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ABSTRACT

IDENTIFICATION OF ALLOSTERIC BINDING SITES OF
THE ALLATOSTATIN RECEPTOR TYPE-C OF PINE
PROCESSIONARY MOTH

G-protein coupled receptors (GPCRs) are cell surface receptors that are consisted
of seven-transmembrane « helices. Drugs targeting GPCRs account for one-third of
clinically approved drugs; since many drugs target the conserved orthosteric site, they
result in side effects like chronic administration, drug resistance, and desensitization.
Allosteric sites are topographically distinct from the orthosteric site. Allosteric modu-
lators modulate the binding and signaling properties of the orthosteric site and orthos-
teric ligands, fine-tune receptor signaling, reduce the risk of overdosing, and increase
specificity since they bind to structurally less conserved sites. Insect GPCRs are a
potential target for developing pest control agents as many of these receptors regulate
different physiological functions in insects. C-type Allatostatin Receptor (AstR-C) is a
class A GPCR and regulates a vital pathway, Juvenile Hormone synthesis, presenting a
potential pesticide target. Thaumetopoea pityocampa is the main factor that limits the
development and survival of the Mediterranean pine forests. The study aims to provide
a safer pesticide with efficient functionality by utilizing in silico and in vitro methods
to identify allosteric binding pockets and find allosteric modulators of AstR-C. Various
allosteric site prediction tools and blind-docking methods were employed to identify
allosteric binding sites. Virtual screening was applied to three potential sites, and hit
molecules were subjected to MD simulations and MM-GBSA analysis. Two potential
allosteric sites were detected in transmembrane (TM) domains 4, 5, and ECL-2. A
third pocket was determined between TM 3-4 and ICL-2. A total of 5 molecules, two

molecules for each binding site, yielded promising results in the analyses.
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OZET

CAM KESE BOCEGININ ALLATOSTATIN C-TiPI
RESEPTORUNUN ALLOSTERIK BAGLANMA
CEPLERININ BELIRLENMESI

G-proteinine bagh reseptorler (GPCR’ler), yedi transmembran alfa sarmaldan
olugsan hiicre ytizeyi reseptorleridir. GPCR’leri hedefleyen ilaglar, klinik olarak on-
aylanmig ilaglarin ti¢te birini olusturmaktadir ve bircogu korunmus ortosterik bolgeyi
hedef aldigindan, kronik uygulama, ilag direnci ve duyarsizlasma gibi yan etkilere ne-
den olurlar. Allosterik cepler topografik olarak ortosterik bolgeden farklidir. Allosterik
modiilatorler, ortosterik bolgenin ve ligandlarinin baglanma ve sinyal ozelliklerininde
ince ayar yapabilir, asir1 doz riskini azaltabilir ve daha az korunmusg ceplere baglanarak
spesifikligi arttirabilirler. Bocek GPCR/’lerin bir¢ogu boceklerde farklh fizyolojik fonksiy-
onlar1 diizenler. Bu sebeple hagere kontrol ajanlar1 gelistirmek i¢in potansiyel hede-
flerdir. C-tipi Allatostatin Reseptorii (AstR-C), A smifi bir GPCR’dir ve bocekler igin
hayati 6nem tasiyan Juvenil Hormon sentezini diizenlediginden potansiyel bir pestisit
hedefi sunar. Thaumetopoea pityocampa, Akdeniz ¢cam ormanlarinin geligsimini ve hay-
atta kalmasini ana tehdittir. Bu ¢alisma ile AstR-C’nin allosterik baglanma ceplerini
tanimlamak ve allosterik modiilatorlerini bulmak, n silico ve in vitro yontemler kul-
lanarak verimli, iglevsel, ve daha giivenli bir pestisit saglamay1 amacglanmaktadir. Al-
losterik baglanma bolgelerini belirlemek i¢in gesitli allosterik paket tahmin araclari ve
kor yerlestirme yontemleri kullamldi. Uc potansiyel bolgeye sanal tarama uygulandi
ve uygun molekiiller molekiiler dinamik simiilasyonlarina ve MM-GBSA analizine tabi
tutuldu. Transmembran (TM) alanlar1 4, 5 ve ECL-2’de iki potansiyel allosterik bolge
tespit edildi. TM 3-4 ve ICL-2 arasinda fti¢iincii bir cep belirlendi. Her baglanma
bolgesi i¢in iki molekiil olmak iizere toplam 5 molekiil, analizlerde umut verici sonuclar

verdi.



vil

TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . ... .. . . iii
ABSTRACT . . o v
OZET . o o vi
LIST OF FIGURES . . . . . .. o o e X
LIST OF TABLES . . . . . . . . e xii
LIST OF SYMBOLS . . . . . . . e e e e xiii
LIST OF ACRONYMS/ABBREVIATIONS . . . . ... ... ... ... .... xiv
1. INTRODUCTION . . . . .. e 1
1.1. G-protein Coupled Receptors . . . . . . . . .. .. ... ... ..... 1
1.2. Structural Characteristics of Class A GPCRs . . . .. .. ... ... .. 1
1.3. Structural Basis of GPCR Activation . . . .. .. ... ... ... ... 3
1.4. GPCR Signaling . . . .. .. .. ... ... 3
1.5. Allosteric Modulation . . . . . . . .. ... ... 5
1.6. Pharmacological Attributes of GPCR Allostery . . . . . . ... .. .. 7
1.7. Advantages and Challenges in Allosteric Drug Discovery . . . . .. .. 8
1.8. Methods to Investigate GPCR, Allostery . . . . . .. .. .. ... ... 11
1.9. Pesticides . . . . . . .. 12
1.9.1. Benefits and Hazards . . . . . .. .. ... .. .. 13

1.9.2. Next-Generation Pesticides . . . . .. ... ... .. ... ... 14

1.10. Imsects . . . . . o oo 16
1.10.1. Pine Processionary Moth . . . . . . . . ... ... .. ... ... 16

2. PURPOSE . . . . 18
3. MATERIALS . . . . 19
3.1. Reagents, Kits, and Enzymes . . . . . . ... ... ... ... ..... 19
3.2. Biological Materials . . . . . . . .. .. ... L 19
3.2.1. Mammalian Cell Lines . . . . . . .. ... .. ... ... .... 19

3.3. Nucleic Acids . . . . . . . . 19
3.3.1. Listof Plasmids . . . . . . . .. . ... oL 19

3.4. Chemicals, Buffers, and Solutions . . . . . .. ... ... ... ..... 20



4.2.

viil

3.4.1. Culture Media. . . . . . . .. ... .. 20

3.5. List of Disposable Labware . . . . . . . ... .. ... ... ....... 21
3.6. Peptide . . . . . . . 21
3.7. Molecules . . . . . .. 21
3.8. List of Equipments . . . . . . ... ... 22
3.9. Online Tools and Software . . . . . . . .. ... .. ... ... ..... 23
. METHODS . . . . . e 24
4.1. Computational Studies . . . . . . . . . . ... ... .. 24
4.1.1. Protein Preparation . . . ... ... ... .. ... ....... 24
4.1.2. Text-Mining in Ligand Libraries . . . . . . . .. ... ... ... 24
4.1.3. Ligand Library Preparation . . . .. .. ... ... ... .... 24
4.1.4. Allosteric Pocket Prediction . . . . . ... ... ... ... ... 25
4.1.4.1. Allosite 2.0 . . . . . ... 25

4.1.4.2. Protein Allosteric Regulatory Sites (PARS) . ... .. 25

4.1.4.3. Sitemap . . . . . . ... 25

4.1.4.4. MDpocket . . . . . .. ..o 25

4.1.4.5. Blind-Docking . . . . . ... ... 25

4.1.5. Virtual Screening . . . . . .. ..o 26
4.1.5.1. Glide . . . ... 26

4.1.5.2. AutoDock Vina . . . . . . ... ... ... ... ... 26

4.1.6. Simulation System Building . . . . . . ... ... ... 0. 26
4.1.7. Molecular Dynamics Simulations . . . . .. ... ... .. ... 27
4.1.8. Analysis of MD Simulations . . . . . .. ... ... ... ... 27
4.1.9. Root Mean Square Deviation . . .. .. ... ... ... ... .. 27
4.1.10. Root Mean Square Fluctuation . . . . . .. ... ... ... .. 28

4.1.11. Molecular Mechanics/Generalized Born Surface Area Analysis . 28

Mammalian Cell Culture Studies . . . . . . . .. ... ... ... ... 28
4.2.1. Growth and Maintenance of HEK293 Cells . . . . . . .. .. .. 28
4.2.2. Cell Passage . . . . . . . . .. . 29
4.2.3. Cryopreservation . . . . . . . . . . . ... ... 29
4.24. Thawing . . . . . . . . . 29

4.2.5. Transient Transfection . . . . . . . . . . . . . . ... ... ... 29



1X

4.2.6. Peptide and Small Molecule Dissolvation . . . . . . . .. .. .. 30
4.2.7. TGF-a Shedding Assay . . . . . . . . .. ... .. ... .... 30

5. RESULTS . . . . . 32
5.1. Allosteric Pocket Prediction . . . . . . . .. ... .. ... .. ..... 32
5.1.1. MDpocket . . . . . ... 32
5.1.2. Allosite . . . . . . 33
5.1.3. PARS . . . . . 35
5.1.4. Sitemap . . . . . ... 36
5.1.5. Blind-Docking . . . . . . . . . . ... 38

5.2. Virtual Screening to Find Allosteric Modulators . . . . . . .. ... .. 39
5.2.1. Sitemap Docking . . . . . . . ... 39

5.3. Molecular Dynamics Simulations with Allosteric Modulator Candidates 40

5.4. Free Energy Calculations . . . . . . . . .. ... . ... ... ...... 45
5.5. Cell Signaling Assays . . . . . . . . . .. 46
6. DISCUSSION AND CONCLUSION . . . .. ... ... ... 48
REFERENCES . . . . . o 55
APPENDIX A: AMINO ACID ABBREVIATIONS . ... ... ... ..... 82

APPENDIX B: AMINO ACID SEQUENCE OF ASTR-C . ... ... .... 83



Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

LIST OF FIGURES

GPCR signaling pathways. . . . . . . . . ... ... ... .....

Physiological targets of insecticides. . . . . . . . .. ... ... ..

GPCRs as next-generation pesticides targets. . . . . . . . . . . ..

MDpocket predictions.

Allosite pocket predictions. . . . . . . . ... ...

PARS predictions. . . . . . . . . ...

Sitemap analysis results.

Blind-docking results of Glide and AutoDock Vina.

Top 3 molecules for each binding site were subjected to MD simu-

Ligand contacts information from the MD simulations.

Comparison of 200 ns MD simulations Cae RMSD and RMSF values
of AstR-C with ligands. . . . . . . . ... .. ... . ... .. ...

RMSD graphs of ligands bound to AstR-C for 200 ns. . . . . . . .

Binding free energy and ligand efficiency scores of 200 ns MD sim-

ulations of AstR-C with ligands. . . . . . . . ... ... ... ...

13

45

46



Figure 5.11. TGF-a Shedding Assay results of allosteric molecules with AST-C
peptide. . . . . .

Figure B.1. Amino acid sequence of allatostatin receptor type-C. . . . . . . . .

X1



Table 1.1.

Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Table 3.5.

Table 4.1.

Table 5.1.

Table 5.2.

Table 5.3.

Table 5.4.

Table A.1.

xil

LIST OF TABLES

Clinically tested allosteric drugs targeting GPCRs. . . . . . . . .. 9
List of reagents, kits, and enzymes. . . . . . . . . ... ... .. 19
Chemicals, Buffers, and Solutions . . . . . . . .. . ... ... ... 20
List of disposable labware . . . . . . . ... ... 21

List of equipment . . . . . . .. ..o 22
List of online tools and software . . . . . .. ... .. ... .... 23
Ligand concentrations. . . . . . . . . ... ... 31
Allosite pocket prediction results . . . . . . . . ... ... ..... 34
PARS analysisresults . . . . . . . ... ... L. 36
Sitemap analysis results . . . . . . . .. .. 37
Virtual screening results . . . . . . .. ..o 0oL 40

Amino acid names, abbreviations, and one-letter codes . . . . . . . 82



M

m

jm}

™ > R

>

LIST OF SYMBOLS

Gram
Liter

Molar
Meter

Nano

Alpha
Angstrom
Beta
Delta
Delta
Gamma
Kappa
Mu

Tau

x1i1



LIST OF ACRONYMS/ABBREVIATIONS

2D

3D
7TM
AST
AstR-C
BRET
BSA
Ca

CA
cAMP
CcC
COq
cryo-EM
C-terminus
ddH,0
DMEM
DNA
ECL
EDTA
EtBr
EtOH
FAO
FBS
FRET
GDP
GIRK
GPCR
GRK
GTP

Two Dimensional

Three Dimensional
7-Transmembrane

Allatostatin

Allatostatin Receptor Type C
Bioluminescence Resonance Energy Transfer
Bovine Serum Albumin

Carbon Alpha

Corpus Allatum

Cyclic Adenosine Monophosphate
Corpus Cardiacum

Carbon Dioxide

Cryo-Electron Microscopy
C-terminal Loop

Double Distilled Water

Dulbecco’s Modified Eagle Medium
Deoxyribonucleic Acid
Extracellular Loop
Ethylenediaminetetraacetic Acid
Ethidium Bromide

Ethanol

Food and Agriculture Organization
Fetal Bovine Serum

Fluorescence resonance energy transfer

Guanosine Diphosphate

X1v

G Protein-Coupled Inwardly Rectifying Potassium Channel

G Protein-Coupled Receptor
G Protein Receptor Kinase

Guanosine 5’-triphosphate



HCI
ICL

IM

JH
MgCl,
MD
min
mRNA
NaCl
NaOAc
NaOH
NCBI
ns
N-terminus
OD
OPM
PBS
PDB
ref(g)
RMSD
RMSF
RNA
RT

SD
SDM
sec
SEM
TpitAstRC
™

XV

Hydrochloric Acid

Intracellular Loop

Intermediate

Juvenile Hormone

Magnesium Chloride

Molecular Dynamics

Minutes

Messenger Ribonucleic Acid
Sodium Chloride

Sodium Acetate

Sodium Hydroxide

National Center for Biotechnology Information
Nanosecond

N-terminal Loop

Optical Density

Orientation of Protein in Membrane
Phosphate Buffered Saline

Protein Data Bank

Relative centrifugal force

Root Mean Square Deviation

Root Mean Square Fluctuation
Ribonucleic Acid

Room Temperature

Standard Deviation

Site-Directed Mutagenesis

Seconds

Standar Error of the Mean
Allatostatin Receptor Type C of Pine Processionary Moth

Trans-membrane



1. INTRODUCTION

1.1. G-protein Coupled Receptors

G-protein coupled receptors (GPCRs) are cell surface receptors that are consisted
of seven-transmembrane « helices, three extracellular (ECL), and three intracellular
loops (ICL) [1]. The N-terminal domain is localized at the extracellular site, while the
C-terminal domain is localized at the intracellular site [2]. GPCRs can be stimulated by
various ligands, e.g., peptides, odorants, hormones, ions, and even photons [3]. These
receptors are classified into six families based on amino acid sequence and functional
roles [4]. Class A is the most prominent family of GPCRs known as ”rhodopsin-like” re-
ceptors [5]. Since it contains neurotransmitter receptors to light receptors, it is a pretty
diverse family of proteins [6]. The secretin-like family (Class B GPCRs) includes 15
peptide hormone receptors that have roles in many metabolic and neurological path-
ways, which makes Class B GPCRs a popular drug target, notwithstanding that it is
a small family [7]. Class C GPCRs are characterized by dimerization and their long
N-terminal domain, which obtains the orthosteric binding pocket. Metabotropic glu-
tamate receptors (mGlu), y-aminobutyric acid B receptors (GABAB), calcium, and
taste receptors are the members of Class C [8,9]. Class D receptors, also known as
fungal pheromone P-, a-factor receptors, are extensively expressed in fungi. These
receptors regulate the fungi metabolism, reproduction, development, and survival of
fungi species [10]. For these reasons, they are a potential target to treat fungi in-
fections. Fungal pheromone A- and M-factor and cAMP receptors are classified as
Class E GPCRs [11]. Lastly, Class F contains 10 frizzled (FZD) receptor subtypes and
smoothened (SMO) receptors which have roles in embryonic development during cell

migration, differentiation, cancer progression, and cell homeostasis [12—-14].

1.2. Structural Characteristics of Class A GPCRs

GPCRs share sequence identity with the family members [15]. Especially in

the transmembrane regions, the amino acid sequence is highly conserved among the



GPCRs [16,17]. They usually show differences in the loop, N- and C-terminal regions,
which are diverse in length and sequence [18]. ICL-2 and ICL-3 are mostly related to
G-protein binding, and variety in the length of ICL-3 is associated with G-protein selec-
tivity [19]. It is also shown that ICL-2 structure is important for receptors to achieve
active conformation [20]. Whereas ECL-2 is mostly associated with ligand binding,
specificity, and activation initiation [21]. Although there is diversity, there are also
shared structural and functional properties among the GPCR A family, especially in
the activation mechanism and its components which are referred to as motifs [22]. The
Ballesteros-Weinstein nomenclature system is often used to indicate GPCR residues
based on their location and conservation [23]. The first number shows the transmem-
brane helix, and the second shows the position of the residue compared to the most
conserved residue, which is numbered 50. The number increases towards to N-terminal,
and it decreases towards to C-terminal. This numbering system will refer to the residue

locations in this document.

The ionic lock is one of the most important control mechanisms for GPCR ac-
tivation [24]. Tt stabilizes the inactive conformation, and disruption of the ionic lock
induces GPCR activation [25]. Tonic lock is an interplay between Arg®®® of (D/E)RY
motif and adjacent D/ E** and D/ E** of TM6 which are located at the cytosolic
part. A positively charged side chain of arginine and negatively charged side chain of
aspartate interact through the ionic bond [26]. Arg®® is also a part of the hydrophobic
arginine cage, which restrains the movement of receptors in the inactive state through
interactions with the hydrophobic residues located at 3.46 and 6.37 positions [27].
CWxP motif (C%47 W4 P65 ig a highly conserved micro-domain and functions
as rotamer toggle switch in GPCR activation [28]. Proline residue is present in 98%
of sequences, and the side-chain of Proline creates a kink in the « helices, which can
mediate the movement of TM6 lower half [29]. The rotameric switch of W%** is accom-
panied with side-chain rotations of C®*" and F%%2. The outward movement of TM6
leads the receptor activation, creating an opening for the G-protein binding [30, 31].
Na™ ion has a negative allosteric effect and is also observed in crystal structures of
Ay 2 AR accompanied by water molecules [32]. Na™ pocket is consisted of D*® 8339,

CO47 N™%and N™*? [33]. Ligand stimulation initiates conformational rearrangements



and Na' pocket collapses which trigger TM6 outward movement [34]. P50 [3-40 644
motif is mostly positioned under the orthosteric pocket [35]. Upon ligand binding,
orthosteric pocket contracts and leads to conformational changes in Na® pocket and

PIF motif [36]. N™* P75%xxY™?* motif stabilizes active conformation of the receptor

by enhancing packing of TM3 and TM7 [37].

1.3. Structural Basis of GPCR Activation

A common activation pathway for Class A GPCRs has been defined. The al-
losteric network of GPCRs transmits the signal from the orthosteric pocket to G-protein
binding site with conserved micro-domains, connecting the extracellular and intracellu-
lar sides of the receptor [38]. Upon an activation ligand binding, the rotameric switch
of W% is activated, and the side chain of F®** rotates [39]. A rearrangement occurs
in the PIF motif, and Na™ pocket collapses [36]. The collapse of Na™ pocket leads to
denser packing of TM7 with TM3 [40]. Y"** of NPxxY forms new contacts with L**3
1346 R*% residues [41]. Salt bridge between residues Arg** and D/E®*” are eliminated,
accompanying receptor activation, and this motion release the intracellular end of TM6
from TM3, which results in activation hallmark, the outward movement of TM6 [42].
Receptor activation opens a pocket with TM7-TM3 packing and TM6-TM5 movement

350 along with

in the cytoplasmic side of the receptor for the Ga-coupling, and Arg
3.53, 3.54, 5.61 and 6.33 residues makes contact with Ga to further stabilize active

conformation [43].

1.4. GPCR Signaling

GPCRs recruit heterotrimeric G-protein following receptor activation to initi-
ate downstream signaling pathways [44]. Heterotrimeric G-proteins are Ga, G, G7,
further divided into subtypes. 21 Ga subunits encoded by 16 genes, 6 G/ subunits
encoded by 5 genes, and 13 G~ subunits encoded by 13 genes in humans. Ga subunits
are grouped into four main classes according to sequence similarity: Gas (G, Gagr),
Ga; (Goy,Gag, Gage, Gags, Gagr, Gagg, Ga), Gagni (Gog, Ganr, Gang, Gags, Gogg),

and Gaya, (Gaga, Gags) [45]. Ga dissociates from the heterotrimeric complex in recep-



tor activation while Gf~ dimer remains [46]. G~ subunits have more variation in the
case of sequence and tissue expression, although subunits of G show high sequence
similarity. Thus, the functional specificity of the G3vy dimer is affiliated to ~ [47].
The a-helical domain (AHD) and the Ras-like (Ras) GTPase domain are important
functional hotspots of Ga for nucleotide exchange during activation. Loops of the
Ras domain take a role in guanosine diphosphate (GDP) binding. AHD inserts bound
nucleotide to the interface located between AHD and Ras domain [48].

[-arrestins can initiate GPCR-related signaling cascades through G-protein in-
dependent pathways [49]. The nonvisual arrestins are fS-arrestin 1 (S-arrestin 2) and
2 (also known as [-arrestin 3). [-arrestin (farr) recruitment can mediate receptor
desensitization, endocytosis, and distinct signaling pathways [50]. Phosphorylation by
GPCR Kinase (GRK) of the C-terminus of the receptor, in some cases, involves some
intracellular loops, too, leading to interaction with a positively charged groove within
the N-terminus domain of farr [51]. The C-terminus tail of S-arr acts as an auto-
inhibition mechanism for p-arr. Receptor engagement requires displacement of the
pB-arr C-tail from the N-domain groove and agonist-bound receptor. Phosphorylated
receptor C-tail and agonist bound-receptor trigger (-arr C-tail removal from the N

domain and lead to f-arr coupling [52].

After Gar dissociation in receptor activation, G/~ activates GRKs by binding to
the pleckstrin homology (PH) domain to shut off signaling of the GPCR [53]. GRK ac-
tivation is dependent on G-protein activation. However, it has been reported that the
Dopamine receptor (D2R) can recruit GRK2 without G-protein activation [54]. GRK
phosphorylation is important for S-arr mediated signaling since the phosphorylation
sites functions as a barcoding system to recruit specific f-arr conformations and func-
tions. It is named phospho-barcode theory and is essential for S-arr biased signaling

in GPCRs [55].

In Figure 1.1, various outcomes of GPCR activation were represented. When
GPCR is activated by a ligand, it initiates GDP dissociation from Gaf~. Since guano-
sine triphosphate (GTP) concentration is high in cells, Ga binds GTP to its nucleotide



binding site in a short time, and Ga dissociates from the GfBvy. G-protein coupling can
mediate different signaling cascades by affecting adenylyl cyclase, cGMP phosphodi-
esterase, phospholipase C and RhoGEF proteins and transmit signals through second
messengers. When Ga hydrolysis GTP via its GTPase activity, GDP-bound Ga recon-
nects with Gf8~y dimer. On the other hand, G~ can activate GRKs to the membrane
for GRK-mediated phosphorylation of the receptor, which can result in desensitiza-
tion, trafficking between potassium channels and kinases, or inducing distinct signaling
cascades. Receptor internalization occurs via clathrin-coated endocytosis, which may

result in degradation, recycling, or intracellular activation of the receptor [42,56,57].

[ G-protein Dependent Pathway ] G-protein Independent Pathway ]
\\' gﬁcﬁ?he:rﬁtaigm B-arrestin coupling
5
cyclase

i

GDP GTP @/@
Protein De?er}ts_itzation
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\ Internalization

Endosome

]

.
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Figure 1.1. GPCR signaling pathways.

1.5. Allosteric Modulation

Allostery is the regulation of a protein function via the binding of a modula-
tor to a topographically distinct site from an orthosteric pocket [58]. The allosteric
signal is transmitted across the protein structure via conformational changes, atomic

fluctuations, and amino acid motif networks [59]. Fine-tuning receptor signaling, en-



hancing ligand affinity, further stabilizing certain conformations, increased specificity,
reduced side effects, and toxicity makes the allostery concept attractive for therapeutic

investigations [60].

Monod-Wyman-Changeux (MWC) was the first model that explained allostery
[61]. Early models tend to describe two major conformational states for protein struc-
ture, and the MWC model assumes that protein domains are in the same conforma-
tional state. Therefore, conformational changes occur all-or-none fashion and shift
the equilibrium into a high-affinity state and result in cooperative ligand binding [62].
Koshland—Nemethy—Filmer (KNF) Model explains the allosteric effect in sequential
steps and induced fit mechanism. Ligand binding to a domain initiates conformation
changes in another domain, thus indicating a presence of an interdomain signal [63].
The population shift model extended previous models into a free energy landscape
model. It assumes that a protein in apo form exists in multiple conformations. By
a ligand binding to the most appropriate conformation, it shifts the population of

conformations to the conformation favored by the effector ligand [64,65].

Allosteric Ternary Complex Model (ATCM) was the first model to explain the
allosteric effect between GPCR and G-protein, and it is described as a mechanistic
model [66]. It was directly usable in experiments if the allosteric ligand changes the
affinity of the orthosteric ligand. However, it is limited since it does not explain the
isomerization between active and inactive states of the receptor [67]. Additionally,
although it can show the allosteric effect on orthosteric ligand affinity, it cannot explain
the other allosteric effects on orthosteric ligand signaling efficacy. Extension of this
model was presented with the Allosteric Two State Model (ATSM), which includes the
active-inactive state isomerization of the receptor and explains selective stabilization of
the conformation by orthosteric and allosteric ligands [68,69]. The operational model
was originally proposed to explain agonism by Black and Leff, [70] and extended further
by Leach and Kenakin [71] explain allosterism and biased modulation. Quantifying
efficacy among different systems is hard since the response to the effector can vary
in distinct systems. The operational model includes operational efficacy parameters,

thus, presenting an applicable tool for different systems to evaluate agonism, allostery,



and bias [72,73].

With the research in the field of allostery, it has been seen that GPCRs do not
work as simple on-off mechanisms and operate in a much more complex structure
[30]. To further understand the concept of allostery, allosteric ligands, and biased
modulation should be explained. Positive allosteric modulators (PAM) increase the
functional response of an orthosteric ligand, whereas negative allosteric modulators
(NAM) show inhibiting activities. There are also neutral allosteric ligands (NAL),
also known as silent allosteric modulators (SAM), that do not affect receptor activity
but compete with other allosteric ligands [74]. Additionally, it has been reported that
some allosteric ligands can activate or inhibit the receptor depending on the cellular
composition despite binding the allosteric pockets, and they are called PAM-agonists
(ago-PAM) and NAM-agonists [75]. On the other hand, bitopic ligands own orthosteric
and allosteric functional parts that can engage with the receptor [76]. A biased ligand
can selectively activate signaling pathways while blocking another. In the case of
GPCRs, they can selectively activate G-protein-dependent pathways while blocking

f-arr signaling or vice versa [77].

1.6. Pharmacological Attributes of GPCR Allostery

There are five properties of GPCR allostery which are ceiling effect, probe de-
pendence, subtype selectivity, biased modulation, and oligomerization [78]. The ceiling
effect or saturability effect is explained as after a certain concentration of the allosteric
ligand, the modulation effect is saturated. After the highest concentration possible
for allosteric modulation, it reaches its limit and maintains the orthosteric ligand sig-
naling while no additional modulation above the ”ceiling” will not be observed [79].
Saturation of the allosteric effect provides the fine-tuning of the receptor signaling and

reduces the risk of overdosing [80].

Probe dependence is the mediation of the allosteric ligand effect by the orthosteric
ligand [81]. Direction and the extent of the allosteric effect are dependent on the

orthosteric ligand. Therefore, one allosteric modulator can show different effects with



different orthosteric ligands on the same receptor [82]. Even with the same allosteric
modulator-orthosteric ligand-receptor combination, the allosteric effect can change in
different organisms because the cooperativity with the orthosteric ligand and model
organism can differ [83]. Thus, it can be stated that PAM, NAM, or SAM categorization
is context-dependent, and it is linked to receptor conformational state and cellular

context [84].

The orthosteric binding site is highly conserved among the GPCRs, and it is even
higher in receptor subtypes which makes it harder to selectively target the receptors
without causing off-target side effects [3]. Allosteric pockets are less conserved and
quite diverse in sequence identity, although interestingly, allosteric sites are similar
structurally based on the crystal structure data. Thus, allosteric modulators provide
receptor selectivity on related subtypes and provide cooperativity with the orthosteric

ligand that binds to that particular receptor [85,86].

Allosteric ligands can favor one signaling pathway over another by stabilizing the
receptor conformation associated with the downstream pathway [87,88]. It provides
the potential to target the desired therapeutic pathway via their interaction with the
orthosteric ligand [89, 90].

Although there is still some controversy about allostery in oligomeric structures
of GPCRs, it has been reported in several experimental studies [91-94]. According
to the experimental results, allosteric interaction can be observed between oligomeric

GPCRs [95].

1.7. Advantages and Challenges in Allosteric Drug Discovery

Drugs targeting GPCRs account for one-third of clinically approved drugs [96].
According to GPCRdb, 94% of these drugs are targeted to the Rhodopsin family of
GPCRs, and 92% of them are small molecules [97]. A small fraction of them forms
allosteric molecules, and allosteric drugs targeting GPCRs are listed in Table 1.1. Since

many drugs target the conserved orthosteric site, the selectivity is reduced, side effects



are seen in receptor subtypes, and closely related families are also affected [98]. More-
over, chronic administration, drug resistance, and desensitization due to prolonged
exposure cause a lack of efficacy for these molecules [99]. Thus, allosteric molecules
have great potential to improve chemical and physiological research and can afford

numerous advantages [100].

Table 1.1. Clinically tested allosteric drugs targeting GPCRs.

Drug Name Indication Receptor Family Status Phase | Drug Type | Mechanism
adx71441 Neurologic disorders GABAB receptors preclinical 0 small molecule PAM
adx71441 Neurologic disorders GABAB receptors preclinical 0 small molecule PAM
adx-71149 Antipsychotic; Anti-depressant; anxiolytic Metabotropic glutamate receptors in trial 2 small molecule PAM

akp-11 Psoriasis Lysophospholipid (S1P) receptors in trial 1 small molecule PAM
ap1030 Anti-obesity Melanocortin receptors in trial 1 small molecule PAM
ap1030 Anti-obesity Melanocortin receptors in trial 1 siall molecule PAM
pxt002331 Antiparkinson Metabotropic glutamate receptors in trial 1 swall wolecule PAM
cinacalcet Hyperparathyroidism Calcium-sensing receptors approved 4 small molecule PAM
cinacalcet Calcimimetics Calcium-sensing receptors approved 4 small molecule PAM
etomitate Anesthetics; Intravenous Adrenoceptors approved 4 small molecule PAM
ticagrelor antithrombotic P2Y receptors approved 4 small molecule NAM
adx415 Antihypertensive Adrenoceptors in trial 2 small molecule NAM
adx-48621 Antiparkinson Metabotropic glutamate receptors in trial 2 small molecule NAM
basimglurant Fragile X syndrome Metabotropic glutamate receptors in trial 2 small molecule NAM
dipraglurant Antiparkinson Metabotropic glutamate receptors in trial 2 small molecule NAM
stx107 Fragile X syndrome Metabotropic glutamate receptors in trial 2 small molecule NAM
adx10059 Anti-migraine; gastroesophageal reflux disease | Metabotropic glutamate receptors | discontinued 2 small molecule NAM
decoglurant Unipolar depression Metabotropic glutamate receptors | discontinued 2 sinall molecule NAM
decoglurant Unipolar depression Metabotropic glutaimate receptors | discontinued 2 stnall molecule NAM
namacizumab Fibrosis Cannabinoid receptors in trial 1 antibody NAM

The greatest challenge in targeting GPCRs is selectivity. It has been observed
that orthosteric ligands usually suffer from cross-reactivity between related receptor
families and result in side effects and toxicity [101]. Furthermore, allosteric ligands
present their activity by fine-tuning the orthosteric ligand signaling rather than com-
pletely switching on or off the receptor signaling. These feature helps to prevent over-
dosing and provide safety for allosteric molecule usage. Allosteric modulators can help
to manage drug resistance rooted in orthosteric site mutations, as asciminib helps to
overcome the drug resistance that T315I causes in the BCR-ABL kinase receptor [102].
GPCRs are highly dynamic proteins and exist in multiple conformations, which gives
them the ability of involved in different signaling pathways. An allosteric modulator
can bind to a specific conformation of the receptor that favors G-protein or S-arr sig-

naling, and achieved receptor-ligand conformation can activate these pathways [103].
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Allosteric modulators have proven that formerly believed undruggable targets can be

treated like in the examples of K-Ras, STAT3, and MYC [104].

Allosteric and orthosteric ligands stabilize the receptor’s conformation after bind-
ing to their respective sites [105]. In another case, they shift the equilibrium of the
receptor population to the favored one from the effector. In the case of PAMs, they
shift the inactive population to the active one. However, the shift in the equilibrium
by an allosteric ligand is quite small, so it is not easily detected in GPCR signal-
ing assays [106]. An orthosteric ligand binding can further stabilize the conformation
triggered by the allosteric modulator [107]. Amplifying receptor expression can help
increase stimuli-receptor response. Even so, it is harder to discriminate the allosteric
effect from the orthosteric ligand efficacy. Thus, GPCRs should be considered as a
structure consisting of allosteric microdomains that can form many conformations as a
response to distinct ligands [108]. Therefore, allosteric ligand discovery promises new

opportunities as well as challenges to overcome.

Research in the field of allosteric modulator discovery has shown that these
molecules have different physicochemical properties compared to orthosteric ligands.
Allosteric modulators have exhibited high lipophilicity, and rigidity [109]. Also, prob-
lems in structure-active relationships such as low affinity to their respective binding
site and complexities in incorporating polar and soluble groups demand more molecular
characterization [104]. Less conservation of allosteric sites can cause the problem of less
efficacy between species. Furthermore, evolutionary less conservation of allosteric sites
makes it challenging to identify them [110]. Mutations in the allosteric pockets can
generate resistance to the allosteric modulator and change the receptor response to the
orthosteric-allosteric ligand combination. Besides the allosteric site mutations, abnor-
malities in the allosteric network can affect the allosteric modulation [104]. Allosteric
modulators’ state dependence could give rise to an obstacle in degenerative diseases
with changing endogenous orthosteric tone. If functional bias is not considered when
allosteric modulator design, it may result in unforeseen effects on cell physiology [111].
On the other hand, thanks to developments in experimental and computational ap-

proaches, steps have been taken to overcome these problems.
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1.8. Methods to Investigate GPCR Allostery

X-ray crystallography and cryo-EM methods have played a major role in deter-
mining the structures of difficult-to-image molecules such as GPCR [46, 112]. The
identification of 3D structures facilitates the identification of allosteric packages [98].
However, since X-ray crystallography and cryo-EM are snapshots of the static struc-
tures of molecules, they are not sufficient to detect small conformational changes caused
by allostery. At this point, NMR spectrometry allows dynamically monitoring the
changes in molecules with durations such as ps-ms, which is very suitable for observing
the allostery mechanism [99]. Site-directed mutagenesis can help to verify predicted
allosteric sites [113]. Fluorescence resonance energy transfer (FRET), bioluminescence
resonance energy transfer (BRET), cAMP accumulation, Ca™ flux, S-arr recruitment,
and TANGO assays can give insights into the allosteric modulator-receptor interac-
tions [42,114-119]. However, such experimental methods need alternative methods as
they take a lot of time and are not always sufficient to determine complex allosteric

mechanisms.

Computer-based methods are emerging as a powerful tool for allosteric drug dis-
covery, saving time and cost. Developing and constantly updating databases such
as AlloStericDatabase (ASD) and ASBench increase the efficiency of in-silico stud-
ies [120,121]. Many tools were developed based on different methods for allosteric
pocket determination, which is the first step in allosteric drug design [122]. These are
structure, evolution, normal model analysis, dynamics, molecular dynamics (MD) sim-
ulations with enhanced conformational sampling, perturbation, and correlation-based
methods [123-125]. Virtual-screening methods in finding allosteric modulators save
time for experimental studies by scanning very large ligand libraries in a short time
and reduce the cost by greatly reducing the number of molecules to be tested [126].
MD simulations support studies by providing data on the different conformations of
GPCRs [37]. It can give insight into the dynamic nature of the GPCRs [127]. How-
ever, computer-based methods require serious computer resources. The combination
of experimental and computer-based methods has the potential for success in allostery

research by supporting each other’s shortcomings while benefiting from the advantages
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of both methods.

1.9. Pesticides

Food and Agriculture Organization (FAO) define pests as species harmful to
plants and their products, vectors of pathogens, and parasites that cause illness in
humans or other animals. Minor pests contribute to a 5-10% damage rate, whereas
major pests contribute to higher than 10% [128]. Pesticides are substances that target
pest organisms to prevent outbreaks and damages, and they have been conventionally

used by humans since the first times of civilization [129].

Pesticides can be classified differently based on their chemical structure, target
organism, mode of action, and toxicity. Classification according to the chemistry results
in groups of organochlorines, organophosphorus, and inorganic. Organochlorines tend
to disrupt neurological systems and result in insects’ death by causing convulsions and
paralysis. Organophosphorous molecules cause a malfunction in neural synapses by
inhibiting the neural impulses, which leads to rapid twitching in muscles, paralysis, and
death. On the other hand, inorganic substances generally induce stomach poisoning

[130]. In Figure 1.2, insecticides were grouped based on physiological targets.

With the invention of dichloro-diphenyltrichloroacetic acid (DDT), pesticide us-
age was increased due to a significant increase in crop yield. These chemicals were
affordable and effective in a large span of insect species. With the success of DDT,
more and more effective pesticides have been produced [131]. However, it was later
realized that the effectiveness of these chemicals was escalated because they were ex-
tremely toxic. This situation aroused awareness about pesticides, and institutions such
as the insecticide resistance action committee (IRAC) emerged, which are still active

today.
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Figure 1.2. Physiological targets of insecticides.

1.9.1. Benefits and Hazards

Pesticides provide safety from pests to increase agricultural productivity by im-
proving crop yield and quality. The amelioration in agriculture engenders economical
opportunities to provide affordable food and high profits for farmers [132]. Produc-
ing quality and safe food available to everyone will improve nutrition and help improve
quality of life and prolong life [133]. Prevention of vector-borne diseases such as malaria
and sleeping sickness will preclude large-scale outbreaks of epidemic diseases [134]. Pes-
ticides can restrict diseases in a small area by discarding pathogen hosts [135]. Gardens,
landscapes, wooden structures, paintings, and buildings are prone to pest invasion and
can be protected by pesticides. Besides nutrition, crops are used as renewable fuels
and chemical feedstocks, which is another economical benefit of pesticide protection.
Furthermore, transportation systems are also protected with pesticides by eliminating

unwanted roadway plants [136,137].

Extensive and improper pesticide usage gave rise to new environmental toxic-
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ity and bioaccumulation [138]. False application and spraying equipment and poor
storage techniques led to soil, water, and food contamination which are threatening
public health and non-target organisms [139, 140]. Soil contamination causes ground-
water contamination and pollutes the aquatic environment, which increases the risk
of contaminated drinking water [141]. Chronic exposure to pesticides via inhalation,
ingestion, or dermal contact can trigger serious health problems [142-144]. Increased
reactive oxygen species (ROS) levels, inflammatory diseases, and neurological disorders,
especially Parkinson’s disease, have been reported as a result of exposure to pesticides
by various studies [145,146]. Imbalance in ROS levels is associated with defects in cell
homeostasis and DNA stability [147-149]. Besides genotoxicity, carcinogenic risks are
also reported [150,151]. Moreover, to environmental and public health distress, many

pest species have developed resistance due to incorrect usage of pesticides [152—-154].

There is a dilemma in pesticide usage due to its benefits and certain risk factors.
However, counterbalancing the drawbacks with increased selectivity and target speci-
ficity of the chemicals is possible. It shows that there is a demand for next-generation

pesticides that can provide more target-specificity with minimized side effects.

1.9.2. Next-Generation Pesticides

Conventionally used pesticides gave rise to resistance development and envi-
ronmental hazards, creating an urgent need for novel pesticides [155]. To overcome
these obstacles, various approaches were implemented, which are using some organ-
isms like bacteria, fungi, nematodes, etc., as biological agents, essential oils, secondary
metabolites, RNA interference (RNAi), and Juvenile Hormone (JH) mimics, and pep-
tides [156, 157]. Essential oils are extracted from plants, and they have insecticide,
insect repellent, nematicide, and acaricide properties. They show their lethal effects
by neurotoxicity via inhibiting acetylcholinesterase, octopamine receptors, and GABA
receptors. But due to their volatility and low bioavailability, wide-scale usage is not
pragmatic [158]. RNAi provocation in insects can lead to growth inhibition, reduced
fertility, developmental anomalies, and mortality [159]. RNAi’s most prominent as-

pect is its potential for high target selectivity due to its sequence-specific nature. [160]
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Oral uptake, microinjection, or unstable/transient expression in transgenic plants are
the possible delivery methods. Environmental stability and concentration must be
addressed to make it suitable for commercial applications [161]. JH mimics are also
ideal pest management agents since this hormone affects the insect life cycle like meta-
morphosis, reproduction, and development [162]. JH mimics are also ideal pest man-
agement agents since this hormone affects the insect life cycle like metamorphosis,
reproduction, and development. Disruption of the JH balance results in defects in the

nervous and muscular systems and abdominal differentiation [163,164].

L candidate molecules
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Figure 1.3. GPCRs as next-generation pesticides targets.

Neuropeptides, peptide hormones, and associated GPCRs are potential targets
for novel insecticides since they take place in metabolic, reproductive, developmental,
and behavioral pathways in insects [165,166]. Neurohormone and neuropeptide GPCRs
are expressed as well as their ligands in insects. For example, allatostatin receptors,

tachykinin receptors, adipokinetic and Corazon hormone receptors, and more have been
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annotated [134]. There is only one commercial pesticide called Amitraz that functions
via the Octopamine receptor, which is a class A GPCR [167]. It works against a wide
variety of insects [168, 169]. However, it has toxic effects on animals and humans,

causing respiratory failure, unconsciousness, and hemodynamic instability [170,171].

Figure 1.3 represents how GPCRs are targeted as novel pesticide candidates.
While computer-based approaches accelerate finding the appropriate molecule for the
target GPCR, candidate compounds are evaluated in vitro to ensure their efficacy.
Molecules with detectable action are tested in the target organism, and pesticide ac-

tivity is evaluated.

1.10. Insects

Regarding the number of species and individuals, insects are the most varied
animal taxon. There are around one million insect species described, with the true
number likely to be five to ten times higher. In contrast, the total number of individual

insects is believed to reach one million trillion [172,173].

There is evidence that the relative age of insects has increased their species di-
versity, providing time for evolution and low extinction rates [174]. Flight can increase
variety in terms of morphological, ecological, or behavioral assumptions, such as greater

dispersion, wing folding, metamorphosis, and ecological niche [175].

1.10.1. Pine Processionary Moth

Thaumetopoea pityocampa (Denis and Schiffermiiller)(T.pit) from the Lepidoptera:
Notodontidae family, also known as the pine processionary moth, is a species primarily
found in the Mediterranean region [176]. These pests, which mainly harm pine trees,
feed on pine needles and cause serious damage to these plants. In addition, they pose
a serious health threat to humans, and pets [177]. Due to global warming, pine pro-
cessionary moth is expanding towards Northern regions where they can survive better

since they are temperature-sensitive species [178].
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T. pit’s biological cycle includes both an aerial and a terrestrial cycle. The aerial
phase commences with the formation of the moth and the development of the egg
into larvae. Female moths can lay 70-300 eggs at the crowns of pine trees only once.
Larva formation takes about 5-6 weeks. They stay together as larvae attached to pine
needles and weave a net as a nest. They migrate in a one-line pattern at night, following
remnants of pheromones. In the aerial stage, T. pit goes through 5 instar stages. They
can only withstand temperatures ranging from 20 to 25 degrees. The aerial period
lasts from March until June. Caterpillars look for a warm, well-lit location to spend
a month in the terrestrial phase and transform into a chrysalis. The adult moth is
nocturnal. Based on climatic conditions, the biological cycle of T. pit can span over

the years (2-5) [179].

T.pit larvae feed on pine needles and cause severe damage to pine trees. If
they are present in large numbers, they cause death by completely defoliating young
and old trees. They also damage trees, making them vulnerable to attack by fungi
and other wood-boring insects. This situation generates ecological damage as well
as economic losses. Moreover, health issues arising from T. pit concern humans and
animals [180,181]. Urticarial hairs of caterpillars become airborne with a peak in April
and May and penetrate the skin. Contact with air dispersed urticarial hairs cause skin
rash and urticaria as well as ocular and respiratory afflictions, which are extremely

dangerous for asthma patients [182].

These insects, which are now spreading to more places with global warming, cause
severe concerns and need to be controlled [183]. Existing methods to combat the pine
scavenger defense are to destroy egg batches and silk nests physically or chemically. In
addition, pheromone traps, essential oils, microbial pathogens, and natural predators
Calosoma sycophanta are used [184]. However, all of these methods are effective to a
limited extent, creating the need for a more effective pesticide. For this reason, the

pine processionary moth is a good pesticide target [185, 186].
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2. PURPOSE

Insect GPCRs are potential novel pesticide targets since they take place in metabolic,
reproductive, developmental, and behavioral pathways in insects. Pine processionary
moth larvae feed on pine needles and cause severe damage to pine forests. This sit-
uation generates ecological and economic damages. Contact with urticarial hairs of

larvae causes health problems in humans and animals.

The purpose of this study was to identify the allosteric binding pockets of the
AstR-C by utilizing in silico and in vitro methods of allosteric ligand discovery. In
addition, we aimed to obtain molecules that work more effectively by decreasing the
EC50 values and showing cooperation with the agonists we found for the AstR-C
receptor. We believed this study would contribute to designing a more specific and

selective pesticide, thus a safer pesticide for Thaumetopoea pityocampa.



19

3. MATERIALS

3.1. Reagents, Kits, and Enzymes

Reagents, kits, and enzymes used in this study are listed in Table 3.1.

Table 3.1. List of reagents, kits, and enzymes.

Name Supplier
Dulbecco’s Modified Eagle Medium (DMEM) PAN-Biotech, Germany
Fetal Bovine Serum (FBS) Gibco, UK
Penicillin-Streptomycin (10X) Pan-Biotech, Germany
Lipofectamine 3000 Transfection Reagent Thermo Fisher Scientific, USA
Promega cAMP-Glo™ Assay Kit Promega, USA
TrypLE™ Express Enzyme (1X), phenol red Gibco, UK
Opti-MEM™ Reduced Serum Medium, no phenol red Gibco, UK

3.2. Biological Materials

3.2.1. Mammalian Cell Lines

For cell culture procedures, human embryonic kidney cell line HEK293 was used.

3.3. Nucleic Acids

3.3.1. List of Plasmids

pcDNA3.1(+) (Invitrogen, CA, USA) plasmids containing AP-TGFa, ASTR-C,

Ga protein were used in this study.
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3.4. Chemicals, Buffers, and Solutions

Chemicals, buffers, and solutions used in this study are listed in Table 3.2.

Table 3.2. Chemicals, Buffers, and Solutions.

Name Supplier

Bovine Serum Albumin (BSA) AppliChem, Germany
Ethanol Tekkim, Turkey

Calcium Chloride Sigma, UK

D-Glucose Sigma, UK

DMSO Sigma, UK

Hank’s Balanced Salt Solution (HBSS)

HEPES Bioshop Canada Inc.

Magnesium Chloride (MgCly)

Sigma, UK

Magnesium Chloride Hexahydrate (MgCly.6H20)

Merck, Germany

Magnesium Sulfate Heptahydrate (MgSO4-7H50)

Merck, Germany

p-Nitrophenyl Phosphate (p-NPP)

Merck, Germany

Phosphate Buffered Saline (PBS)

MP Biomedicals, France

,Potassium Chloride (KCI)

Sigma, UK

Potassium Phosphate Monobasic (KH;POy)

Merck, Germany

Sodium bicarbonate (NaHCO3)

Merck, Germany

Sodium chloride (NaCl)

Sigma, UK

Sodium Phosphate Dibasic Dihydrate (NayHPO4-2H50)

Merck, Germany

Tris-HCI

Thermo Fisher Scientific, USA

3.4.1. Culture Media

Cell culture media was prepared by supplementing 10% Fetal Bovine Serum

(FBS), 1% Penicillin/Streptomycin, and 1% Glutamine.
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3.5. List of Disposable Labware

Disposable labware that is used in this study is listed in Table 3.3.

Table 3.3. List of disposable labware.

Name Supplier
Cell Culture Plates (6-well, 96-well) TPP, Switzerland
Cell Culture Flasks (T25, T75) TPP, Switzerland
Centrifuge Tubes (15 ml) Capp, Denmark
Centrifuge Tubes (50 ml) Corning, USA
Cryovial Tubes
Microfuge Tubes (1.5 ml, 2 ml) Axygen, USA
Pipette Tips (Filtered) Capp, Denmark
Pipette Tips (Bulk) VWR, USA

Serological Pipettes (5 ml, 10 ml, 25 ml) | Capp, Denmark

3.6. Peptide

AST-C peptide of Thaumetopoea pityocampa was ordered COMPANY NAME.

3.7. Molecules

Two small molecules from FDA approved drug library were ordered from Vitas-M

Laboratories. Other small molecules from Life Chemicals GPCR 2D Similarity Focused
Library Allosteric Subset and SPECS library were ordered from MolPort.
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3.8. List of Equipments

Pieces of equipment used in this study are listed in Table 3.4.

Table 3.4. List of equipment.

Name

Supplier

Autoclave

Midas 55, Prior Clave, UK

Carbon dioxide tank

Geng¢ Karbon, Turkey

Cell culture incubator

Hepa Class 100, Thermo, USA

Centrifuge

Allegra X-30, Beckman Coulter, USA

Cold room

Birikim Elektrik Sogutma, Turkey

Deep freezers

-20 °C, Bosch, Germany
-80 °C ULT Freezer, Thermo Fisher Scientific, USA
-150 °C, MDF-1156, Sanyo, Japan

DRI-Block DB-2A

Techne, UK

Hemocytometer

Weber Scientific International Ltd, UK

Ice Machine

Scotsman Inc., AF20, Italy

Laboratory Bottles

Isolab, Germany

Laminar Flow Cabinet

Labcaire BH18, UK

Magnetic Stirrers

M221 Elektromag, Turkey

Micropipettes

Eppendorf, Germany

CKX41 Inverted Microscope

Olympus Life Sciences, Japan

Motorized Pipette Controller

Capp, Denmark

Fluoroskan Ascent FL

Thermo Fisher Scientific, USA

Vortexmixer VM20

Chiltern Scientific, UK
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Allosite 2.0 and Protein Allosteric Regulatory Sites (PARS) online tools were

used in this study. The software that were used is listed in Table 3.5.

Table 3.5. List of online tools and software.

Name

Supplier

AutoDock Vina

AutoDock Suite

Excel Microsoft Office 365
Desmond Schrodinger, Inc. New York, 2018, USA
Glide Schrodinger, Inc. New York, 2018, USA

GraphPad Prism 9.3.1

California, USA

LigPrep Schrodinger, Inc. New York, 2018, USA
Maestro Schrodinger, Inc. New York, 2018, USA
MarvinSketch 20.21.0 ChemAxon Ltd., Budapest, Hungary
MDpocket Fpocket 2.0

OPM Database

University of Michigan

Prime

Schrodinger, Inc. New York, 2018, USA

Protein Preparation Wizard

Schrodinger, Inc. New York, 2018, USA

Pymol

Schrodinger, Inc. New York, 2018, USA

PyRx Virtual Screening Tool 8.0

PyRx

SiteMap

Schrodinger, Inc. New York, 2018, USA

VMD

University of Illinois, 1995-2013
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4. METHODS

4.1. Computational Studies

4.1.1. Protein Preparation

Computational procedures on protein require protein preparation step to check
the structure properties and fix if any problems are present. The Protein Preparation
Wizard module implemented in the Maestro (Schrodinger Release 2018-4: Maestro,
Schrodinger, LLC, New York, NY, 2021.) was used for this purpose. Protein refinement
and minimization steps were applied while protonation states were at pH 7.0. OPLS3e

force field [187] were used for minimization and optimization.

4.1.2. Text-Mining in Ligand Libraries

FDA Approved Drugs and SPECS libraries were imported to MarvinSketch 20.21.0,
(C) 2000-2020 ChemAxon Ltd., and ligands were converted to ITUPAC name format.
Coumarin derivatives related to the receptor were sorted through text mining and con-
verted back to ligand structures. These ligands were used to build sub-libraries only

containing coumarin derivatives of FDA and SPECS libraries.

4.1.3. Ligand Library Preparation

Life Chemicals GPCR 2D Similarity Focused Library Allosteric Subset was down-
loaded from Life Chemicals. Ligand libraries must be prepared before the dock-
ing applications. LigPrep module (LigPrep Schrodinger Release 2018-4: LigPrep,
Schrodinger, LLC, New York, NY, 2021.) was used. OPLS3e force field was utilized,
and PROPKA was used for protonation states at pH 7.0 +/- 2.0.
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4.1.4. Allosteric Pocket Prediction

4.1.4.1. Allosite 2.0. Allosite 2.0 is an allosteric pocket prediction server supported by

a Support Vector Machine (SVM) algorithm [188]. The active state structure of AstR-
C, which was previously built with homology modeling by our group, was submitted

to the server.

4.1.4.2. Protein Allosteric Regulatory Sites (PARS) . PARS server uses flexibility and

structural conversation of proteins to detect allosteric sites [189]. Apo structure of the
protein was uploaded to the server. For the settings, predict protein binding sites, check
conservation, and active site residues options were chosen. Analysis of the results was

conducted according to the guideline provided by the server.

4.1.4.3. Sitemap. Sitemap (Schrodinger Release 2018-4: SiteMap, Schrodinger, LLC,

New York, NY, 2021.) is a module that investigates protein surfaces to detect possible
binding sites. An evaluation was led according to pocket size, solvent exposure, and
hydrophobic character, which was followed by the scoring of the sitemaps. The pre-
pared structure of the receptor was imported to Sitemap, and settings were calibrated
to a minimum of 15 site points per reported site and a maximum number of 7 sites to
report at the end of the analysis. For hydrophobicity, more restrictive definitions were

set, and sitemaps were trimmed at 4 A from the nearest site point.

4.1.4.4. MDpocket. MDpocket is a binding pocket detection program that uses a

geometry-based site detection algorithm [190]. The trajectory of 200 ns molecular
dynamics (MD) simulation of the receptor was subjected to analysis. Results were

visualized and analyzed in VMD software [191].

4.1.4.5. Blind-Docking. Blind-docking is a useful method if there is no prior knowledge

of binding sites. This method uses the entire receptor surface to detect binding pockets.

Glide (Schrodinger Release 2018-4: Glide, Schrodinger, LLC, New York, NY, 2021.)
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and AutoDock Vina [192] programs were used to apply blind-docking on the protein
with the prepared ligand libraries.

Before blind-docking with Glide, a grid was generated by the Receptor Grid
Generation module. Grid box center coordinates were (0, 0, 0) and inner box (40, 40,
40) and outer box (50, 50, 50) sizes were calibrated to cover the receptor surface. The
Standard Precision (SP) method was used with flexible ligand sampling. Epik state
penalties were added, and rewarding the intramolecular hydrogen bonds were included
besides enhancing the planarity of the conjugated pi groups. Five poses were included

per ligand, and post-docking minimizations were applied.

PyRx 8.0 [193] accommodating AutoDock Vina was used for blind-docking. The
grid box size and center were calibrated to encapsulate the whole receptor, and the
exhaustiveness level was set to 8.

4.1.5. Virtual Screening

Virtual screening was applied to allosteric site candidates using the previously

prepared ligand libraries.

4.1.5.1. Glide. The grids of the allosteric sites were generated with the Receptor Grid

Generation module based on the coordinates of the produced sitemaps. Previously

described blind-docking settings were used for virtual screening with Glide.

4.1.5.2. AutoDock Vina. The same procedure was applied to AutoDock Vina for vir-

tual screening after adjusting the docking coordinates to allosteric sites.

4.1.6. Simulation System Building

The orientation of the ligand-bound receptor structures was obtained after sub-

mitting the structures to the Orientation of Proteins in Membranes (OPM) database
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[194]. Desmond System Builder (Schrodinger Release 2018-4: Desmond Molecular
Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-Desmond
Interoperability Tools, Schrodinger, New York, NY, 2021.) module of Maestro was
used to build the biological system for MD simulations. The receptor was embed-
ded in a POPC (1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine) lipid bilayer. The

simulation system consisted of TIP3P clear water, counterions, and 0.15 M NaCl.

4.1.7. Molecular Dynamics Simulations

Desmond Molecular Dynamics System (Schrodinger Release 2022-2: Desmond
Molecular Dynamics System, D. E. Shaw Research, New York, NY, 2021. Maestro-
Desmond Interoperability Tools, Schrodinger, New York, NY, 2021.) was utilized for
MD simulations, and OPLS3e force field was used. The equilibrium step was performed
with the default algorithm. The temperature was 310 K, and the pressure was 1.01325
bar. The Nose—Hoover thermostat and the Martyna—Tobias—Klein barostat methods
were applied to the system. The calculation of the long-range electrostatic interactions
was achieved by the particle mesh Ewald method. A cut-off radius of 9.0 A was used
for both van der Waals and Coulombic interactions, and the time-step was assigned as
2.0 fs. An NP~T ensemble was used with a surface tension of 4000 bar/A. 100 ns and

200 ns MD simulations were performed with three independent replica simulations.
4.1.8. Analysis of MD Simulations

Analysis of the simulations was performed by Simulation Interactions Diagram
(SID) module. The trajectories that were collected during simulations were used for
the examination. An analysis report was produced by the program.
4.1.9. Root Mean Square Deviation

RMSD is used to assess the accuracy of protein-ligand docking algorithms and

conformation sampling techniques [195,196]. RMSD is typically calculated using only
heavy atoms [197].
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RMSD Equation: RMSD is calculated as follows

(4.1)

where 41 is the distance between atom 1 and either a reference structure or the mean

position of the N equivalent atoms.
4.1.10. Root Mean Square Fluctuation
The root mean-square-average distance between an atom and its average position

in a particular set of structures is defined as RMSF for a specific number of structures

[198-200]. RMSF Equation: RMSF is calculated as follows

RMSF = |+ (5j) — ()" (4.2)

4.1.11. Molecular Mechanics/Generalized Born Surface Area Analysis

The average of non-strain AG (AG-NS) is calculated by the script. Dividing
AG-NS by the number of the heavy atoms of each ligand, the binding efficiency was
calculated. AG-NS will be denoted as “AG” in the rest of the text.

4.2. Mammalian Cell Culture Studies

4.2.1. Growth and Maintenance of HEK293 Cells

2 cell culture flasks. Cells were

HEK293 cells were seeded and grown on 75 c¢m
maintained in Dulbecco’s modified eagle medium (DMEM) (PAN-Biotech, Germany)
supplied with 10% FBS (Gibco, UK), 1% Penicillin/Streptomycin (Hyclone, USA),
and 1% L-Glutamine (Gibco, UK). Complete DMEM was restored at 4 °C, and it was
incubated at 37 °C Dri-Block before usage. Cells were incubated at 37 °C incubator

and supplied with 5% COs.
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4.2.2. Cell Passage

Cells were subcultured when they were at 70-80% confluency. The old medium
was aspirated, and cells were washed with 1X PBS. After aspirating the PBS, cells
were treated with 2-3 volume TrypLE Express Enzyme for 2 minutes at 37 °C. Equal
amounts of complete DMEM were added, and cells were resuspended and transferred
to a falcon tube. Subsequently, cells were centrifuged at 500 x g for 3 minutes, and
the supernatant was discarded. Cells were resuspended in fresh complete media and

seeded on a 1:4 ratio.

4.2.3. Cryopreservation

Cells were frozen at 80-90% confluency to prepare frozen cell stocks. After as-
pirating the old medium and washing with PBS, cells were detached and centrifuged
at 500 x g for 5 minutes. Eventually, the supernatant was removed, and cells were
resuspended in freshly prepared 4 °C freezing media containing DMEM supplied with
10% DMSO and 10% FBS. 1 ml of cell suspension containing 1-2 million cells were

transferred into every 2 ml screw-capped cryotubes.

4.2.4. Thawing

Complete media supplied with 15% FBS were prewarmed to 37 °C. Cells were
rapidly warmed to 37 °C and transferred into a 15 ml falcon tube containing 9 ml
prewarmed media and centrifuged at 500 x g for 5 minutes. The supernatant was
aspirated, and cells were resuspended in fresh complete media and seeded on 25 cm?

flask.
4.2.5. Transient Transfection
Transfected cells were used in shedding and cAMP accumulation assays. Cells

were seeded in a 6-well plate at 70-80% confluency one day before the transfection.

Lipofectamine 3000 Transfection Reagent was used for transfection according to the
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manufacturer’s instructions. Cells were transfected with AstR-C, Gai subtypes, and

AP-TGFa plasmids.

4.2.6. Peptide and Small Molecule Dissolvation

The AST-C peptide was dissolved in PBS supplemented with 0.1% BSA. The

final concentration was 1 mM. Small molecules were dissolved in DMSO.

4.2.7. TGF-a Shedding Assay

The method was applied according to the original protocol [201]. Cells were
transfected one day ago from the shedding assay. The transfected cells were washed
with PBS and detached with TrypLE. After stopping the enzyme’s activity with the
addition of DMEM, the cell suspension was centrifuged at 190 x g for 5 minutes. The
supernatant was aspirated, and cell pellets were resuspended in 3 ml PBS and incubated
for 5 minutes at room temperature. Cells were centrifuged again at the same settings,
and the supernatant was removed by aspiration. The cell pellet was resuspended in
4 ml HBSS containing 5 mM HEPES (pH 7.4). The cell suspension was transferred
into a 96-well plate, 100 ul per well, and incubated for 30 minutes in a cell culture

incubator.

After 30 minutes of incubation, re-seeded cells were treated with 10 ul 10X ligand
concentrations as schematized in the Table 4.1. The plate was mixed by gentle tapping
and placed into an incubator for 1 hour. After incubation with the ligands, the plate was
centrifuged at 190 x g for 2 minutes. 80 ul per well-conditioned media were transferred
into an empty 96-well plate. the p-NPP-containing solution must be prepared fresh
on the day from the stock. p-NPP solution prewarmed to 37 °C were added 80 ul per
well to both conditioned media and cell plates. Plates were incubated at 37 °C for 5
minutes. Plates were analyzed in a microplate reader and measured the absorbance at
405 nm. Measurements were repeated at 1 hour and 2 hours later. Data processing

was accomplished as suggested by the authors.



Table 4.1. Ligand concentrations.

COMPOUNDS

CONCENTRATION

AST-C EC20

0.09 nM

AST-C EC80

13 nM

Allosteric Ligand 1X

0.01 nM

0.1 nM

1 nM

10 nM

100 nM

1 uM

10 pM

100 M

31
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5. RESULTS

5.1. Allosteric Pocket Prediction

The allosteric pocket detection process was accomplished by comparing the out-
come of different software and servers. All pocket predictions were numbered to estab-
lish a more uniform and understandable results section since each algorithm produces

many results with different names and numerations.

5.1.1. MDpocket

MDpocket analysis was executed with a 200 ns MD simulation of the apo form
AstR-C and produced fifteen pockets in total (Figure 5.1). The first pocket (Pocketl)
was found on the lower half of transmembrane (TM) domains 1 and 2. Pocket2 was
detected in the upper part of TM 2-3, while Pocket3 was located in the upper half
of TM 3-4. Pocket4 is a cavity formed by TM 2-3-4 domains detected near the Na™
binding site prominently found in Class A GPCRs and known for allosteric modulation.
The cavity was elongated towards the center of the receptor and predominantly formed
by the D** and $** residues which support the Na™ binding site location. D(E)RY
is another micro switch that is important for the allosteric network of GPCRs, and
Pocket5 was detected next to D**9-R*%0-Y35! residues and site resided between TM
3-4 and ICL-2. In the middle axis between the TM 3-4-5 domains, Pocket6 was found.
Pocket7 was identified in the cavity formed by TM 4-5, and it was located closer
to the ECL-2. It should be noted that, especially for the opioid-like GPCRs, ECL-
2 is a key part of the GPCR activation mechanism. A very small cavity, Pocket9,
was found at the tail of the TM 5 in the intracellular part of the receptor. Above
the highly conserved W®*® residue and near the Q271 residue identified as vital for
AstR-C receptor activity, Pocket10 was detected. Pocket11l was detected below the
Pocket10 and resided at the central axis of the protein, and it was smaller compared
to the previous one. Two pockets were identified between TM 6-7, and Pocket12 was

located closer to the extracellular part. On the other hand, Pocket13 was located at
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the intracellular part, next to the C-terminus domain. Upwards to N7 Pocket15 was
identified. Binding sites indicating the orthosteric and g-protein binding sites were

numbered as Pocket18 and Pocket19, respectively.

v Y%
-~ -
o i
 (Potket18 "WML
“ ’
B PocketlZ"

o~ { a
**Pocket10
——

Figure 5.1. MDpocket predictions.

5.1.2. Allosite

Allosite analysis yielded three binding sites, Pocket10, Pocket18, and Pocket19, as
shown in Figure 5.2. Analysis’s outputs were given as pocket volume, total solvent ac-
cessible surface area (SASA), feature score (logitProb), perturbation score (nmaScore),
and allosite score (hitScore). Topological and physiological features of the allosteric
site were used for a logistic regression model to calculate the logitProb score ranging
from 0 to 1. nmaScore was obtained from normal mode analysis, and it points out
the allosteric effect. hitScore was obtained from the combination of logitProbe and

nmasScore.



Figure 5.2. Allosite pocket predictions.

Table 5.1. Allosite pocket prediction results.

Feature Pocket10 | Pocket18 | Pocket19
Volume 370.925 2002.383 818.895
SASA 168.097 373.183 168.097
Druggability Score 0.692 0.171 0.692
logitProb 0.458 0.410 0.458
nmascore 1.000 1.000 1.000
hitScore 0.567 0.528 0.567

34
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5.1.3. PARS

PARS server inquires about allosteric regulatory sites through evaluating protein
flexibility and structural conservation. PARS analysis resulted in four conserved and
four flexible cavities (Figure 5.3). Structural conservation scores above the 50% were
considered significant and colored in cyan. The highest structural conservation score
(StrCon) was obtained by Pocket5, which was located between TM 3-4 and ICL-2,
near the highly conserved D134%%° of the DRY motif. Pocket17 was spotted in the
center of the receptor, deeply buried in the central axis. Pocket18 was detected in the

orthosteric site, whereas Pocket 19 was located in the G-protein binding site.

Figure 5.3. PARS predictions.

Yellow-colored cavities were indicators of flexibility, labeled where the p-value
was lower than 0.05. Flexibility scores (pFlex scores) show that binding a ligand to
these labeled yellow cavities can alter the overall protein conformation, and scores were

listed in Table 5.2. Pocket1 was located between TM 1 and 2, near the conserved D%,
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Pocket7 was detected between TM 4-5 and ECL-2, whereas Pocket8 resided below that

region. Finally, Pocket16 was observed around the C-terminal, between TM 1-7.

Table 5.2. PARS analysis results.

Site pFlex | StrCon
Pocket1 0.76 0
Pocketb 0.70 100.0
Pocket7 0.74 0
Pocket8 0.63 20.0

Pocket16 | 0.71 0

Pocket17 | 0.83 60.0
Pocket18 | 0.55 80.0
Pocket19 | 0.46 60.0

5.1.4. Sitemap

SiteMap analysis resulted in five potential binding sites. Sitel (Pocket18) indi-

cated the entrance of the orthosteric site, while Site2 (Pocket19) showed the entrance

of the G-protein binding site. Site3 (Pocket7) is positioned in the cavity formed by TM
domains 4 and 5 and ECL-2 encompassing residues W191, P192, K194, D195, L.196,
N197, K198, G199, T202, F203, and Y206. Site5 (Pocket8) is below Site3, next to TM
domains 4 and 5, consisting of F122, V168, P171, 1172, F203, Y206, S207, and 1.210.

Site4 (Pocket5) is in the intracellular region of the receptor, a cavity formed by the
TM domains 3 and 4 and ICL-2, covering residues Y76, 1130, A133, D134, 1137, A145,
148, R149, V153, 1156, V157. Sitemap analysis results were presented in Table 5.3

and binding sites were demonstrated in Figure 5.4.



Figure 5.4. Sitemap analysis results.

Table 5.3. Sitemap analysis results.

Pocket5 | Pocket7 | Pocket8 | Pocket18 | Pocket19
SiteScore 758 648 728 1.132 867
Size 32 30 21 227 49
Dscore 762 569 743 1.156 867
Volume 67.228 71.001 44.933 657.531 215.747

Exposure 595 559 596 395 712
Enclosure 659 668 660 860 732
Contact 842 951 928 1.126 837
Phobic 1.886 117 2.123 1.170 916
Philic 508 1.065 258 920 705

Balance 3.714 110 8.225 1.272 1.299

Donor/Acceptor | 1.713 425 2.201 757 1.102

37
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5.1.5. Blind-Docking

Blind-docking was accomplished by two software. Blind docking using Glide re-
vealed three different possible binding sites. The first ligand population was found
in the previously described orthosteric pocket (Pocket18). The second binding site
(Pocket7) was located between the transmembrane domains 4 and 5 and ECL-2, com-
prising the residues V168, P171, W191, P192, K194, D195, K198, G199, F203, and
S207. The third indicated a cavity formed by 182, C86, 1119, N120, W162, A166,
M169, T170, and F173 residues dispersed around TM domains 2, 3, and 4 (Pocket4).

AutoDock Vina Glide

Pocket7
S

F] 1‘5
<

\ e al ..Pdcék§ti4 '
X % ; e at p - Q)L‘ P kt4 ‘

‘ \ T s P g ocke
e R ’!I’
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Figure 5.5. Blind-docking results of Glide and AutoDock Vina.

Blind-docking with AutoDock Vina resulted in five binding sites. Compounds
were dispersed to the firstly orthosteric site. Secondly, a cavity formed by 182, A83,
E85, C86, S116, T117, 1119, N120, A161, W162, T163, S165, A166, and M169 residues
on the TM domains 2, 3, 4 (Pocket4), and a region near the TM domains 3, 4, and 5
(Pocket6) with residues F127, 1,128, 1130, A133, D134, 1.148, S154, V157, and A160.
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The fourth site was detected between TM 4, 5, and ECL2 (Pocket7) with residues
V168, M169, P171, W191, P192, D195, L196, G199, Q200, T202, F203, and Y206, and
lastly, a site formed by A41, L44, V48, C263, W264, P266, F297, Y299, N301, and
S302 was detected on TM 6, 7, and 1 (Pocket14). The detected pockets by Glide and

AutoDock Vina were presented in Figure 5.5.

Allosteric sites were chosen by comparing the reproducing regions in the results
of different analysis techniques. The predicted allosteric pocket was compared and
examined, and it was seen that there were three major binding sites. These are the
sites positioned in TM 3-4 and ICL-2 (Pocket5), TM 4-5 and ECL-2 (Pocket7), and
TM 4-5 (Pocket8).

5.2. Virtual Screening to Find Allosteric Modulators

5.2.1. Sitemap Docking

The allosteric pocket prediction was followed by searching allosteric ligands that
bind to allosteric sites. For this purpose, three ligand libraries were employed, which
were GPCR 2D Similarity Focused Library Allosteric Subset of Life Chemicals (LC)
and chromen-2-one derivatives from FDA and SPECS libraries. The virtual screening
approach was applied to previously decided sites Pocket5, Pocket7, and Pocket8 with

these libraries separately using Glide software’s Standard Precision (SP) method.

The highest score was observed in Pocket7 with F0214-0057. However, the av-
erage docking scores of each library were better in Pocket5. LC library produced the
best scores. Interestingly, the top compound from the FDA coumarin derivatives was

the same in Pocketb and Pocket8, which was the Hymecromone molecule.

For Pocket7, the highest docking scores were obtained from the LC library.
SPECS coumarin derivatives showed higher affinity towards Pocket7 compared to FDA
coumarin molecules. In the case of Pocket8, results similar to Pocket7 were observed,

although higher docking scores were produced on this site compared to the previous



40

one. Docking scores of the highest ranked molecules from each library were listed in

Table 5.4.

Table 5.4. Virtual screening results.

Library | Pocket5 Gscore | Pocket7 Gscore | Pocket8 Gscore
LC F0266-2714 -6.782 F2147-1744 -6.457 | F0214-0057 -7.020
FDA Hymecromone -6.118 Tliparcil -5.766 Hymecromone -5.629
SPECS | AQ-150/42303585 | -6.252 A0-022/43453354 | -5.656 AE-848/31922060 | -6.460

5.3. Molecular Dynamics Simulations with Allosteric Modulator

Candidates

Molecular dynamics (MD) simulations are useful tools to measure protein-ligand
complex stability and to observe the interactions between them. Firstly, hit molecules
were subjected to 100 ns MD simulations with AstR-C based on their docking pose,

and these compounds were presented in Figure 5.6.

Nine 100 ns long MD simulations were applied to three molecules for each binding
site. Some of these compounds could not sustain their interaction with the protein
until the end of the simulations. In Pocketb, F0266-2714/protein interaction was lost,
although other molecules kept their association with the receptor. A similar situation
was observed in Pocket7 with the Iliparcil molecule, which had lost its connection to the
protein. However, all molecules in the Pocket8 sustained the interplay throughout the
100 ns simulations. The molecules that maintained their exchange with the receptor

were subjected to 200 ns long MD simulations for further examination.

Simulations were conducted with the remaining seven molecules with the same
settings but with a longer duration. Hymecromone and AQ-150/42303585 main-
tained their interaction in the Pocketb for 200 ns. In Pocket7, F2147-1744 and AO-
022/43453354 preserved their connection to the binding site. Whereas, in Pocket8,
AE-848/31922060 lost contact towards the end of the simulation. However, the other
two molecules, F0214-0057 and Hymecromone, remained in the pocket until the end of

the simulations.
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Figure 5.6. Top 3 molecules for each binding site were subjected to MD simulations.

Further analysis of the simulation trajectories gives more information about the
interplay between ligands and the protein. H-bond between Aspl34 residue and OH-
group of the Hymecromone in Pocketh was significantly persistent, and it was present
99 % of the 200 ns simulation (Figure 5.7A). Asp134 was a part of the D(E)RY motif in
GPCR A family, which is essential for G-protein coupling. Observing a strong H-bond
interaction during the simulation may be an indicator of the molecule’s modulator role.
Tyr76, also near the DRY motif, was another residue that Hymecromone frequently
interacted with 39 % of the time, and H-bonds and hydrophobic interactions were
detected. Hydrophobic interactions built by Ile137 and Vall57 were also detected.
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Figure 5.7. Ligand contacts information from the MD simulations.

AQ-150/42303585 was the second molecule that bound to Pocket5. The simula-
tion analysis showed that many hydrophobic interactions were present alongside the
water bridges and H-bonds (Figure 5.7B). Leul48 was the most interacted residue with
H-bond to the amino group of the AQ-150/42303585. There was a hydrogen bond be-
tween the Argl47 residue and the thiadiazol group of the ligand-mediated by a water
molecule. The hydrophobic interactions with the Ile156 were the most frequent along-
side other residues. It should be noted that there were some associations with the DRY

motif residues throughout the simulation.

The next analyzed trajectory was AstR-C/F2147-1744. Pocket7 was detected
near the ECL-2, and in this complex, F2147-1744 mostly interacted with ECL-2 residues
such as Tyrl75 and Gly199 (Figure 5.7C). Hydrogen bonds and water bridges were
prominent in the binding site, especially with Lys198. H-bonds between Aspl195 with
the piperidine ring and Asn197 with the oxygen atom of the piperidine ring were de-
tected in 50 % of the simulation. Some hydrophobic connections were also present with

TM-5 residues such as Thr202, Phe203, Tyr206, and Ser207.
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A0-022/43453354’s interaction with the receptor was focused on ECL-2 residues.
Protein-ligand interplay mainly comprised water bridges and hydrophobic interactions
(Figure 5.7D). The key residue was Lys194 since it interacted with Pocket7 for the
duration. Lys194 exchanged m-cation bonds and water bridges with the coumarin ring.
Glu193, Leul96, and Lys198 were the other ECL-2 residues contributing to the protein-
ligand interplay. Tyr206 residue was also a great contributor to interactions with the

hydrophobic interactions that it provided.

The AstR-C/F0214-0057 simulation showed that the ligand interacted with ECL-
2 and the transmembrane residues. However, compared to Pocket7, transmembrane
residues were more prominent in the interaction, which was expected since Pocket8 is
located below the Pocket7. Tyr206 residue was associated with the ligand’s dihydro
naphthalene group through 77 stacking (Figure 5.7E). Lys194 and thiazol group of
the ligand interacted with water bridges. Prol71, Phe203, and Leu210 exchanged
hydrophobic bonds with the molecule, whereas Tyr175, Val190, Lys194, and GIn200

cooperated through water bridges.

Lastly, Hymecromone in Pocket8 was investigated. Analysis of collected trajec-
tories produced various interactions. For instance, a water bridge between GIn121 and
the ligand’s hydroxy group was present 80 % of the time (Figure 5.7F). Hydropho-
bic interactions with the Phel22 and 7-7 stacking between Trp268 and coumarin ring
were significant, which is important to note that this residue is located above the highly

conserved W8 which is critical for GPCR activation.

In Figure 5.8 RMSD values that were gathered from the analysis of 200 ns MD
simulation trajectories were represented. Protein Ca RMSD values can inform the
conformational changes within the protein and its stability. As seen in all graphs,
the protein Cae RMSD values were not fixed at the beginning of the simulations but
reached equilibrium and remained at around 2-3 A until the end. On the other hand,
receptor/Hymecromone in the Pocket5 complex reached the equilibrium later compared

to other systems.
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Figure 5.8. Comparison of 200 ns MD simulations Cae RMSD and RMSF values of
AstR-C with ligands.

In Figure 5.9, Protein Ce, ligand fit on protein, and ligand fit on ligand RMSD
values were represented for each simulation. Ligand fit protein RMSD was calculated
through aligning ligand heavy atoms on the protein-ligand complex, which was aligned
on the reference protein backbone. The ligand fit ligand was measured by aligning the

ligand on its initial conformation.
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Figure 5.9. RMSD graphs of ligands bound to AstR-C for 200 ns.

5.4. Free Energy Calculations

100 frames from the MD simulation trajectories were chosen for binding free en-
ergy (AG) calculations. The Molecular Mechanics with Generalised Born and Surface
Area Solvation (MM/GBSA) method was used to estimate AG values of the protein-
ligand complexes. AG values in Figure 5.10 were calculated without considering the
energy required to perform the conformational changes to form the protein-ligand com-
plex, and NS means "no strain” energy. AQ-150/42303585 had the highest binding
energy with an average of -45.043 £+5.534 kcal/mol. F0214-0057 had the second high-
est AG score with an average score of -41.801 £4.904 kcal/mol. MM-GBSA analysis
results of the other molecules were: F2147-1744 with an -37.662 £5.583 kcal/mol,
Hymecromone in Pocket5 -37,441 +2.941 kcal/mol, A0-022/43453354 -32.237 +4.422
and lastly Hymecromone in Pocket8 -30.537 £2.602.
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Figure 5.10. Binding free energy and ligand efficiency scores of 200 ns MD
simulations of AstR-C with ligands.

Ligand efficiency score means binding free energy per ligand atom except for the
hydrogen atoms. The highest ligand efficiency score was obtained by F2147-1744 with
an -2.957 +£0.548 kcal/mol. Free energy values per atom for the other ligands were:
A0-022/43453354 -1.577 £0.219 kcal/mol, Hymecromone in Pocket5 -2.805 +0.224
kecal/mol, AQ-150/42303585 -1.582 4+0.196 kcal/mol, F0214-0057 -2.935 +0.353, and
Hymecromone in Pocket8 -2.843 +0.212 kcal/mol.

5.5. Cell Signaling Assays

Allosteric molecules were tested using shedding assays EC20 and EC80 concen-
trations of the AST-C peptide and results were presented in Figure 5.11. Among the
molecules, it is seen the Hymecromone molecule stands out clearly. It significantly
increased the AT-TGF-a response by increasing the activity of AST-C at EC20 con-
centration. The EC50 value of Hymecromone was determined to be 41.328 pyM. It
showed the same positive modulator effect at the EC80 AST-C concentration, but
the max response remained the same. This may be due to the saturation effect of

Hymecromone.
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AQ-150/42303585 molecule slightly increased AST-C efficacy, yet the max re-
sponse was the same with only AST-C peptide. F0214-0057 could not be tested via
shedding assay. A0-022/43453354 showed a mixed response; it decreased the activity
of AST-C at EC20 concentration, although it increased the shedding at EC80 concen-
tration. Any cooperativity between F2147-1744 and AST-C peptide was not observed.
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Figure 5.11. TGF-a Shedding Assay results of allosteric molecules with AST-C
peptide.
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6. DISCUSSION AND CONCLUSION

GPCRs are multifunctional receptors that have roles in many physiological path-
ways. They are the largest group of cell receptors and are expressed ubiquitously in
humans, and other species [165]. For instance, neuropeptide receptors are responsi-
ble for regulating various vital pathways such as reproduction, metamorphosis, and
development [166]. Since they are fundamental for insect metabolism, they represent
potential pesticide targets. Currently used conventional pesticides have been carry-
ing out many questions regarding their safety issues. Environmental contamination,
bioaccumulation, toxicity, and pest resistance are just examples of the current con-
cerns in pesticide usage [129]. However, pesticides have been a part of human life for
decades and provided many benefits, such as enhancing crop yield and quality, pre-
venting diseases, and providing affordable food, which also helps advanced nutrition.
Since pesticides have many benefits undeniably, it is essential to assess the drawbacks
and target these problems. Increasing selectivity and target-specificity while avoiding
causing non-target effects and other toxic side effects must be considered through-
out the pesticide design process, which may help maintain balance in pesticide usage.
Accordingly, it leads to increasing demand for safer next-generation pesticides, and
GPCRs are good candidates since they regulate many physiological signaling cascades

In insects.

GPCRs are popular drug targets, covering a large part of the drugs on the mar-
ket. Many drugs that target GPCRs are designed for orthosteric pockets. Orthosteric
sites are easy to find and located on the extracellular side, which makes them easy to
reach by the drugs since they do not have to pass through the cell membrane. How-
ever, it may cause side effects since orthosteric pocket residues are highly conserved
among the GPCRs, and it decreases the selectivity of the drugs and results in un-
wanted effects [101]. Nevertheless, orthosteric pockets are not the only available sites.
Allosteric sites are dispersed around the receptor structure and can mediate receptor
signaling remotely. Allosteric pockets provide new opportunities to target GPCRs. Lig-

ands targeting allosteric areas can mediate orthosteric ligand activity, increase receptor
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specificity, reduce side effects and risk of overdose, and enhance ligand efficiency [62].
Although it is challenging to target allosteric pockets, it has the potential to provide

solutions for the current apprehensions.

Allatostatin C is a neuropeptide that inhibits Juvenile hormone synthesis, which
is the mediator of reproduction, sex pheromones, metamorphosis, growth, and devel-
opment in insects [202]. Allatostatin type C receptor is a class A GPCR, and when ac-
tivated by its respective allatostatin ligand, the receptor inhibits the Juvenile hormone
synthesis in the Corpora Allata. Because of its mandatory role in insect metabolism,

Allatostatin receptors are prospective pesticide targets [203].

In a previous study of our group, the AstR-C receptor of Pine Processionary
Moth was characterized, and its 3D structure was built with homology modeling [185].
Its orthosteric pocket and natural ligand (AST-C) were identified. Drug screening was
applied to discover small molecules that can activate AstR-C. In this study, we identi-
fied allosteric binding sites of AstR-C of T. pit through various in silico methods such
as blind-docking and pocket prediction algorithms based on normal mode analysis and
perturbation analysis, and applied virtual screening to allosteric pockets for allosteric

modulator discovery.

The first step was to identify the allosteric binding sites of the AstR-C. For
this purpose, different allosteric pocket detection algorithms were utilized. Allosite
server is a platform built for allosteric pocket detection, which uses the Support Vector
Machine algorithm trained in the allosteric database (ASD). Analysis of AstR-C by
Allosite server resulted in three binding sites located at orthosteric (Pocketl18) and
G-protein binding sites (Pocket19) and between TM 5-6 domains (Pocket10). PARS
server was the second online tool to investigate allosteric sites. It inquiries allosteric

sites by evaluating the flexibility and structural conservation and scores them.

PARS analysis resulted in eight binding sites; half of them were flexible cavities,
and half were structurally conserved sites among the GPCR A family. Orthosteric

and G-protein binding sites were among the conserved cavities. Pocket17 was deeply
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buried in the receptor center, a common orthosteric site for GPCRs. The last conserved
cavity was Pocket), located between the TM 3-4 and ICL-2 domains and next to the
DRY motif. Pocket also had a high flexibility score, which was necessary for allosteric
pockets since they modulate receptor activity through conformational changes. It was
also remarkable that this site was detected around a highly conserved motif and mi-
crodomain, which is a part of the shared allosteric network of the GPCR activation
mechanism. Pocketl was marked as a flexible cavity and detected between TM 1-2,
near the conserved D* of Na™ pocket. The collapse of the Na* pocket and repacking
D*® residue with several TM 7 and TM 3 residues mediates the movement of TM 7
to TM 3 allosterically, which leads to receptor activation. The high flexibility and con-
nection to the allosteric network of Pocket1 were noticeable, although it had a meager
structural conservation score. Pocket7 and Pocket8 were identified between TM 4-5
and the ECL-2 region and labeled as flexible. ECL-2 is known for mediating orthosteric
and allosteric ligand binding class A GPCRs, and there are several crystal structures
resolved with an allosteric ligand such as M2 muscarinic acetylcholine receptor and
GPRA40 [204,205]. Loop regions show high mobility and sequence variety, contributing
to receptor selectivity and different activation modes. Pocket16 was observed around
the C-terminal, between TM 1-7. Since C-terminal has roles in G-protein activation
and inward/outward movement of TM 7 is important for forming the G-protein binding

site, Pocket16 may be associated with Ga recruitment to the receptor.

Sitemap analysis led to five binding sites, two of which were orthosteric and G-
protein binding sites, and the rest were previously mentioned Pocket5, Pocket7, and
Pocket8. Pocket7 had a more hydrophilic character than the other two, which was
expected since it was positioned towards the extracellular site near the ECL-2 domain.
Pocket8 was more hydrophobic than Pocket5, and the reason must be that the binding
site was facing the lipid bilayer of the cell membrane, whereas Pocketh was residing
towards the intracellular part. Detection of the same three binding sites with a different

software could indicate their modulating role and predisposition to be a binding pocket.

Apo form of AstR-C was subjected to 200 ns MD simulation, and the collected

trajectory was submitted to MDpocket analysis. MDpocket analysis was advantageous
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since it did not accomplish the evaluation of only one structure but a 200 ns trajectory
which contained 2000 frames of the receptor. Thus, it was able to detect fifteen cavities
throughout differing protein conformations. The cavities were identified all around the
receptor; some were more prominent based on their location and pocket size. Pocket4
was detected in this analysis, too, but differently, the cavity was elongated to the
receptor center through a small entrance. MDpocket also identified Pocketb near the
DRY motif and Pocket7 near the ECL-2. Pocket10, previously determined by Allosite,
was also observed near the Q271 residue, which was stated as crucial for AstR-C in
a previous work of our group. A new cavity was found around N7 residue, which
makes contact with the Na™ pocket during the receptor activation alongside the N74°

and S337.

Blind-docking is helpful for scanning the entire protein surface to identify pos-
sible binding cavities. For this approach, two software were used with three ligand
libraries. Standard Precision docking with Glide resulted in three binding sites. The
vast majority of the ligands were bound to the orthosteric site. However, noticeably
two ligand population was observed in Pocket4 and Pocket7 too. When blind-docking
was applied with ADT Vina, five pockets were discriminated. Similarly, most of the
ligands were bound to the orthosteric site, and Pocket4 and Pocket7 were perceived by

ADT Vina too. Additionally, Pocket6 and Pocket14 were identified.

Crystal structures of previously defined allosteric binding sites, data on allosteric
sites of GPCR A class in the literature, and repetitive results in different analyzes
were considered during allosteric pocket determination. Furthermore, pocket size and
depth, position on the receptor, and its score were contemplated. As a result, three
cavities were distinguished: Pocket5, Pocket7, and Pocket8. These sites were observed
in the outcomes of different applications repetitively. TM 3-4 and ICL-2 region and
TM 4-5 and ECL-2 region are hotspots for GPCR A family allostery. Pocket5 region
was reported for Adenosine A2A receptor, 52-AR, GPR40, C5a [204, 206-208]. For
the ECL-2 region, the M2 receptor has two crystal structures solved with agonist
and PAMs [41]. It was also noticeable that these binding sites were positioned where

mobility is high, which helps to perform conformational changes. ECIL-2 domain has
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roles in ligand selectivity as well as receptor activation. In the case of AstR-C, the
orthosteric pocket is not localized deep in the receptor but around the extracellular
loops, especially ECL-2. The position and the length of ECL-2 enable building contacts
with several transmembrane « helices such as TM 4, TM 5, TM 3, and TM 6. Thus,
Pocket7 and Pocket8 may be associated with mediating orthosteric ligand binding.
In the case of Pocketh, its position is directly linked to the allosteric network of the
receptor through the DRY microdomain and hydrophobic arginine cage. Accordingly,

this site might be related to conformational changes occurring in ligand stimulation.

Following the allosteric pocket determination, virtual screening was applied to
binding sites with three ligand libraries to discover allosteric modulators. The same
ligand libraries were used in docking to the orthosteric pocket to compare the docking
scores. Hit molecules of allosteric pockets had higher scores in allosteric sites than in
the orthosteric pocket. The highest score was -7.020 gscore obtained by F0214-0057
in Pocket8. Hymecromone molecule was the top scored compound for Pocketh and
Pocket8 from the FDA library, which may be related to the hydrophobic nature of
these regions. Top molecules from each library were chosen for further procedures, and

three compounds for each site, nine molecules in total, were used in MD simulations.

Ligand-bound receptor structures were submitted to 100 ns MD simulations at
the beginning, and subsequently, the complexes that sustained their interactions were
presented to 200 ns simulations. Trajectories were analyzed through RMSD and RMSF
values and protein-ligand contacts. Since the N-terminal of the receptor is very long
and mobile, it fluctuates excessively and increases RMSD and RMSF values. Thus, it
was not included in RMSD and RMSF graphs. Loop domains are other particularly
mobile regions, and fluctuations can be noticed in the RMSF plot. Examination of the
trajectories showed that interactions in Pocketb were mostly hydrophobic interactions
and polar interactions involving DRY motif residues. Whereas protein-ligand contacts
were maintained through polar interactions and water bridges supplied by primarily
ECL-2 residues in Pocket7. Likewise, water bridges were observed alongside the hy-
drophobic interactions like 7-7 stacking in Pocket8, more transmembrane residues were

present in these interactions. Comparison of the protein Cao RMSD values showed that
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F2147-1744 bound in Pocket7 complex was more stable.

After evaluating the simulations, two molecules for each site were used in free
energy calculations. MM-GBSA analysis was performed using 100 frames from each
trajectory. AQ-150/42303585 had the highest AG score with an average of -45.043
+5.534 keal/mol. However, the highest ligand efficiency score was obtained by F2147-
1744 with an -2.957 +0.548 kcal /mol.

Five molecules were tested in vitro with TGF-a shedding assay. When only
allosteric molecule candidates were used for the stimulation, agonist or antagonist
activities were not observed. Allosteric molecules were also tested with AST-C to detect
cooperativity. Hymecromone molecule was the only significant positive modulator that
was detected. Although minor changes were observed in the shedding results of AST-
C with EC20 and EC80 concentrations, no significant effect was observed for other

molecules.

Identified binding sites must be verified further with in vitro studies. For this
purpose, binding pockets can be targeted using site-directed mutagenesis, and the
effects of deformations on the receptor can be examined. These effects may take a role
in the receptor stability or its ligand binding capacity. In parallel with in vitro methods,
mutations in binding pockets can be subjected to molecular dynamics simulations and
observed what kind of conformational changes they cause. It should be considered when
evaluating the results that while determining the allosteric binding sites, the 3D model
is used instead of the crystal structure of the AstR-C receptor of T.pit. Although three
ligand libraries were used, simulations were continued with a relatively small number of
molecules. This number could be increased, or molecule screening could be continued
with other libraries. Allosteric molecules were tested with TGF-a shedding assay alone
and with the EC20 and EC80 concentrations of AST-C peptide. Since no allosteric
agonist or antagonist effects were observed, they can be expected to work cooperatively
with another molecule. However, since the impact of allosteric molecules is probe
dependent, they should be tested with as many ligands as possible, and their effects

should be examined. In addition, it should be verified whether allosteric modulator
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candidates bind to the determined allosteric pockets with cell-based assays. For this
purpose, binding can be verified using FRET or BRET, which are based on examining
interactions of fluorescent-labeled ligands and pockets. The effect of the allosteric
candidates and their cooperative ligands must be tested in bioassays on the physiology

of pine processionary moth.

This study determined allosteric binding pockets and allosteric modulator candi-
dates that can contribute to designing a next-generation pesticide targeting the pine
processionary moth. Developing safer and more effective drugs against pests is essen-
tial, and new steps are taken in this direction every day; it is believed that this study

will contribute to such studies.
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APPENDIX A: AMINO ACID ABBREVIATIONS

Table A.1. Amino acid names, abbreviations, and one-letter codes

Amino Acid | One-Letter Code | Three-Letter Code
Alanine A Ala
Arginine R Arg

Asparagine N Asn

Aspartic acid D Asp
Cysteine C Cys

Glutamine Q Gln
Glutamic acid E Glu
Glycine G Gly
Histidine H His
Isoleucine I Ile
Leucine L Leu
Lysine K Lys
Methionine M Met
Phenylalanine F Phe
Proline P Pro
Serine S Ser
Threonine T Thre

Tryptophan W Trp

Tyrosine Y Tyr
Valine \Y Val
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Figure B.1. Amino acid sequence of allatostatin receptor type-C.



