stromal cells in the bone marrow
microenvironment. Thus, AML cells can bind to the stroma and this event causes the
resistance to chemotherapy [25]. Moreover, epigenetically, Syk can affect DNA
methylation, thus suppressing the expression of genes affecting cellular differentiation
[21].

Studies on inhibitors such as R406 and entospletinib have shown that targeting the

activity of Syk can induce differentiation and apoptosis in AML cells. However, it is clear



that more selective agents are needed due to their specificity limitations [8]. Still similar
studies clearly show the importance of the Syk enzyme in the differentiation and apoptosis
of AML-related cells. Syk should be considered not only as a kinase enzyme but also as
a signaling hub that shapes adaptive survival mechanisms in AML cells. Therefore,
reducing or inhibiting the activity of Syk has the potential to collectively block multiple
resistance mechanisms in AML cells. Thus, it may be a key target for future approaches

such as combination drug use for AML.

1.6 Syk Inhibitors

Considering the information provided and the studies conducted so far, the
importance of inhibitors that disrupt the function of the catalytic domain in Syk and
directly target it becomes clear. In this context, a selective kinase domain inhibitor that is
already used for another purpose can be considered as an important solution candidate.
For Syk, the presence of a targetable cavity region that can be seen from the crystal
structure of the catalytic domain provides an advantage in terms of finding inhibitors.
Binding of an inhibitor that is already known and used for other purposes to the catalytic
domain can target specific regions within the catalytic domain and control kinase activity
and downstream signaling pathways. This offers strong therapeutic development
opportunities in terms of specificity and efficacy. ATP competitive, allosteric, covalent
and peptide inhibitors can generally be considered as classes of candidates that can be

suggested for the kinase domain of Syk [23].

The most well-known Syk inhibitors compete with ATP binding to the catalytic
site, thus blocking the catalytic site. Since these small molecules are mostly structurally
very similar to ATP, they form strong interactions with prominent residues in the catalytic
cavity. Thus, they prevent ATP binding. Imatinib and R406 are among the ATP
competitive inhibitors that have been prominent in clinical studies. As can be seen in
Table 1,1, several ATP competitive inhibitors specifically focus on specific residues on
the catalytic site of Syk and as a result of these interactions, reduce or completely
eliminate the ability of the enzyme to phosphorylate its substrates. Therefore, control of
certain responses and functions in cellular signaling is ensured. In particular, R406 has
been reported in many studies to bind to the ATP binding pocket of Syk, preventing its
kinase activity [20].



Table 1.1 Hydrogen bond analyses of inhibitors interacting with the Syk enzyme.
(Abbreviations: hydrogen donor, HD; oxygen acceptor, OA; nitrogen acceptor, NA;
Cross-hydrogen bond interactions with the same amino acid are shown in bold.) [26]

H-Bond Interaction

Ligands Pose % H-Bond Ligands Atom Protein Atom Distance (A) LogP D.M. (Debye)
N33(NA) Lys402:HZ1(HD) 2217

. . ) O10(0A) Alad51:HN(HD) 2393 o

Gleevec 1 73 4 N38(NA) Argd98:HE(HD) 2147 3.83 5.1101
H27(HD) Asp512:0D2(0A) 1.995
H9(HD) Leu377:0(0A) 1.875

R406 11 16 3 H25(HD) Ala451:0(0A) 2262 3.37 3.4870
036(0A) Alad51:HN(HD) 2317
H23(HD) Glu449:0(0A) 2.075
H24(HD) Glu449:0(0A) 2.233
025(0A) Alad51:HN(HD) 2.299
SykIl 1 56 7 H29(HD) Argd98:0(0A) 2.063 1.22 44175
H30(HD) Ser511:HG(HD) 2,558
HS(HD) Asp512:0D2(0A) 2191
H30(HD) Asp512:0D2(0A) 2,025
HS(HD) Alad51:0(0A) 2,301
o ) 021{0A) Alad51:HN(HD) 1.888 )

Pa0>15 8 & & H23(HD) Gludd9:0(0A) 1.940 1.02 24285

H24(HD) Glu449:0(0A) 2.448

Although Syk inhibitors such as R406 are designed to control the activity of the
Syk enzyme and have shown successful results, their effectiveness may face the problem
of drug resistance over time. Especially in rapidly spreading, deadly diseases such as
cancer, drug resistance is a significant problem and current treatment options may be
chronically limited. In the case of drug resistance, problematic cells develop ways to
weaken or completely block the effect of inhibitors. These ways include activating
additional alternative pathways to the targeted cellular signaling pathways, creating
mutations in the regions targeted by the inhibitors, and increasing the pump systems that
allow the drugs to remain outside the cell [7].
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Figure 1.5 Residues indicated as autophosphorylation sites on the Syk structure (Proteins
shown to bind to phosphorylated tyrosines are indicated above the tyrosine residues.) [21]
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Recent studies have confirmed that Bl 1002494 is also a good candidate molecule
with high selectivity among Syk inhibitors. It suppresses signal transmission in the
relevant intracellular signaling pathways of human basophils at low dose levels (IC50 =
~115 nM), while it shows a therapeutic effect in B cells at relatively higher doses (1C50
=~810 nM) [27].

Considering all these, it is concluded that more research is needed to increase the
effectiveness of inhibitors that work on the catalytic domain of Syk in in vitro and in vivo
studies, by combining them with computer-based molecular docking methods. These
studies will lead to the development of effective and safe new solutions in the treatment

of Syk-related diseases, especially AML.
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Figure 1.6 Chemical structures and 1C50 values of Syk catalytic subunits of Imatinib,
R406, Syk inhibitor 1l and P505-1 [26]

1.7 Molecular Docking and in silico Screening Methods

Due to the undeniable role of predicting the interactions between the candidate
molecule component (potential drug) and the target protein in current drug development
studies, the importance of in silico methods has increased today. For instance, in the
molecular docking method, the interaction of the focal molecules with the binding pockets

in the target molecule is modeled with computer-based tools and the binding energies are
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estimated. Thus, many candidate molecules can be removed from the list of the study

before the wet lab part, or some molecules can be given priority [28].

Considering the structural features of Syk mentioned above, the catalytic domain
with the ATP binding pocket seems to be a logical target for inhibitor binding. For
instance, some studies on the design of Syk inhibitors focused on ligand-based
pharmacophore modeling, 3D-QSAR and molecular docking analysis, and 99 molecules
were evaluated and imidazopyrazine derivatives were shown to have high binding affinity
to the Syk active site and good ADME profile [29]. In another study, docking analyses
focusing on the binding energies of molecules were conducted via AutoDock Vina, and
according to the results, compounds falling below certain molecular binding energies
(kcal/mole) were taken into further evaluation [30].

Figure 1.7 In silico PyMOL representation of a Gleevec (Imatinib) molecule docked in a
suitable cavity (active site) in the catalytic domain of Syk (PDB ID: 1XBB)

As a result, integrating in silico methods such as molecular docking with in vitro
and in vivo methods provides a great contribution in terms of saving time and resources.
Considering all these, it is understood how important it is to carry candidate molecules
identified by in silico molecular docking to the biological validation stages. This reveals
the importance of in silico approaches in drug development studies for prominent targets

such as Syk.
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1.8 Purpose of the Study

Considering all the information given, this study analyzes the effects of the inhibitor
called Bl 1002494 (Figure 1.8) [31], which has the potential to suppress the activity of
the Syk enzyme, which is a versatile therapeutic target for AML disease, on Syk in silico
and in vitro. Bl 1002494 is a novel Syk inhibitor specifically designed by Boehringer
Ingelheim in previous studies and obtained using patented synthesis methods in
laboratory environment. The molecule's efficacy was studied using enzymatic assays,
such as kinase activity assays, and cellular assays, such as basophil/mast cell
degranulation, and further confirmed by ex vivo lung studies and in vivo models [27].
AML disease is a type of cancer characterized by the uncontrolled proliferation of
myeloid cells in the bone marrow, and unfortunately, current treatment methods show
insufficient success rates. Syk enzyme is a kinase enzyme that is found in high levels in
hematopoietic tissues and plays a key role in intracellular signaling pathways that directly
affect differentiation and proliferation. The uncontrolled activation of Syk in AML

requires focusing on inhibitors targeting this enzyme.

Figure 1.8 2D structure of Bl 1002494 (left), 3D structure of Bl 1002494 (middle), and
Bl 1002494 in complex with Syk (right) [31]

In this study, firstly, BI 1002494 molecule was selected which showed high binding
affinity to Syk by in silico molecular docking experiments performed on candidate
inhibitors in opnMe database and a drug repurposing method, which is based on the
principle of using existing drugs/inhibitors for the treatment of certain diseases for
different diseases, was adopted for Syk enzyme. The catalytic domain and a small part of

the “Interdomain B” region of Syk protein were cloned into Escherichia coli BL21(DE3)
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bacteria using the pET-28a vector. Bacteria were induced with IPTG for an optimized
expression level of Syk and recombinant protein production was achieved without any
toxic results. The presence and quantity of Syk protein purified by His-tag Ni-NTA
affinity chromatography method were confirmed by SDS-PAGE and WB. MOLM-13 and
K562 cell lines were used as AML and Chronic Myeloid Leukemia (CML) respectively
and cell models in the process and in MTT experiments performed with them, it was seen
that Bl 1002494 inhibitor suppressed cell proliferation in parallel with the dose and
significantly. In conclusion, this study is a new one of comprehensive studies that
combines in silico and in vitro methods to experimentally validate the Bl 1002494
molecule as a Syk suppressive inhibitor. The findings and conclusions reveal that the Bl

1002494 inhibitor is a valuable candidate for targeted methods in AML disease treatment.
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Chapter 2

Materials and Methods

2.1 Study Design and General Approach

In this study, a drug repurposing-like approach was adopted for inhibitor targeting

of Syk enzyme. Experiments were performed in three main phases; in the first phase, in

silico molecular docking analysis was performed for a molecule that is determined to be

a candidate molecule as a result of the literature search. In the second phase, recombinant

Syk protein production and biochemical validation were achieved. In the third and final

phase, in vitro biological evaluations were performed in specific AML cell lines. Through

this 3-step process, both computational and experimental findings were combined and

ultimately, the expected effect of Bl 1002494 inhibitor against AML was tested.
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2.2 In silico Molecular Docking Analysis

Before proceeding directly to laboratory experiments, a comprehensive literature
review was conducted. Bl 1002494 molecule, which has been proven to have good
metabolic stability, a well-defined production process, is reported to be suitable for in
vivo studies, and whose negative control (diastereomeric form of Bl 1002494, BI-2492)
has been reported, was determined as the candidate molecule [32]. During the selection
of the molecule, various studies, including some mentioned earlier, considered its ability
to be a good Syk-targeting inhibitor for different health problems related to Syk [27] [33].
Furthermore, Besides being ATP-competitive (binding to the active site in the catalytic
region of Syk) [27], as the previous studies demonstrated, the molecule's oral availability
was another attractive factor in its selection [34].

After the determination of the candidate molecule Bl 1002494, in silico molecular
docking analyses were performed to support the literature review findings for the
molecular level interactions of the candidate molecule. First, the virtual and crystal
structure of the Syk enzyme (PDB ID: 4FL3) suitable for the in silico process was
extracted from the Protein Data Bank (PDB) database [35]. Using PyMOL, AutoDock
Vina, Discovery Studio Visualizer, and methods from previous studies [30] [36] [37] [38]
[39], interactions of inhibitors with known effects such as R406 with Syk were examined
on the molecular structure and comparisons were made for interactions with the candidate
molecule. It has also been confirmed through literature review that the mentioned
methods or similar approaches have been used in different studies for similar purposes
[40] [41].

Simulations were performed using the AutoDock Vina software and focused on the
ATP binding region of the catalytic domain. The lowest binding energy value and binding
poses were recorded for each experiment and then the analyses were visualized with the
Discovery Studio Visualizer. According to the analysis results, the inhibitor BI 1002494
obtained from the opnMe database was validated for the laboratory experimental process
due to its high binding affinity to the Syk ATP-binding region. The results were also
compared with data from in silico analyses of R406 and the drug's negative control
molecule, BI1-2492. Thus, while the candidate molecule was shown to be a reasonable

candidate, the reliability of the in silico data was also discussed.
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Table 2.1 In silico materials, softwares and applications used in the study

Material/Reagent Description Process/Step
opnMe Inhibitor and Candidate Drug In sili(_:o Molecul_ar
Database Docking Analysis
Protein Data Bank Source of the In silico In silico Molecular
(PDB) Structures of the Molecules Docking Analysis
Molecular Visualization In silico Molecular
L Software Docking Analysis
' Virtual Scanning Softyvare for In silico Molecular
AutoDock Vina _ Mo_lecular Doc_:klng Docking Analysis

Simulations, (Version 1.1.2)

Discovery Studio Ligand-Protein Interaction In silico Molecular
Visualizer Diagrams Docking Analysis

2.3 Plasmid Construction and Cloning

In the study, the cloning of the targeted entire catalytic kinase domain as well as
a portion of the “Interdomain B” region (between residues 356 and 635) was established
for the recombinant production of Syk protein, as can be seen from the Figure 2.2.
According to the strategy, design of the genetic sequence that will produce the region in
question was carried out by SnapGene software starting from the last regions of
interdomain B close to the kinase domain and including the kinase domain (between
residues 356-635, including those). The aim of the design here was to include some
Interdomain B phosphorylation sites such as Tyr358, which is thought to play a role in
PPI, protein stability and signal modulation [21] [42] [43] [44] [45] [46]. For this purpose,
pET-28a plasmid, which facilitates purification process thanks to its N-terminal 6xHis
tag and has T7 promoter (lac operon dependent) and suitable for the bacterial strains to
be used in the study, was used from the data and plasmid map taken from the SnapGene
[47] [48] [49]. Thus, a total “insert + plasmid” length of 6199 bp was acquired. Since
each amino acid is encoded by a three-nucleotide codon, the designed Syk insert is

approximately 849 bp long and has the capacity to encode 283 amino acids.
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Figure 2.2 Structural diagram showing the N-SH2, C-SH2, Interdomain A/B domains
and catalytic kinase domain of Syk enzyme with marked points subject to
phosphorylation. The area targeted for recombinant production in the study is also marked
separately (between amino acid residues 356-635).

In the study, primers containing EcoRI and Hindlll restriction sites were used for

the Polymerase Chain Reaction (PCR) amplification step.

e EcoRI (Forward Primer):
5’-GAATTCCATGGAGGAGATCAGGCCCAAGGAGG-3’

e Hindlll (Reverse Primer):
5’-AAGCTTGTTCACCCACGTCATAGTAGTAATTCGGC-3”

After the PCR process (95 degrees Celsius denaturation, 69.3/71 degrees Celsius
primer annealing, 68 degrees primer extension, 30 repeats) in which different annealing
temperatures such as 71 and 69.3 degrees Celsius were tried [50] [51] [52], the
concentrations of the PCR products were measured with the NanoDrop 2000 device and
it was determined that the most suitable sample was the sample at 69.3 degrees Celsius

(30 seconds, 30 repetitions). The process was then continued with this sample.

Then, pET-28a plasmids were transferred to competent Escherichia coli DH5-a.
bacteria (which was grown in Lysogeny Broth (LB) media, 37 degree Celsius with 5%
COy) for cloning purposes using the “heat shock™ method. In the heat shock method, the
bacteria were kept on ice at 4°C and then given plasmids (100 microliters of plasmid
sample for each 1 ml of bacteria) and subjected to a one-minute heat shock at 42°C. Then,
they were immediately put back on ice and the shocking process was completed.

Afterwards, the bacteria were left to grow overnight at 37 degrees Celsius in LB agar petri
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dishes containing kanamycin. The aim here is to ensure the passage of the plasmid
through the cell membrane and if the bacteria acquired the genetic material in the plasmids
[53] [54] [55]. The next day, plasmids were obtained in purified form using the
NucleoSpin DNA/Protein kit and instructions from bacteria that were confirmed to have

accepted and replicated the plasmids through colony formation [56].

After the purification, the “insert” and “vector” ends were cut with EcoRI and
HindIIl enzymes according to the New England Biolabs’ kit and protocol. Then, the
“insert + vector” complex was subjected to ligation with T4 DNA ligase in the PCR
device at 16°C overnight [57] [58] [59]. The product was cut with the restriction enzymes
again and the 5369 bp vector and 849 bp insert bands were directly observed during the
agarose gel (50 ml TAE [1X], 0.4 gr agarose, 4 microliters EtBr) electrophoresis process,

confirming the success of the ligation process [60].

The obtained recombinant plasmid was transformed and transferred to DH5-a
bacteria again by heat shock. Selection was made from colonies grown overnight on
selective LB agar plates with kanamycin [61] and these were grown overnight in liquid
LB medium containing kanamycin by inoculation. Plasmid isolation was performed with
the kit and the presence of the desired recombinant plasmid was proven from the samples

run on agarose gel.

The confirmed plasmids were transformed into BL21(DE3) strains suitable for
optimum recombinant protein production by the same method. No colonies were formed
in the negative control plates as expected for both bacterial strains used in the process
(cloning and recombinant production). Antibiotic selectivity in the media was confirmed
in this way and the entire cloning process was carried out using methods protocoled in
previous studies. Besides the reliability of the results was supported by the Colony PCR
method [62] [63].

This construction process enables the combined expression of a protein containing
the regulatory/regulated regions and the kinase domain in Interdomain B, thus generating

a more comprehensive protein domain for inhibitor binding and phosphorylation assays.

19



Table 2.2 Plasmid construction materials used in the study

Material/Reagent | Supplier/Brand Description Process/Step
Laboratory Pl
pPET-28a Expression Vector Construction
Stock .
and Cloning
Laborator Plasmid
Kanamisin y Selective Antibiotic Construction
Stock ;
and Cloning
Laboratory Pl
E. coli DH5a Cloning Bacteria Construction
Stock .
and Cloning
Prof. Dr. Oliver Plasmid
Template DNA | HANTSCHEL’s Template DNA for PCR .
Construction
(Syk, #6144) Laboratory Process .
and Cloning
Stock
: - Plasmid
Syk Forward Oligomer GAATTCATGGAGGAGATC Construction
Primer Biotechnology AGGCCCAAGGAGG-3’; and Clonin
Contains EcoRI Cut Site g
- Plasmid
Syk Reverse Oligomer AAGCTTGTTCACCCACGT Construction
Primer Biotechnology | CATAGTAGTAATTCGGC- and Clonin
3’; Contains HindIII Cut Site g
New Enaland Buffers and Enzymes for Plasmid
rCutSmart Buffer Biola%s Restriction Digestion, CAT Construction
number: B6004S and Cloning
. For Cutting from EcoRlI Plasmid
EcoRérI]?Zesr;réctlon Negi(E)lr;%Land Recognition Sites, CAT Construction
y number: R0101S and Cloning
Hindlll New Enaland For Cutting from HindllI Plasmid
Restriction Biola%s Recognition Sites, CAT Construction
Enzyme number: R0104S and Cloning
New England Plasmid
T4 DNA Ligase =Y DNA Ligation Construction
Biolabs ;
and Cloning
Taq DNA .
Polymerase with New England e Plasmlo_l
. PCR Amplification Construction
Standard Taq Biolabs .
and Cloning
Buffer
Multicell Sterile
Nuclease-free Water Sterile, Protease-Free Water Plasmid
water (Molecular for in vitro Use, CAT No: 809- Construction
Grade), Wisent 115-Cl and Cloning
Inc.
Agarose gel Laborator Gel for DNA Cutting Control, Plasmid
g(O 8% )g Stock y Containing 4 Microliters of Construction
: EtBr and Cloning
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DNA Band Size Control Plasmid
DNA Ladder Trans2K Plus Marker, Catalog Number: Construction
BM111-01 and Cloning
Rapid Isolation of RNA, DNA, Plasmid
NucleoSpin MACHEREY- FIELEIL Ele] PIOIR [IOEEE f_rom Construction
s the Same Sample (Plasmid X
DNA/Protein kit NAGEL e and Cloning,
Purification and PCR Clean- PCR Clean-u
up, Cat No: 740933.50) P
NanoDrop 2000 . Quantification Device for Plasmid
Spectrophotomete Thg;rir;cr)]tli:flischer DNA, RNA, Protein, Cat No: Construction
r ND-2000 and Cloning

2.4 Recombinant Protein Expression

Escherichia coli BL21(DE3) bacteria, confirmed to carry the Syk insert in the pET-
28a plasmid, were grown in LB media containing 50 pg/mL kanamycin at 37°C and under
shaking incubation conditions until the optical density (OD in 600 nm) reached
approximately 0.65. This bacterial strain was used in the Recombinant Protein Expression
stage due to its compatibility with the T7 promoter system, high protein expression yield

and low protease activity [64] [65].

Protein expression induction was optimized by adding 0.5 mM IPTG to the culture
when the OD value of the culture reached 0.65. After inductions at different temperatures
and durations (37°C 4 hours IPTG[-], 37°C 4 hours IPTG[+], 37°C overnight IPTG[-],
37°C overnight IPTG[+], 37°C 4 hours IPTG[+] no plasmid control, 20°C 4 hours
IPTG[+], 20°C 4 hours IPTG[-], 20°C overnight IPTG[-] and 20°C overnight IPTG[+]),
it was decided that the most appropriate conditions to increase the correct folding of

proteins and reduce inclusion body formation were incubation at 37°C for 4 hours [66]
[67].

After inducing protein production, bacteria were centrifuged at 5000 x g for 15 min
at 4°C and the resulting bacterial pellets were stored at -80°C until purification. Bacteria
were lysed with lysis buffer and sonication (10-seconds pulse, 10-seconds pause, 10
minutes in total) to reveal the target proteins inside. The His-tag placed at the N-terminus
of the produced protein by plasmid construction was then purified by immobilized metal
affinity chromatography (IMAC) containing Ni-NTA resin and explained in detail in the
next parts [68] [69] [70].
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The expression technique at this stage was implemented based on optimized
methods for bacterial recombinant production of tyrosine kinase domains, and the

produced recombinant proteins were used for Western Blot (WB) control, Thermal Shift

Assay (TSA) and inhibitor binding experiments in the next processes.

Table 2.3 Materials used in the recombinant protein expression process

Material/Reagent

Supplier/Brand

Description

Process/Step

Escherichia coli

Protein Expression
Bacteria Carrying

Recombinant

T7 Promoter

pPET-28a Vector

Recognized by T7

BL21(DE3) AT S the T7RNA | Protein Expression
Polymerase Gene
. Selective Plasmid
Kanamisin Laboratory Stock Antibiotic Construction
Induction of Recombinant
LPIRE =EAIBIELBIRY Sl Protein Expression | Protein Expression
Promoter

Recombinant

Region RNA Polymerase Protein Expression
Medium for
. Escherichia coli Recombinant
LB bl AT SO BL21(DE3) Protein Expression
Bacteria

2.5 Protein Purification

The IMAC based His-tag method was preferred for the purification of the obtained
recombinant protein. For this purpose, HisPur™ Ni-NTA Superflow Agarose resin and
protocol supplied by Thermo Scientific were used. Ni-NTA resin consists of nickel ions
(Ni**) immobilized on agarose beads chelated with nitrilotriacetic acid (NTA). This
mixture is used for the high specificity binding of His-tag carrying target proteins.
HisPur™ Ni-NTA Superflow Agarose resin has a protein binding capacity of >60 mg/mL
and works best in the pH range of 3-9 [71].

In the purification step, firstly the resin was incubated with the recommended
equilibration buffer (20 mM sodium phosphate, 300 mM sodium chloride, 10 mM
imidazole, pH = 7.4). In the second step, the target protein sample and the resin were

mixed and binding was ensured (incubation with shaking at +4 degrees overnight after
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mixing). Then, the resin and protein mixture was washed with the wash buffer containing
20-30 mM imidazole and the unwanted proteins were removed by centrifugation (700 x
g). Then, the elution buffer containing 300 mM imidazole and the samples were mixed
and the His-tagged target protein (SyKk) in the supernatant obtained by centrifugation was
finally purified. The elution and washing steps were repeated twice to ensure complete
elution of the protein and 100 microliters of sample were taken for control at each step
and stored in separate tubes. The obtained samples were directed to the SDS-PAGE (12%)
analysis step for purity control [72] [73].

Table 2.4 Materials used in the protein purification step

Material/Reagent Supplier/Brand Description Process/Step
Resin for His-tag
C e Protein
Ni-NTA Resin Kit Thermp Scientific, Purification, Protein Purification
HisPur™ .
Catalog Number:
88221
Protein marker
—— - used for SDS-
Prime-Step iNtRON PAGE and WB,

Broad Range Protein Purification

Protein Ladder Biotechnology | covering the range

of 10-245 kDa,
CAT No: 773302
6xHis Tag, Used in

N-terminal His-

pET-28a Vector Protein Purification

tag Purification
SDS-PAGE . .
Experiment Set- | Bio-Rad, Lab Stock Protelngtealparatlon Protein Purification
Up

2.6 SDS-PAGE for the Protein Purification Validation

SDS-PAGE experiment was performed to verify the purification efficiency of
IMAC. Protein samples obtained by purification process were run on gel with 12%
polyacrylamide density. Both samples obtained from two consecutive elutions with resin,
and also samples taken from each step of purification were tested by placing them in
separate wells. In the obtained gel images, remarkable bands around 37 kDa were

expected in wells containing purified proteins [74].

In a separate gel, as a control, proteins obtained after IMAC purification from
bacteria transformed with empty plasmid (without insert) were also included in the SDS-
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PAGE process. In the gel in question, the absence of a band in the elution samples is
important in terms of showing that the bacteria with empty plasmid don’t produce the
relevant protein and don’t combine with Ni-NTA resin. The SDS-PAGE results were also

supported by the results of the subsequent WB experiment (with Anti-6X His tag) [75].

Table 2.5 Materials used in the SDS-PAGE and WB step

Material/Reagent | Supplier/Brand Description Process/Step
. . Purified anti-His
An}tAI\-nGt)iEI(;Idlstag BioLegend tag, Mouse 1gG1, S\?Vsé%gE;gd
y CAT No: 652502 Y
. WB Secondary
Ax';:{il\élé);se Laboratory Stock Antibody (Anti- S\II/)VSE:%](;E Sﬁgd
y Mouse) Y
WB Protein
WesternBright™ Detection with :
ECL WB Advansta HRP-Conjugated S\[I)VSBFZAFEIEggd
Detection Kit Antibodies, CAT ¥
No: K-12045-D50
PVDF Transfer
. Membrane (Pore
Immobilon-P Size = 0.45 ym)
PVDF Membrane Trangis Suitable for WB o PAGE and
Membrane, Merck . WB Analysis
Milliore Ltd Protein Transfer,
P ' CAT No:
IPVVH00005

2.7 Thermal Shift Assay (TSA)

The TSA method was used to analyze the binding stability of the candidate
molecule Bl 1002494 with the catalytic domain of the Syk enzyme. The TSA method
analyzes the change in the thermal melting temperature (Tm) of the target protein as a
result of ligand binding. As the hydrophobic regions in the protein's structure become
exposed after binding with the ligand, the dye used in TSA binds to these hydrophobic
regions, generating a signal. This resulting change in stability is then detected by the
gPCR device. Consequently, an inference about binding affinity and Tm can be made
based on the data [76] [77].

During the TSA experiment, 20 microliters of the purified recombinant Syk target
molecule, whose concentration was measured by Bicinchoninic Acid Assay (BCA)

analysis [78] and whose protein structure was confirmed intact by SDS-PAGE (10%),
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was added to the experimental master mix (2.5 microliters HEPES, pH 7.5; 2.5 microliters
dH20; 5 microliters SYPRO Orange, 5X in final; 20 microliters Bl 10002494, 10
micromolar in final). BSA and the same protein sample without drug was used, and 50
microliters of solution was completed with dH»O instead of drug. Additionally, care was
taken to ensure that the total DMSO content in the entire solution was below 4%. The
resulting 50 microliters of solution was added to special white PCR tubes, placed in the
real-time PCR (qPCR) device, and analyzed by adjusting the temperature and
measurement parameters specified in the CFX Manager software [79] [80] [81] [82].

First, “File > New > Protocol” path was selected in the main page of the software.
Then, in Protocol Editor, “Before” option was selected in the Insert Step dropdown menu
and then “Insert Melt Curve” was selected. Then, Delete Step option was selected to
remove steps 2-4, leaving only melt curve step 1. Melt Curve range was arranged to 10°C
to 95°C in increments of 0.5°C for 10 seconds and “Plate Read” part was added. Sample
volume was set to 50 microliters. Then, the plate template was edited in the software
according to the samples. From the Scan Mode dropdown menu the “FRET” channel was
chosen. Before starting the analysis white plate option was chosen by clicking “Settings
> Plate Type > BR White”. After about 2 hours, the results were recorded [83].

Table 2.6 Materials used in the TSA

Material/Reagent | Supplier/Brand Description Process/Step
CAT No: S5692, High
Sensitivity Fluorescent Dye
for Protein Detection
(5000X)

CAT No: CGN-3610-W-01,
0.2mL white 8-strip PCR

SYPRO Orange | Sigma-Aldrich TSA

PCR tubes NEST tubes, Dnase/Rnase-free, TSA
(Chemglass)
autoclavable, enhances the
fluorescence signal in qPCR.

Thermo Fisher Ce e,
HEPES (1 M) S 15630080/15630056, ensures TSA

Scientific o

pH stability
96-well real-time PCR

4PCR Device Bio-Rad Instrument, Provides Precise TSA

Data Analysis with CFX
Maestro Software
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2.8 Cell Culture

MOLM-13 and K562 cells were grown in RPMI 1640 medium (10% Fetal Bovine
Serum [FBS], 1% Pen/Strep) in a 37°C, 5% CO: incubator. Routine passages of cells were
performed approximately every 2-3 days for both cell lines, and their viability was
checked regularly under an inverted microscope throughout the experiment. The
inhibitors that have been utilized in this thesis, BI1002494 and BI12494, was kindly
provided by Boehringer Ingelheim via its open innovation platform opnMe (available at
https://opnme.com) [84] [85].

Table 2.7 Materials used in the cell culturing

Material/Reagent | Supplier/Brand Description Process/Step

AML Cell Culture
Gibco Medium, Cat No: Cell Culturing
11875093

Heat Inactivated
Fetal Bovine
Serum for Cell
FBS Gibco Culture Cell Culturing
Supplementation,
CAT No:
A5256801
Chronic Myeloid
Leukemia Cell
Line, Low Syk
Expression
AML Cell Line
Carrying FLT3-

MOLM-13 Cell ITD Mutation
Line Laboratory Stock Affecting the Syk
Downstream
Pathways
Combination of
penicillin and
streptomycin
antibiotics to
prevent bacterial
contamination

RPMI 1640
Medium

K562 Cell Line Laboratory Stock Cell Culturing

Cell Culturing

Pen/Strep Laboratory Stock Cell Culturing
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2.9 MTT Cytotoxicity Assays

In cell culture and 3-(4,5-di methyl thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cytotoxicity assays, human AML cell line MOLM-13 carrying FLT3-ITD
mutation and strongly associated with Syk activation was used as the main experimental
cell, and CML cell line K562 with less Syk-association than AML cells was used as the

control group.

The MTT chemical offers the advantage of being able to determine the viability of
cells through the activity of mitochondrial dehydrogenase enzymes. The chemical in
question is reduced to formazan crystals due to active mitochondrial enzymes found in
living cells. These crystals are purple in color. The purple crystals resulting from the
reaction are dissolved and cell viability is determined quantitatively by measuring their
absorbance. Thus, values such as IC50 which are important data in drug experiments, are
calculated. However, since this enzyme activity is not present in non-living cells, no color
change occurs. In other words, no reduction occurs. Thus, quantitative and qualitative

comparisons can be made [86].

Drug dose applications were performed on both cell lines. The experimental design
was set up with a 96-well plate (each dose with 4 replicates) with a total of 200 microliters
of culture (approximately 10 thousand cells) in each well. Drug stock solutions were
dissolved in Dimethyl Sulfoxide (DMSOQO). While cells in the control groups were
incubated with only medium, 50 nM DMSO dose was applied to the DMSO control
group. Bl 1002494 drug applications in the main experimental groups were adjusted at
concentrations of 50 nM, 100 nM, 500 nM, 1000 nM, 2000 nM and 5000 nM. The
negative control of the drug, BI-2492 molecule, was adjusted to 5000 nM. Cells were
grown in the incubator for 48 hours after drug addition. After 48 hours of incubation, 10
microliters of MTT chemical was added to each well and the cells were incubated for
another 2 hours. Then, the medium was removed from the wells by centrifugation and 1
ml of DMSO solution was added to each well to dissolve the resulting formazan crystals.
After the samples were shaken in the dark for 15 minutes and made homogeneous, the
absorbance values were measured at 570 nm [87] [88] [89] [90] [91] [92].
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The results obtained from the measurement were analyzed by accepting the control

group as standard and the inhibition percentages of the drugs on cell proliferation were
determined. The analyses showed that the 2000 nM dose of Bl 1002494 reduced the

cancer cell viability by approximately half, while the final dose of 5000 nM created a

higher inhibitory effect.

Table 2.8 Materials used in the cell culture and MTT cytotoxicity assays

Material/Reagent | Supplier/Brand Description Process/Step
.~ Cell Culture and
MTT Laboratory Stock Cytolt:? xicity Test MTT Cytotoxicity
eagent
Assays
ACS Reagent
Grade Used as
Solvent in Cell Cell Culture and
DMSO ISO.I.‘AB Culture and MTT Cytotoxicity
Laborgerite GmbH .
Molecular Biology Assays
Applications, CAT
No: 914.036.2500
NutriCulture
Trypan Blue 0.4%
Cell Viability Dye
Trypan Blue EETIE 18l COUE I\SI:'Ie'I1I' (C:il;/lttout:)ex?(?i(tj
yp Biotechnology Viable vs Dead Assays y

Cells Under Light
Microscopy, CAT
No: TRY-B100

2.10 Statistical Analysis and Repeatability

The experimental data obtained in the study were analyzed in the final form using

GraphPad Prism 8 program for statistical analysis. MTT experiments, WB analyses and

TSA data were confirmed with at least two independent repeats. In comparing the

differences between two groups, p<0.05 was considered statistically significant.

28



The experiments in the study were repeated on different days using optimized

protocols and the consistency of the results obtained was ensured. Thus, the reliability

and repeatability of the results were ensured.

Table 2.9 Materials used in the statistical analysis and repeatability process

Material/Reagent | Supplier/Brand Description Process/Step
GraphPad Prism Statistical Analysis | Statistical Analysis
8 CIEIIFER SOIEIE Software and Repeatability
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Chapter 3

Results and Discussions

3.1 Docking Results and Molecular Interactions

In this section, the binding affinity and interaction of the Bl 1002494 with the
target protein Syk (PDB ID: 4FL3) were evaluated in comparison with the reference
inhibitor R406 and negative control BI-2492. For this evaluation, Bl 1002494 were
visualized by PyMOL into the ATP binding pocket in the kinase domain of the Syk
protein (Figure 3.1). Then, molecular docking analyses were performed using AutoDock
Vina. During analysis, a grid box was set to cover the entire binding pocket and the region
in question was placed in a way that included the specific amino acid residues of the Syk
protein that interact with the ligands. In other words, a suitable area was simulated and

visualized that included all the critical points where the ligand could bind.

Figure 3.1 Close-up (above) and distant (below) PyMOL visualization of the BI 1002494
molecule in the catalytic domain pocket of Syk protein (4FL3). The green sphere
represents Mg?*, which was added to model the ATP/inhibitor binding site as a natural
cofactor of kinases in a biologically realistic and electrostatically stable manner.
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According to molecular docking carried out by AutoDock Vina software, the
binding free energy of the candidate molecule Bl 1002494 was calculated as -8.2
kcal/mole. This data shows that the candidate molecule in question binds to the ATP
binding pocket of the Syk enzyme in a stable and strong manner. In comparison, the
docking score of the FDA approved reference inhibitor R406 is relatively lower (higher
binding affinity) with -8.4 kcal/mole, but close to the candidate molecule’s scores, which
suggests that the candidate molecule BI 1002494 can also form a stable complex with the
Syk according to the in silico analysis results. These findings can be directly observed
from the docking scores and hydrogen bond numbers of both molecules in Table 3.1. The
fact that the BI-2492 molecule gave the same binding energy results as Bl 1002494 from
the blind docking results clearly reveals that the molecule binds to some regions outside
the active site (in the computational environment) and that the in silico data in question
should be interpreted very comprehensively, by including other data, not just by itself
alone [93].

Table 3.1 Comparative data on the docking interactions of the candidate molecule
Bl 1002494 and the reference inhibitor R406 with Syk

Molecule Docking Score Number of Conventional
(kcal/mole) Hydrogen Bonds
R406 -8.4 3
B1 1002494 -8.2 2
BI-2492 82 )

In addition to AutoDock Vina analyses, in silico analyses were also performed
with Discovery Studio Visualizer in order to examine the interactions at the molecular
level in more detail and comparatively. As can be seen from the Figure 3.2, it is
understood that the candidate molecule Bl 1002494 establishes “conventional hydrogen
bonds” with residues such as Arg498 and Lys458. Besides, it is seen that the candidate
molecule establishes “carbon-hydrogen bonds” with some residues like Arg498, Leu377
and Asp512. In the in silico findings, different contact points consisting of van der Waals
interactions has been also determined between the candidate molecule BI 1002494 and
the target protein Syk either. These results are consistent with the fact that the placement

conformation in Figure 3.1 clearly shows that the candidate molecule fits into the ATP
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binding groove. Comparing with the reference inhibitor R406, the candidate molecule Bl
1002494 shows a reasonable conformation either. The molecular shape of the candidate
molecule also offer sufficient complementarity with the structural topology of the target
molecule, which may be associated with the reasonable docking score of the complex. As
a result, the candidate molecule forms direct hydrogen bonds with residues such as
Arg498 in silico, as seen in the results of other studies. These inferences increase the
reliability of the in silico findings [26] [94].

: 4%
‘\ @ A5

Interactions

] ven der waals | Metal-Acceptor
[ Conventional Hydrogen Bond [ Ayl

| Carbon Hydrogen Bond [ Prakyl

Figure 3.2 2D (left) and 3D (right) interaction diagram of the Bl 1002494 inhibitor and
Syk protein 4FL3 (taken from the Discovery Studio Visualizer)

These results are consistent with expectations, and as can be understood from the
previously given data showing hydrogen bonds formed between Syk inhibitors and Syk,
the candidate molecule in the study proves to be a reasonable drug candidate through
interactions at the molecular level. Moreover, the results confirm that the candidate
molecule establishes a strong molecular interaction with the Syk target protein and is an
important inhibitor candidate that can be used for in vitro and in vivo experiments. The
fact that this in silico pre-selection step has been used in different studies, just like in this
study, increases the reliability of the findings.
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3.2 Recombinant Protein Expression and Purification

In this section, the target protein was produced by recombinant ways for use in
inhibitor tests and biochemical analyses. The production in question was made using the
BL21(DE3) strain of Escherichia coli bacteria, which is preferred in scientific research
and provides optimum expression. The gene region studied was first inserted into the
pET-28a vector with a His-tag and then transferred to the target host bacteria through the

transformation process, as can be seen from the Figure 3.3.
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I
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Figure 3.3 Map structure of the “pET-28 + Insert” design used in the study (taken from
the SnapGene software)

After the transformation, in case some bacterial colonies (for both DH5a and
BL21 strains) were able to grow despite the ligation failure [95], the presence of the target
recombinant DNA was reported multiple times by processes such as growth in selective
liquid media containing antibiotics, colony PCR (Figure 3.4), agarose gel running (Figure
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3.5) and protein purification after culturing. Thus, bacterial colonies grown in LB agar
media containing antibiotics were reported as representing the recombinant bacteria
obtained after successful cloning, ligation and transformation (Figure 3.6). Additionally,
studies have indicated that improvements can be made in preventing false positive

colonies for high-quantity production using some methods [96].

Figure 3.4 Colony PCR results from different colony samples of transformed DHS5a
bacteria

As seen from the results of the colony PCR experiment, bands were not observed
in some colonies due to the lack or absence of DNA sequence to express the target protein.
This situation shows the importance of verifying processes such as ligation in more than
one way. There may be many reasons for colonies growing despite unsuccessful ligation.
One of these is insufficient contact with the selective antibiotic in the medium. Against
such possibilities, the importance of verifying ligation with colony PCR and methods after

plasmid isolation has thus been revealed.

As can be seen from Figure 3.5, colony PCR results were supported by cutting the
plasmid with HindI1l and EcoRI enzymes. Since the cutting process or the cutting enzyme
activity may be insufficient in some cases, it is possible to see the uncut bands in the
agarose gel. However, the fact that the samples that were cut were very small and that the
cut and uncut bands could be clearly distinguished increases the reliability of the findings.
Moreover, it is thought that the “PCR Clean-up” stage is essential for a more reliable
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ligation. As stated in previous studies [97], it can be said that residues and chemicals from
the previous processes performed before ligation may affect ligation success, and
therefore methods such as PCR Clean-up should be optimized and applied carefully. The
failure of some ligation experiments that were tried to be carried out without PCR Clean-

up in the experiments supports this idea.

5000 bp

1000 bp

100 bp

Figure 3.5 Agarose gel running results of the restriction enzyme cutting after the ligation
of Syk insert and pET28a vector

Figure 3.6 BL21 bacterial colonies carrying target recombinant DNA after
transformation
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Samples selected from BL21 colonies were inoculated and the expression process
was started again by re-culture in liquid medium. IPTG addition was made as 0.5 mM
when the bacteria reached 0.65 OD concentration value (50 microliters of IPTG with a
concentration of 0.5 M to 50 mL bacterial culture). During IPTG induction, different
induction conditions were tried to determine which condition was best in high-quantity
production process. According to SDS-PAGE gel running results, it was determined that
IPTG induction for 4 hours at 37 degrees Celsius was the best condition (Figure 3.7),
consistent with the data from the literature and the material providers [64] [98].
Furthermore, studies have indicated that the recombinant production of some unstable
proteins can lead to destruction by factors such as proteases during long-term production,
and that protein amounts can be lower than during short-term production. This may
indicate that the recombinant protein produced in this study is unstable since it only
contains the active site and a part from the Interdomain B. Thus, these findings could also
explain the protein decrease observed during overnight production. [99] [100]. To prevent

these problems, using lower doses of IPTG may also be considered.

In WB results, recombinant Syk traces were observed in some samples that
weren’t given IPTG due to “leaky expression” or leaks that may have occurred to the side
wells during loading (Figure 3.8). It has been stated in different studies that the reason for
this situation may be a defect in the T7 promoter region used in this study, and the use of
different types of plasmids has been suggested to avoid this situation [101] [102]. In
addition, when the molecular weight of the produced Syk was calculated by taking into
account the length of the coding DNA sequence (~849 bp) and the added vector regions,
it was observed in the results that the band lengths were in the expected regions (Figure
3.7). In this calculation, the average molecular weight of the amino acids was taken as
110 Daltons. According to the calculation of “849 bp / 3 = 283, a molecular weight value
of approximately 31.1 kDa was calculated for the insert part of the protein over 283 amino
acids. In addition, when the N-terminal His-tag and linker sequences (~25 amino acids)
from pET-28a are also taken into account, an additional 2 kDa molecular weight emerges.
When all these analyzes are taken into account, the molecular weight of the protein to be
produced in total was predicted as ~33 kDa. This molecular weight is also consistent with
the bands observed in SDS-PAGE analyzes and confirms that the recombinant protein

was successfully produced. As expected, no band was observed in the bacterial control
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group samples carrying empty vector and placed in the WB assay to verify the specificity
of expression.

37C
Mwin 12% 37C 37C 37C 37C
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Figure 3.7 SDS-PAGE results of the optimization experiment performed at different
temperatures and times for IPTG induction

R
37C
37C 37C 37C 37C No Plasmid 20'C 20C 20'C 20'C
4 Hours 4 Hours Overnight  Ovemnight 4 Hours 4Hours 4Hours Ovemight Ovemight
IPTG(-) IPTG(+) IPTG() IPTG(+) IPTG(+) IPTG(+)  IPTG() IPTG(-) IPTG(+)

Figure 3.8 Possible “leaky expression” bands have been observed in samples without
IPTG in anti-His WB analysis. Yet, the overall results show the success of the

recombinant protein production.

After determining the optimum conditions, the large-scale production phase was
started and proteins were harvested from 800 mL bacterial culture grown for 4 hours at
37 degrees Celsius with 50 mM IPTG. Purification of the target protein was carried out
using the IMAC method, focusing on the 6xHis-tag added to the N-terminal part. As a
result of the analysis with SDS-PAGE, where samples taken at each step of the
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purification were used, it was understood that the elution samples made 2 times in a row
were obtained with high purity. In addition, the fact that no protein band was observed in
the WB results at the end of the purification process with proteins harvested from bacteria
with empty plasmids used as controls was another evidence proving the specificity of
expression. However, the interpretation of the faint bands seen in the region close to 33
kDa of empty plasmid samples was left to the future studies (Figure 3.9 and Figure 3.10).
Moreover, these results are consistent with those shown in previous studies, and although
toxic effects may be observed in some cases, they show that production of Syk protein
alone at high concentrations, even as only the catalytic domain, does not harm the
recombinant production systems and is compatible with those used in the study [103]
[104].

Protein/Concentration
IMthe RIrSU2SEPSiofs
INENTARURfiICatION

270 kDa

37 kDa

30 kDa.

6.5 kDa

ok Sl Befor: S mpleslobtancdiasalRecUionte)
[First(l‘eftfandisecond|(Right)Etion;

Figure 3.9 and 3.10 Ni-NTA resin purification results of the samples (above) and the
control group (empty plasmid, below)
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These findings show that the protein can be successfully produced recombinantly
and that the production doesn’t have a direct toxic effect on the cell at all steps. On the
other hand, the fact that the WB band intensities were lower at all temperatures in long-
term recombinant production experiments such as overnight growth compared to short-
term ones (including the faint band at 37 degrees Celsius, overnight incubation) also
suggested that long-term production may have a direct or indirect effect on the
degradation of the proteins in question. The fact that no protein traces were found in the
samples with empty plasmids and that the recombinant protein was produced as desired
after purification demonstrated the reliability of the recombinant production process of
Syk with pET-28a plasmid in BL21 bacteria.

3.3 Analysis of Ligand Binding Stability by TSA

The TSA experiment was conducted to analyze the thermal stability changes
resulting from the interaction of the recombinantly produced target Syk protein with the
inhibitor Bl 1002494. This method is a biophysical assay that analyzes protein-ligand
binding through the increase in Tm observed due to the ligand’s stabilization of the
protein’s three-dimensional structure. In this study, the SYPRO Orange dye, known to
fluoresce due to the opening of hydrophobic regions resulting from molecular changes
caused by ligand-protein interactions, was used.

To analyze whether the recombinant Syk target protein, purified by Ni-NTA affinity
chromatography, retained its desired protein structure before treatment with SYPRO
Orange dye due to the delay, the presence of the protein was reconfirmed by SDS-PAGE.
The results revealed a protein structure even purer and more stable than that of the BSA
control (Figure 3.11). BSA was used as a control here since, as seen in previous studies,
the arrangement of the multiple disulfide bonds in BSA plays a decisive role in the folding
and stability of the protein. Therefore, it maintains its structure for extended periods and
can be used as a control in experiments like TSA, given that its structure remains intact
[105] [106]. The candidate molecule Bl 1002494 was included in the assay at a
concentration of 10,000 nM, which correlated with the values in the MTT cytotoxicity
assays. An equivalent volume of purified water was added instead of inhibitor in the
control groups. Thus, in order to prevent DMSO from affecting the SYPRO Orange study,
DMSO rates were kept below 4% in total volume.
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Figure 3.11 SDS-PAGE (10%) results of the recombinant protein before TSA compared
with the BSA protein as control.

Each reaction mixture/assay was prepared in triplicate in white qPCR tubes, and the
data were analyzed in separate experiments. SYPRO Orange dye was added to the PCR
tubes last. TSA analyses were performed using a Bio-Rad gPCR instrument compatible
with CFX Manager, taking fluorescence measurements at every 0.5°C increment from
5°Cto 95°C. Although buzzy fluctuations and excessive signals were observed in the data
obtained from samples other than BSA, which were used as controls, significant data were
reported when Tm values were calculated from the first derivative inflection points of the
melting curve (Figures 3.15, 3.16, and 3.17). As a result of the experiment, it was reported
that Tm values in samples containing BI 1002494 were significantly increased compared
to the control groups in all experimental replicates. While the average Tm value was
measured as 61.5°C in the control group, this value was measured as 74°C in the 10,000
nM BI 1002494 group. BSA, used as control, showed an average Tm of 64°C, consistent
with literature values [107]. The approximately +15°C increase observed with BI
1002494 demonstrated dose-dependent binding stabilization by the inhibitor.
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Figure 3.12 Melt Curve and Melt Peak results obtained from the TSA experiment of the
control BSA protein
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Figure 3.13 Melt Curve and Melt Peak results obtained from the TSA experiment of the
recombinant Syk protein
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Recombinant Syk + Drug (Melting Temperature = 74 °C)
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Figure 3.14 Melt Curve and Melt Peak results obtained from the TSA experiment of the
“Syk + Drug” complex

The buzzing fluctuations and excessive signaling observed in samples containing
Syk protein during the TSA process were considered based on the results. It was
suggested that this might be due to the recombinant production of only a specific portion
of the protein, rather than the entire protein. The literature indicates that some alternative
forms, such as a point mutation at Tyr-348, can lead to destabilization even in the inactive
form of the protein (and that this region is missing in the recombinant protein), which was
considered a clue to explain this situation [42] [43] [44] [45] [46]. On the other hand,
some studies have shown that mutations at specific phosphorylation sites, despite
occurring, cause minimal changes in TSA results. Therefore, it has been inferred that the
excessive signals in the graph are due to the “absence” of interdomains and SH2 domains,
which are thought to be directly involved in the Syk stabilization [118]. Moreover,
previous studies have reported that even in the absence of protein, when the dye and buffer
solution mixture is not chilled, artificial signals resembling a “melting curve” may be
formed [82], and noisy or unexpected curve shapes may appear on the graph due to protein

instabilities such as partial unfolding/aggregation [109].
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These results support the results of in silico docking analyses showing that the
candidate molecule Bl 1002494 binds with high affinity to the ATP-binding site of the
Syk protein. This suggests that the molecule’s stability increases when combined with the
target protein, suggesting that the molecule could be a strong candidate for Syk-targeted
AML therapies.

3.4 Cytotoxicity Assays and IC50 Analysis

In this section, the effects of different doses of the Bl 1002494 inhibitor on AML
cell viability through Syk inhibition were discussed with the MTT cytotoxicity test. Since
this test is based on the logic that the mitochondrial activity of the cell provides
information about the metabolic status of the cell, it was used to determine the cytotoxic
effects of the candidate drug. In addition, the BI-2492 molecule, which is the negative
control of the inhibitor, was also included in the experiments. Experiments were
performed on the AML model cell lines MOLM-13 (high expression level of Syk) and
the other one used as a control, K562 (minimally affected by the inhibition of Syk) [110].
Both cell groups were grown for 48 hours with BI 1002494 and B1-2492 at the previously
specified concentrations. Then, MTT chemical was added to the cells and the cells were
incubated for 2 hours. The formed formazan crystals were dissolved and their absorbance

values were measured at a wavelength of 570 nm.

In the results of the experiment on the MOLM-13 cell model with the candidate
molecule Bl 1002494 at drug doses of 50 nM, 100 nM, 500 nM, 1000 nM, 2000 nM and
5000 nM, viability was above 90% at low doses between 50 nM and 500 nM, while
significant decreases were observed in viability rates starting from the 1000 nM drug
dose. Cell proliferation values were reported below 50% at doses of 2000 nM and 5000
nM, and statistical significance was reported at the level of “p < 0.0001 (***)” at these
doses. The negative control drug BI-2492 revealed interesting cytotoxicity results in
MOLM-13 cells. Although it didn’t have an effect on cell proliferation as it should have
in the first experiment, it was observed that the molecule had a negative effect on cell
proliferation in the second and third repetitions. This situation led to the emergence of a
statistical result such as “p < 0.01 (**)”. The results of the control and DMSO groups

didn’t have a significant negative effect on cell proliferation as expected.
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In the results of the assays performed with the candidate molecule Bl 1002494 in
the control group K562 cell line, cell viability was reported as high at all doses as expected
at the previously mentioned drug doses. It was observed that cell proliferation levels were
negatively affected only at drug doses of 1000 nM and above, and even at the highest
dose of 5000 nM, viability rates were at 80%. The values in question were found to be
statistically significant at the level of “p < 0.05 (*)”, but didn’t reach cytotoxic levels as
desired. Here, the negative control molecule B1-2492, tested at a dose of 5000 nM, didn’t
show a significant cytotoxic effect on cell proliferation in the experimental repetitions (p
< 0.01 [**]). The data in question is consistent with the negative control feature of Bl-
2492. In the DMSO groups, K562 viability didn’t show a significant decrease as expected,
and the reliability of the experimental setups was supported. As a result, when three
different experimental replicates were considered, no significant proliferation decrease
was observed in the K562 cell line due to drug doses. It was also determined that the

variation between experiments was minimal.
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Figure 3.15 Effects of Bl 1002494 and BI-2492 at different doses on proliferation in
MOLM-13 cells at 48 hours (On the left, average of all experiments; on the right, separate
results of 3 repetitions).

44



K562
- K562

;
§

-+ 1EXP
=+ 2.EXP
v e + 3.EXP

g
g
?

£

Cell Proliferation (%)
-
-
T
-*
i ®
——
-
Cell Proliferation (%)
-
"
s »

& W BI-1002494 (nM) d8h
W B1-1002494 {nM) 48h

Figure 3.16 Effects of Bl 1002494 and BI1-2492 at different doses on proliferation in
K562 cells at 48 hours (On the left, average of all experiments; on the right, separate
results of 3 repetitions).

Evaluation of the data obtained from the MTT assay using non-linear regression
(log(inhibitor) vs. response — variable slope) analysis in GraphPad software showed that
the 1C values for the BI 1002494 molecule for the MOLM-13 cell line were 239.6 nM
(IC10), 411.3 nM (IC20), 588.9 nM (IC30) and 1036 nM (IC50), respectively. As
previously mentioned, the 1C50 value reported from enzyme assays for R406 in the
literature is reported as 41 nM [26]. This reveals that the R406 inhibitor has a ~25-fold
higher potency than the Bl 1002494 candidate molecule. Due to the pharmacokinetic
properties of the Bl 1002494 candidate molecule, which should be compared separately
with R406, it shouldn’t be ignored that its utility in vivo may be close to or even superior
to the R406 molecule. Therefore, considering that the BI 1002494 inhibitor hasn’t been
directly tested against AML in the literature, it has also been inferred that it has an
important novelty value in terms of evaluating new structural combinations. Thus,
comments on the need for comprehensive future investigation of the inhibitor’s efficacy,
supported by pharmacokinetic and pharmacodynamic data, are left to the future prospects
section. As a result, these findings revealed that the Bl 1002494 candidate molecule had
a parallel effect with increasing doses in the MOLM-13 cell line and showed a reasonable

inhibitory effect, just like in the similar previous studies [8] [111].
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Table 3.2 Calculated Inhibitory Concentration (I1C) / values for Bl 1002494 inhibitor
in MOLM-13 cells

IC / Inhibition Level (%) Concentration (nM)
1IC10 239.6
1C20 411.3
1C30 588.9
1C50 1036

These findings demonstrated the cytotoxic effects of the candidate molecule Bl
1002494 on MOLM-13 and K562 cells with MTT assay data. The MTT findings in
question are particularly valuable because they bring all these points together in this
study. Consistent with the dose increase in the AML cell model, significant proliferation
inhibition was detected, especially at 2000 nM and 5000 nM drug doses. At high doses,
cell viability decreased below 50% as expected and statistical significance was
demonstrated at the “p < 0.0001 (****)” level. As expected (although variable across
repetitions), the negative control of the candidate molecule, BI-2492 molecule, didn’t
cause significant cytotoxicity in MOLM-13 cells as expected. In the K562 cell line, the
viability rates of the candidate molecule were at high levels (80%) at all applied doses,
and noticeable decreases (p < 0.05) were detected only at high doses (=1000 nM). The
IC50 value, which is one of the focal points of the findings, was determined as 1036 nM
for the MOLM-13 cell line. All the findings in question revealed that the BI 1002494
candidate molecule had a strong inhibitory effect on AML and didn’t create any

significant cytotoxicity in K562 cells, which represent non-AML cells.
3.5 General Statistical Evaluation

The analysis of all data and findings obtained in the experiments were performed
statistically using GraphPad Prism 8. The data and findings in question were obtained
with three experimental repetitions and the means and standard deviations were taken into
account when evaluating the results. In all analyses, the value of “p < 0.05 (*)” was
considered statistically significant. Moreover, the repeatability of all experiments and

assays was high and the coefficients of variation were evaluated within acceptable limits.
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3.6 General Discussion of the Results

This study followed a path encompassing scientific methods such as in silico
molecular docking analysis, recombinant protein expression, protein purification, WB
analysis, cell-based cytotoxicity assays, and molecular binding stability measurement in
order to identify candidate drug molecules that can inhibit the Syk enzyme, which is one
of the potential and versatile targets for the treatment of AML. This approach differs from
common drug development processes in that it integrates in silico approaches with
experimental laboratory processes. In addition, it parallels other modern approaches of

this kind in the literature.

Initially, among the inhibitors and candidate molecules in the opnMe database, Bl
1002494 molecule stood out due to its conformation fitting into the ATP binding pocket
and its high binding affinity (-8.2 kcal/mole). It was determined that the inhibitor
established important molecular interactions such as hydrogen bonding with previously
mentioned amino acid residues such as Arg498 and Lys458. These findings were found
to be consistent with the reports on the binding modes of R406-like Syk enzyme inhibitors
in the literature. Thus, Bl 1002494 inhibitor has been concluded to be a strong candidate
molecule for experimental tests. Furthermore, despite an approximately 25-fold
difference between the 1C50 values, the in silico binding affinity values are almost
identical, suggesting that a direct relationship can’t be established between binding
affinity and 1C50. A specific point to be discussed in the future is that the negative control
(B1-2492) of Bl 1002494 exhibited a binding affinity (-8.2 kcal/mole) comparable to that
of the positive inhibitor, and the negative control groups showed remarkable cell death in
MTT results.

In the next step, modified Syk protein was produced recombinantly in Escherichia
coli bacterium BL21(DE3) strain using pET-28a vector and the protein in question was
purified by His-tag Ni-NTA affinity chromatography method. The effectiveness of the
purification protocol and IPTG induction conditions has been confirmed by SDS-PAGE
experiments, as the protein with a molecular weight of ~33 kDa gave clear band results
in the expected size. Continuous determination of protein concentrations with BCA tests
has ensured equal loading in each well in SDS-PAGE and WB experiments. These

verification methods and steps play a key role in the verification of recombinant protein
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production and the reliability of subsequent experiments. Moreover, despite the risk of
toxicity that may arise when kinase enzymes are produced in high quantities alone, it was
also understood that the recombinantly produced protein in the study doesn’t have a toxic
effect on the bacterial strain as a result of its production. Finally, the increase in Tm
detected in recombinantly produced Syk samples exposed to Bl 1002494 inhibitor
through TSA analyses has been accepted as a strong scientific data confirming the
molecular interaction between the inhibitor and the target protein recombinantly

produced.

Cytotoxicity experiments conducted with MTT showed that the candidate molecule
Bl 1002494 showed reasonable dose-dependent cytotoxic effects in the AML cell line
MOLM-13, but, as expected, didn’t cause significant proliferation inhibition in the CML
cell line K562. This finding supported the findings of studies that AML cells are more
sensitive to the inhibitor due to high Syk expression and FLT3-ITD mutation. On the
other hand, the relatively low sensitivity of the CML cell line K562 to Syk inhibition is

consistent with both the findings and expectations.

In summary, this study adopts an interdisciplinary approach that is not widely
available in the literature by comprehensively integrating in silico drug discovery,
recombinant protein production and cell-based pharmacological methods. The findings in
the study prove that Bl 1002494 molecule is a reasonable candidate for preclinical studies
as a Syk enzyme inhibitor in AML disease. The findings and the study itself contribute to

the development of new targeted therapeutic approaches.
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Chapter 4

Conclusions and Future Prospects

4.1 Conclusions

This study, with its comprehensive and detailed analyses and experiments,
demonstrates the importance of multidisciplinary approaches for the discovery of novel
inhibitors targeting the catalytic domain of Syk, an enzyme that plays a significant role in
AML. In the first step, in silico analyses of candidate molecules in the opnMe database
determined that Bl 1002494 inhibitor exhibited high binding affinity (-8.2 kcal/mole) to
the catalytic domain of Syk. Molecular docking findings revealed that Bl 1002494
inhibitor provides binding stability by forming molecular interactions with amino acid
residues such as Leu377, which have been shown to bind to it in previous studies. These
findings, when compared with the findings of known drugs such as R406, which have
been shown to be important in previous studies, indicate that the Bl 1002494 inhibitor
has an alternative and unique drug profile for AML disease, thus enabling a drug
repurposing study for Bl 1002494.

After molecular docking findings and identification of the candidate molecule,
sequences encoding the ATP-binding site and interdomain B regions of the Syk protein
were inserted into the pET-28a vector. Thus, high amounts of recombinant protein were
produced by IPTG induction in BL21(DE3) bacteria. The presence of recombinant
proteins purified by His-tag Ni-NTA affinity chromatography was confirmed by SDS-
PAGE and WB. Furthermore, the binding of the candidate molecule to the recombinantly
produced Syk protein was analyzed using TSA. The findings revealed a significant
increase in the Tm of the protein when combined with the inhibitor, indicating strong

binding between the protein and the inhibitor.
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MTT cytotoxicity assays on AML and CML cells reported that the inhibitor Bl
1002494 exhibited a proliferation-suppressive effect on the AML model cell line MOLM-
13, consistent with the dose level. Analysis of the experimental data revealed an 1C50
value of 1036 nM, indicating a ~25 times lower potency compared to the FDA-approved
drug R406. However, other pharmacokinetic properties of the candidate molecule, its
structural framework, and the fact that it was first tested on AML in the literature suggest
that the inhibitor carries novel value in terms of drug repurposing. Furthermore, the
absence of cytotoxic effects on the control cell line K562, as expected, confirmed the
inhibitor’s cell type selectivity.

The combined use of in silico analyses, TSA, WB assays, and cytotoxicity tests in
this study clearly demonstrates the importance of multi-layered validation approaches in
generating reliable findings and cross-validation in drug discovery and drug repurposing
processes. Furthermore, the methodological protocols employed in this study are
applicable not only to the discovery of Syk candidate inhibitors but also to the
identification of novel kinase targets with similar structural and functional properties.
From this perspective, this study and its findings have the potential to serve as a reference

for academic research in the development of targeted therapies in the future.

In conclusion, the Syk inhibitor Bl 1002494, with its unique binding profile
targeting Syk, a key enzyme in AML, and its specific cytotoxic effects in AML cells,
represents a strong drug candidate for preclinical studies. Thus, the integrated approaches
presented in this study offer significant contributions to cancer research in developing

novel, targeted therapies.

4.2 Societal Impact and Contribution to Global

Sustainability

The findings in this study, all in accordance with academic methods, have
significant potential for both societal impact and global sustainability. First, for AML, a
type of cancer with serious, high mortality rate, and limited targeted therapeutic options,
the use of Bl 1002494 as a potential Syk enzyme inhibitor offers a novel therapeutic

candidate. Directly addressing this molecule in ongoing preclinical and clinical studies
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will likely contribute to key areas such as improving the quality of life and increasing
current survival rates in AML patients who have developed drug resistance over time.
Thus, this potential impact directly aligns with public health interests in developing
effective treatment strategies for cancers with poor prognostic profiles.

From a scientific and academic perspective, the study’s methodological strategy
and planning contribute to sustainability and ethical values. For instance, prioritizing in
silico molecular docking screening and candidate molecule screening approaches, and the
findings derived from these approaches, before laboratory experiments, reduces the
number of candidate molecules that need to be tested biologically in the laboratory. This
minimizes resource consumption and potential chemical waste issues, while also
minimizing animal and human use, which are crucial steps in drug discovery processes.
In this context, these approaches also implement the principles of Replacement,
Reduction and Refinement (3R), which directly address ethical responsibility in scientific
research. Furthermore, recombinant protein production with high yield in bacterial
systems such as Escherichia coli BL21(DE3) allows for a cost-effective and reduced
environmental footprint compared to other expression systems (e.g., mammalian cell
expression systems). This approach is both scalable and creates potential opportunities
for laboratories and countries with limited budgets, increasing the accessibility of such
studies.

Another, and perhaps most important, sustainable societal contribution of the study
is the use of the previously mentioned drug repurposing approach as a key approach.
Using inhibitors like Bl 1002494, whose pharmacological profile and properties have
been established in previous scientific studies and are currently being studied in the
preclinical setting and have a high probability of future approval from reputable
organizations like the FDA, with the repurposing approach allows bypassing many of the
tedious de novo drug development stages. This accelerates clinical processes and
minimizes overall costs. This drug repurposing approach is particularly critical for
laboratories and countries where access to new therapeutics is limited due to economic
constraints. In conclusion, this study and its findings offer significant contributions not
only to targeted therapy research for AML but also to ethical and globally sustainable

drug discovery.
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4.3 Future Prospects

The integration of in silico and in vitro approaches successfully implemented in this
study and the resulting findings suggest several future steps that will strengthen the
potential of the Bl 1002494 inhibitor as a novel anti-AML drug. First, a more
comprehensive selectivity analysis of the inhibitor can be conducted to more
comprehensively and definitively determine the candidate molecule's potential effects
beyond the Syk enzyme and AML cells, thus confirming the inhibitor's target specificity.
For this confirmation, comprehensive kinase and cell type screening assays would
provide pharmacological data to support the inhibitor's clinical validity. Moreover, in
light of the data obtained from in silico analyses of the inhibitor, some modifications to
the skeleton structure may provide improvements for the previously mentioned IC50

values (in comparison with R406).

Future pharmacodynamic and pharmacokinetic studies addressing important points
such as metabolic stability, half-life, and systemic toxicity of the candidate molecule
would provide critical data on the suitability of the molecule for in vivo applications.
Detailed molecular dynamics (MD) analysis studies could also provide detailed data on
the conformational stability of the candidate molecule Bl 1002494 in the ATP-binding
region of Syk. This could reveal induced-fit effects and possible flexible interactions that

are not detected by standard molecular docking analyses.

Furthermore, the extent to which including a portion of the "Interdomain B" domain
of the recombinant protein would impact binding affinity can be assessed in a future
comparative study using only the catalytic domain of Syk. Thus, a comparison based on
TSA findings could provide data on the potential effects of modification of the candidate
molecule, and even its use in complex with other drugs, on diseases such as AML. In this
context, the possibility of using inhibitors like Bl 1002494 with other drugs to prevent
drug resistance and potentially neutralize other signaling pathways is another point worth

considering in future studies.
The "leaky expression” phenomenon encountered in the study findings, which

indicates the production of protein in small amounts without the addition of IPTG, is also

a topic worthy of future study. The presence of the DNA sequence necessary to produce
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the protein in question within the bacteria may lead to recombinant production of the
protein, despite the presence of IPTG, and investigating this phenomenon is crucial for

recombinant protein production research.

It is highly recommended that proteins in Syk-dependent pathways, such as STAT5
and IxBa, and their phosphorylation levels after the treatment with certain drug doses be

tracked with WB experiments.

Finally, in vivo studies are recommended for the Bl 1002494 inhibitor. In vivo
studies in transgenic mouse models would confirm the inhibitory efficacy and safety
reported in in vitro experiments, thus enabling the inhibitor to progress to phase I clinical
trials.
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